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We show using three-dimensional kinetic Monte Carlo simulations that the injection of charge carriers
from a metallic electrode into a disordered organic semiconductor is under nominally Ohmic injection
conditions strongly impeded by the short-range Coulomb interactions between the charge carriers in
the image-force-stabilized interfacial dipole layer. In contrast, master equation and conventional one-
dimensional drift-diffusion simulations underestimate these Coulomb interactions due to their mean-field
approximation, and are found not to reveal the effect. The simulations predict a reduction of the current
density in organic semiconductor devices when the nominal injection barrier is taken very small or even
negative, consistent with recent experimental results [Kotadiya et al., Nat. Mater. 17, 329 (2018)]. How-
ever, whereas in that work a modification of the energetic disorder near the interface is assumed, we find
that the effect is already obtained after including charge-charge interactions beyond a one-dimensional and
mean-field approximation.

DOI: 10.1103/PhysRevApplied.17.024003

I. INTRODUCTION

Charge-carrier injection from a metallic electrode into
an intrinsic organic semiconductor is a key process in
organic light-emitting diodes (OLEDs) and other organic
electronic devices such as organic field-effect transistors
(OFETs), organic solar cells, and organic photodetectors
[1–12]. In OLEDs, strong efforts have been focused on
reducing the efficiency loss resulting from injection bar-
riers, for example, using thin interlayers [1,11] and molec-
ularly doped injection layers [13–15]. It has long been
known that the effective injection barrier is not simply
given by the energy difference between the metal Fermi
level and the relevant frontier orbital energy, as expressed
by the electron affinity or the ionization energy for elec-
tron or hole injection, respectively. Extensive experimental
[16–21] and device-theoretical [4,6,11,20–25] studies have

*feilongliu@m.scnu.edu.cn
†r.coehoorn@tue.nl
‡guofu.zhou@m.scnu.edu.cn

revealed the formation of an interfacial electric dipole
layer and have elucidated the effects on its formation of
energetic disorder and the image-charge interaction. On
the one hand, this thin high-carrier-density zone forms,
at least within the framework of mean-field simulations,
the high-conductivity reservoir of charge carriers that is
required for obtaining ideal (“Ohmic”) injection condi-
tions. On the other hand, the formation of such an interfa-
cial dipole layer, disadvantageously, increases the effective
injection barrier.

Recently, Kotadiya et al. showed how this dilemma can
be solved [11]. The authors found, firstly, that hole injec-
tion into various hole-transporting organic semiconductors
from a high-work-function MoO3 electrode is not Ohmic,
in spite of a large negative nominal injection barrier. This
was tentatively explained by postulating a broadened width
of the Gaussian density of states (DOS) in a thin (2-
nm) zone near the interface between the hole-transporting
material and the electrode, reflecting enhanced structural
disorder in that zone or resulting from the image-charge
interaction. Results of photoemission studies, combined
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with one-dimensional drift-diffusion simulations of the
charge density near the interface, were found to be con-
sistent with that analysis. The resulting enhanced charge
density in the first organic layers will then lead to a positive
injection barrier. Next, the authors showed that the injec-
tion can become Ohmic when inserting a thin interlayer
with a high ionization energy [11,12]. This counterintu-
itive effect of a barrier layer was explained as a result of the
reduced image potential stabilization of the charge density
in the hole-transporting organic semiconductor, thereby
effectively eliminating the injection barrier. It is not yet
clear to what extent these observations are material spe-
cific, and related, for example, to a modified shape of the
hole density of states near specific metal electrodes.

In this paper, we show from three-dimensional kinetic
Monte Carlo (3D KMC) simulations that a distinct devi-
ation from Ohmic injection is expected for any metal-
organic system with a nominally negative injection barrier.
The effect is shown to be a beyond-mean-field Coulomb
effect, resulting from the Coulomb interaction between
the injected charge carriers in the first layer of organic
molecules, between the injected charge carriers and their
image charges in the electrode, as well as the Coulomb
repulsion impeding charge carriers being further injected
into the second layer of molecular sites nearby. For dis-
ordered materials with localized charge carriers, a well-
known consequence is the formation of a Coulomb glass
[26,27]. KMC studies of the charge transport in the bulk of
organic semiconductors [28,29] and in OFETs [30] show
that a reduction of the mobility can indeed occur at large
carrier concentrations (> 10−3 per molecule), combined
with small electric fields. Whereas such conditions, in gen-
eral, do not occur in the interior of an OLED, we find
here that accurate calculation of Coulomb interaction of
the image-force-stabilized interfacial dipole layer is cru-
cial for understanding the physics of the thin high-density
interfacial zone. We furthermore show that also the elimi-
nation of the injection barrier using an interlayer, as studied
in Ref. [11], is a generic effect, and use the 3D KMC simu-
lations to investigate under well-controlled conditions how
the interlayer can be optimally chosen.

The paper is structured as follows. Section II contains
a description of the 3D kinetic Monte Carlo, 3D master
equation, and 1D drift-diffusion simulation methods that
have been used in this work. In Sec. III the simulation
results are presented and discussed. Section IV summarizes
the conclusions and gives and outlook to future next steps.

II. SIMULATION METHODS

The need to treat the Coulomb interaction between the
charges near the injecting interface beyond a mean-field
approach is demonstrated by comparing the current density
in hole-only devices as obtained from 3D KMC simula-
tions [31–33] with the results of mean-field simulations

TABLE I. Overview of material and device parameters.

Parameter Value

Intermolecular distance a 1 nm
HOMO Gaussian distribution width σ 0.1 eV
Hopping-attempt frequency ν1 3.3 × 1010 s−1

Wave-function decay length λ 0.3 nm
Relative dielectric permittivity εr 3
Device thickness L 100 nm

using the three-dimensional master equation (3D ME)
[9,34,35] and continuous-medium one-dimensional drift-
diffusion (1D DD) [36,37] methods. Within the 3D KMC
and 3D ME simulations, the molecules are located on a
simple cubic lattice with an intermolecular distance a =
1 nm. The HOMO energy at each molecular site is ran-
domly drawn from a Gaussian distribution with a mean
energy EHOMO and a width (standard deviation) σ . The
hole-hopping process from molecule i to j is described by
the Miller-Abrahams rate [38]

νij = ν0 exp
(

− 2Rij

λ

)
exp

(
− |�Eij | + �Eij

2kBT

)
, (1)

with Rij the distance between molecular site i and j , ν0
the hopping attempt frequency, λ the wave-function decay
length, �Eij = Ej − Ei the energy difference between sites
j and i, kB the Boltzmann constant, and T the tempera-
ture. The metallic electrodes are assumed to be perfectly
screening, so that the electric field vanishes inside the
electrode. The 3D Coulomb potential around each indi-
vidual charge carrier is at all neighbors within a dis-
tance of RC = 10 nm included in an exact manner. The
dielectric screening due to the thin-film environment is
described by a distance-independent relative dielectric per-
mittivity εr. The Coulomb interaction with more distant
charges is calculated by solving a one-dimensional Poisson
equation based on the layer-averaged charge-carrier den-
sity [39]. The results presented in this paper do not change
when increasing RC. The site energies include the intrin-
sic Gaussian disorder, the electrostatic energy due to the
applied voltage, the Coulomb interaction energy with the
other charge carriers, and the image-charge reduction as
described in Ref. [39]. The rates of the charge injection and
collection processes are described by a Miller-Abrahams-
type expression that is analogous to Eq. (1), with a spatial
decay determined by the distance Ri from the molecu-
lar site i to the nearby electrode and the energy changes
for injection and collection equal to Ei − EF and EF − Ei,
respectively, with EF the Fermi energy of the electrode.

We note that it is not a priori evident that KMC sim-
ulations for systems with a small or negative injection
barrier, and hence with a large Coulomb-correlated charge-
carrier density near the injecting interface, provide within a
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FIG. 1. Current density (a) and hole concentration (holes per
molecular site) in the first (b) and second (c) molecular layers
adjacent to the injecting electrode in a hole-only metal-OS-metal
device at 5 V and 290 K, studied as a function of the nominal
injection barrier � using 3D KMC, 3D ME, and 1D DD model-
ing, for the material and device parameters given in Table I. � is
defined in the inset of (b).

realistic simulation time a well-equilibrated dynamic equi-
librium state. We have therefore carefully carried out the
simulations for a sufficiently large total device area, to
eliminate possible disorder-induced fluctuations, and for a
sufficiently large time, until the uncertainty in the calcu-
lated current density is smaller than the symbol size in the
figures.

As a second reference, we use the continuous-medium
1D DD simulation method that has been described in
Ref. [37], employing a charge-carrier density and electric

field dependence of the mobility that is consistent with
the results of 3D KMC simulations, and employing the
generalized Einstein equation to deduce the diffusion coef-
ficient from the mobility [40]. The charge-carrier density
and electric field boundary conditions at the metal inter-
faces include the image-charge effect as described within
the Emtage-O’Dwyer model [41]. An overview of details
of the simulation methods used is given in Sec. S1 of the
Supplemental Material [42].

III. RESULTS AND DISCUSSION

A. Single-layer devices

We first focus on 100-nm-thick hole-only sandwich-
type devices, formed by a single disordered organic semi-
conductor (OS) layer in between two identical metallic
electrodes. Figure 1(a) shows the dependence of the cur-
rent density on the nominal injection barrier � ≡ EF −
EHOMO, obtained at 5 V and at 290 K using the three
simulation methods introduced above and using a set of
material parameters that is representative of disordered
organic semiconductors (see Table I). From the 3D KMC
simulations, the current density is found to show a clear
maximum for � ∼ 0.3 eV. For larger injection barriers,
the two mean-field methods agree well with the 3D KMC
results. The effective injection barriers and boundary con-
ditions are then adequately included in the mean-field
methods. However, for smaller injection barriers, the cur-
rent density as obtained from the mean-field methods
reaches the space-charge-limited current (SCLC) density
and stays constant for negative �, whereas the 3D KMC
simulations show that the SCLC condition is actually only
well approached around � = 0.3 eV. The difference is not
caused by possible oversimplifications when using a 1D
DD model, as 3D ME modeling leads to essentially the
same discrepancy.

In order to understand the unusual current density at
small and negative �, we investigate the average hole
concentration per molecular site obtained from the three
simulation methods in Figs. 1(b) and 1(c), for the first and
second layer adjacent to the interface, respectively. The
results of the 1D DD and 3D ME simulations are similar:
the hole concentration continues to increase towards small
and negative �, as expected in the conventional mean-field
injection theory. The results of the 3D KMC simulations,
however, show a larger hole concentration in the first layer
and a smaller hole concentration in the second layer. In par-
ticular, the hole concentration in the second layer decreases
significantly at negative �, and follows a trend that is
similar to that in the current density.

We attribute the observed dependence of the current
density on the nominal injection barrier to the Coulomb
repulsion between the charge carriers in the first layer, the
Coulomb attraction between the injected charge carriers
in OS and their image charges in the electrode (forming

024003-3



FEILONG LIU et al. PHYS. REV. APPLIED 17, 024003 (2022)

interfacial dipoles), and the Coulomb repulsion imped-
ing charge carriers being further injected into the second
layer of molecular sites nearby. These short-range inter-
molecular Coulomb interactions are included in an exact
manner in the 3D KMC simulations, but only treated
using the mean-field approximation within the 3D ME
and 1D DD simulations. The image-force-stabilized inter-
facial dipole layer leads to a larger hole concentration in
the first layer, and at the same time results in a reduced
hole concentration in the second layer. This can explain
the current-density reduction towards smaller and negative
�. The 3D KMC simulation results suggest that charges
can less easily escape from the metal-OS interface than as
expected from mean-field simulations. Within mean-field
simulations the ease of escape of a specific hole from the
interface layer is too large because (i) the layer-averaged
surface charge density and potential incorrectly contain a
contribution from that hole itself (“self-energy”), and (ii)
the hole will actually be surrounded by a region with a
reduced charge density (“Coulomb hole”). The distance
dependence of the pair correlation of the charge carriers in
the first layer is quantified in Figs. S3(a) and (b) and Fig. S4
within the Supplemental Material [42], and the spatial dis-
tribution is visualized in Figs. S3(c)–(f) and Fig. S5 within
the Supplemental Material. A similarly reduced escape rate
is also found from 3D KMC simulations of the accumu-
lated charge density near an internal potential barrier in an
OS device [43].

In Fig. 2, we show the layer-averaged hole-concentration
profile for the entire device, as calculated from the three
simulation methods. At large positive �, the results from
the 1D DD, 3D ME, and 3D KMC simulations are very
similar. While the 1D DD similations yield a continuous
hole concentration, the inclusion of energetic disorder in
the 3D ME and 3D KMC simulations is seen to lead to fluc-
tuations of the layer-averaged hole concentration. At small
and negative �, the hole concentration is reduced in the
second layer (as shown already in Fig. 1), but also beyond
that layer. That explains why charge injection becomes
then inefficient and the current density is reduced.

In order to further study how the injection process is
hampered by the Coulomb interaction between the charge
carriers in the interfacial dipole layer, we study the sensi-
tivity of the effect to various simulation parameters. Figure
3 shows that the effect becomes stronger with decreas-
ing energetic disorder (a), when the relative effect of
Coulomb interactions on the site energies increases, and
with decreasing temperature (b), when thermal activation
less efficiently competes with the Coulomb repulsion. The
effect decreases with increasing εr, so that the Coulomb
interaction is reduced, and vanishes almost for εr ∼ 10 (c).
No strong dependence of J (�) on λ is observed, apart from
an overall shift due to the variation of the mobility with
λ (d). We furthermore find that the effect decreases with
increasing voltage, as a large applied field can unblock the

(a)

(b)

(c)

FIG. 2. Hole-concentration profile of the devices studied in
Fig. 1, obtained for various nominal injection barriers � using
3D KMC, 3D ME, and 1D DD simulations.

charges in the high-density zone, and with increasing layer
thickness, when interfacial effects become less relevant.
These simulation results are shown in Sec. S3 (Fig. S6)
within the Supplemental Material [42].

Figure 4 shows the effect of Coulomb interactions on
the layer-averaged DOS and the layer-averaged density
of occupied states (DOOS) in the image-force-stabilized
interfacial dipole layer, obtained from 3D KMC simula-
tions, for three values of �. Figures S7(a)–(f) in Sec. S4
of the Supplemental Material [42] gives simulation results
for intermediate values of �. The dotted curves give the
Gaussian DOS, with a width σ = 0.1 eV, before charge
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(a) (b)

(c) (d)

FIG. 3. Dependence of the current density on the nominal injection barrier � as obtained from 3D KMC simulations for the devices
studied in Fig. 1 at various values of (a) energetic disorder width σ , (b) temperature T, (c) relative dielectric constant εr, and (d)
wave-function decay length λ. The black curves give the simulation results for the nominal parameter values, listed in Table I.

injection and excluding the image potential effect. The
DOS is given as a function of the energy E − EF that is
required for transferring a hole from a site with energy
E to the metal Fermi level, and is centered at the energy
E − EF = −�. The part of the DOS that would under
these conditions be occupied by the density of holes that
resides in the first layer (DOOS) is indicated as a filled
black peak. The full curves show the DOS after includ-
ing the Coulomb interaction with the holes in the organic
semiconductor and the image-charge interaction. The lat-
ter effect leads, within our model for the nth layer, to
a stabilizing (positive) energy shift equal to �Eim(n) ≈
+0.12/n eV. The DOOS for the first layer is indicated as a
filled red-colored peak.

Figure 4(a) shows that for a nominal injection barrier
of 0.4 eV the unoccupied DOS is for all layers almost
equal to that for the reference (dotted curve). The upward
shift due to the image-charge interaction is for each layer

then quite well balanced by the downward shift due to the
Coulomb repulsion between the holes. However, the plot
of the DOOS (see the inset, log scale) shows that for the
occupied states in the first layer these shifts are not equal.
The reference DOOS peak (black), which follows from
filling the Gaussian DOS with a concentration of approxi-
mately 5.5 × 10−3 holes [see Fig. 1(b)], is located at about
+0.28 eV with respect to the peak of the DOS at −0.4 eV,
whereas the actual DOOS peak (red) is located at about 0
eV. Due to the relatively small hole density in the OS the
effect of the hole-hole Coulomb repulsion is in this case
relatively small, so that the upward shift due to the image-
charge interaction prevails. Figures 4(b) and 4(c) show that
the situation is quite different when there is no injection
barrier or when � is even negative, so that there is a much
larger hole density near the interface. For the unoccupied
states, the DOS shows now a significant shift to more
negative energies, resulting from the stronger hole-hole
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(a) (b) (c)

First layerFirst layer

First layerFirst layer

(First
layer)
(First
layer)

Second layerSecond layer
Second layerSecond layerThird layerThird layer

Third layerThird layer

Fourth layerFourth layer

Fourth layerFourth layer

First layerFirst layer
Second layerSecond layer

Third layerThird layer
Fourth layerFourth layer

FIG. 4. (a)–(c) Layer-resolved distribution of molecular site energies near the injecting electrode from 3D KMC simulations for
three values of �, for the devices studied in Fig. 1. The filled peaks give the DOOS with (red) and without (black) Coulombic effects
for the first layer near the electrode. Dotted curves: bulk DOS before charge injection. Results for an extended set of � values are
given in Sec. S4 [Figs. S7(a)–(f)] of the Supplemental Material [42]. The inset figure in (a) shows the DOS in a logarithmic scale.

Coulomb repulsion. The effect is only compensated in
part by the positive-energy shift due to the image-charge
interaction, which is strongest for the first layer. A shift
to more negative energies is also seen for the DOOS of
the first layer. However, due to a spatially correlated dis-
tribution of the holes in the first layer (“Coulomb hole
formation,” see Figs. S3 and S5 within the Supplemental
Material [42]), that shift is much smaller than the DOS
shift.

When � becomes more negative, the DOS of the first
layer shows to an increasing extent a double-peaked struc-
ture, reflecting a Coulomb correlation effect. The simula-
tions also reveal then a decrease of the overlap between
the distributions of occupied states in the first layer and
the empty states in the other layers. Escape from the first
layer becomes then more difficult. For example, the dis-
tance of the DOOS peak for the first layer to the DOS peak
for the second layer increases gradually from about 0.41
eV (� = 0.4 eV) to 0.76 eV (� = −0.6 eV). We therefore
regard the observation of a maximum in the current den-
sity for � close to 0.2 eV as the combined result of, on the
one hand, an increase of the charge density in the first layer
with decreasing � and on the other hand an increase of the
energy barrier for charge transfer from the first layer to the
next layers.

B. Effect of thin interlayers

We next investigate the effect of thin interlayers at the
metal-OS interfaces. Figure 5 contains the results of 3D
KMC simulations for devices studied in Fig. 1, with inter-
layers with various layer thicknesses and HOMO energies
that is shifted with respect to that of the OS. As shown
by (a), the insertion of a 1–2 nm interlayer with a HOMO
energy offset of �E = 0.2 eV leads already to an extension
of the SCLC regime to strongly negative nominal injection
barriers. For � = −0.6 eV, a 2-nm interlayer leads to an

increase of the current density by approximately a factor
of 50. The contact is then perfectly Ohmic. For thicker
interlayers, the � window for which SCLC conditions
are accomplished decreases gradually. Figure 5(b) shows
that also 2-nm interlayers with a larger offset energy can
be used, as long as the metal-interlayer injection barrier
� + �E is smaller than approximately 0.4 eV. The hole
density in the first layer remains then sufficiently high. For
a negative HOMO energy offset, the interlayer becomes
a trapping region for injected holes. The figure shows,
for �E = −0.05 eV, that the injection efficiency is then
strongly reduced.

The interlayer effect may be understood from a similar
analysis as shown in Fig. 4. The reduced charge density in
the interlayer gives rise to a reduced negative energy shift
of the distribution of unoccupied site energies of the third
layer (the first OS layer), which now overlaps with the dis-
tribution of occupied site energies in the first layer. This
greatly facilitates charge transport to the third layer, result-
ing in an enhancement of the current density. The variation
of the layer-resolved site energy distribution when vary-
ing � or �E is shown by Figs. S7(g)–(i) and Fig. S8
within the Supplemental Material [42], respectively. We
find that to achieve SCLC conditions, only an interlayer
at the injecting electrode is needed. The effect on J of
removing the interlayer at the extracting electrode is found
to be very small (see Fig. S9 within the Supplemental
Material [42]).

The calculated sensitivity to �E is qualitatively con-
sistent with the experimental observations presented in
Ref. [11]. However, the optimum thickness is somewhat
smaller than the range of 3–5 nm observed in Ref. [11]
for systems with MoO3 electrodes. The difference might
be related to a deviating disorder width near the electrode,
as suggested in Ref. [11], or due to realistic thickness vari-
ations of the interlayer. We find for systems with a 2-nm
thickness variation a shift of the optimum thickness from
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(a)

(b)

FIG. 5. 3D KMC simulation results of the effect of interlayers
[see the inset in (a)] on the current density in the devices studied
in Fig. 1, as a function of the nominal injection barrier �. (a)
Dependence of J (�) on the interlayer thickness LIL for �E =
0.2 eV. (b) Dependence of J (�) on �E for LIL = 2 nm.

2 to 3 nm (see Fig. S10 in Sec. S5 of the Supplemental
Material [42]).

We note that in our simulations no direct transfer from
the electrode to more distant layers is included. When
including such an effect, the use of interlayers with a large
offset energy �E is expected to become less disadvanta-
geous.

IV. CONCLUSIONS AND OUTLOOK

In summary, we show that the current density in metal-
OS-metal devices with small or even negative nominal
metal-OS injection barriers can be significantly injection
limited. The analysis of the results of 3D KMC simula-
tions shows that the effect is due to the Coulomb interac-
tion between the injected charge carriers in the interfacial
dipole layer and with their image charges in the electrode.
Our work provides an alternative and more generic expla-
nation for the findings reported in Ref. [11] concerning
the difficulty of obtaining Ohmic injection for nominally

barrier-free devices and concerning the functioning a thin
interlayer that can successfully extend the barrier range
for which Ohmic injection is possible. Our work there-
fore emphasizes the significance of using interlayers when
studying the energetic disorder and the mobility function
of organic semiconductors using SCLC measurements.

We regard the 3D KMC simulation method that has been
used in this work as the most obvious next step beyond
conventional mean-field simulations, using, e.g., a 1D DD
approach. However, it is not fully evident that a descrip-
tion of the injection process in terms of the hopping of
charges that are localized on a lattice of point sites is
also appropriate in regions where the charge-carrier den-
sity is very high, such as near well-injecting electrodes.
In particular, one may ask whether under such conditions
the dielectrically screened Coulomb-type charge-charge
interaction that has been assumed in this work provides a
sufficiently accurate approximation and to what extent the
assumed localized nature of the highest-energy occupied
hole states remains valid. Studies of the doping depen-
dence of the conductivity of conjugated polymers, e.g.,
have provided evidence of a growing delocalization with
increasing state filling [44]. Furthermore, the electronic
structure of molecular layers that are in direct contact
with a clean elemental metal or alloy surface can be influ-
enced by weak covalent interactions [45]. It is therefore
of interest to extend our studies in future work by perform-
ing quantum-chemical calculations of the charge dynamics
near a metal-OS interface. It would be of interest as well to
investigate possible limitations of the image-charge model,
by studying the dynamics of the dielectric response in pure
metal and compound electrodes such as metallic transition-
metal oxides. As next steps, we also suggest that noise
measurements could be used to experimentally probe the
role of the interfacial dipole layer [46], and that it is of
interest to study its possible effect on the conductivity of
molecularly doped organic semiconductors that are used
extensively as injection layers in organic semiconductor
devices [13–15].
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