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Abstract
Charge injection at metal-organic interfaces often limits the electric current in organic light-emitting
diodes without additional injection layers. Integrated nanopatterned electrodes may provide a way to
overcome this current injection limit by local field enhancements leading to locally space charge-
limited currents. We compare electrical characteristics of planar and nanopatterned hole-only devices
based on the charge transport material NPB with different thicknesses in order to investigate the
nanopattern’s effect on the current limitation mechanism. Integration of a periodic nanograting into
the metal electrode yields a current increase of about 1.5—4 times, depending on thickness and
operating voltage. To verify the experimental results, we implement a finite element simulation
model that solves the coupled Poisson and drift-diffusion equations in a weak form. It includes space
charges, drift and diffusion currents, nonlinear mobility, and charge injection at the boundaries. We
find in experiment and simulation that the planar devices exhibit injection-limited currents, whereas
the currents in the nanopatterned devices are dominated by space charge effects, overcoming the
planar injection limit. The simulations show space charge accumulations at the corners of the
nanopattern, confirming the idea of locally space charge-limited currents.

Keywords: charge injection, nanostructure, hole-only device, finite element method, injection-
limited current, space charge-limited current, organic semiconductor

(Some figures may appear in colour only in the online journal)

1. Introduction comprise several layers designed specifically to improve
charge carrier injection and transport. These complex multi-
Organic light-emitting diodes (OLEDs) are thin-film surface layer stacks are commonly fabricated using expensive vacuum
emission light sources that can be used for a wide range of processes, which are highly inefficient with regard to material
applications, including displays [1, 2], general lighting [3, 4], utilization [8]. Towards high-throughput, cost-efficient fabri-
and sensing [5-7]. Conventional high-performance OLEDs cation methods, such as roll-to-roll printing techniques, a
reduction in the number of layers and stack complexity—while

* Author to whom any correspondence should be addressed. maintaining high device performance—is necessary.
Common approaches to enhance the charge injection
include blending the organic semiconductor compounds with
gfri%}illlal éol?te_m from this work may be used under the terms - panoparticles and inserting interfacial dipole layers at the elec-
0 reative Commons Atribution 4.0 licence. Any o406 19_12]. While these designs provide effective ways to
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the title of the work, journal citation and DOL obtain sufficiently high injection currents, they also increase the
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Figure 1. Overview of the investigated nanopatterned hole-only
devices’ geometry. (a) Schematic of the layer stack. (b) Geometric
definition of the simulated domain 2 and its boundary OS2 in the
FEM model. We used the cross-section image shown in (c) to
determine the geometry for the simulations. Note that the simulated
geometry is slightly idealized as it does not include surface
irregularities. (c) Scanning electron microscope (SEM) image of the
cross-section of a nanopatterned aluminium-NPB-silver hole-only
device. The sample for this measurement has been fabricated on
ITO-coated glass to achieve better substrate conductivity for
imaging. The cross-section was created with a focused ion beam on a
Helios Nanolab 600 SEM. It shows that the Al-NPB interface
preserves the trapezoidal shape of the original pattern in the imprint
resist layer (with rounded edges), whereas the NPB-Ag interface has
a smoother sine-like shape.

complexity of the device structure and require additional pro-
cessing steps. An alternative approach to increase the injected
current, overcoming the need of dedicated injection layers, is
based on local field enhancement. In order to explore its suit-
ability for current injection at metal-organic interfaces, we
investigate the effect of periodically nanopatterned electrodes
(see figure 1(c) for an SEM image) on the charge injection and
the current limitation mechanism in organic semiconductor
devices.

Electrodes with integrated nanostructures have been
shown to improve the performance of organic semiconductor
devices such as OLEDs [13-15], organic solar cells [16, 17],
and organic field-effect transistors [18]. However, perfor-
mance enhancement is usually not only due to nanostructure-
induced charge injection but may include additional electrical,
optical, geometrical, and morphological effects. For organic
solar cells, several combined electrical and optical studies on
the impact of nanopatterned electrodes on light absorption
and charge extraction have been reported [19, 20], whereas
reports on the electrical properties of nanopatterned OLEDs
are scarce and focus mainly on devices limited exclusively by
charge injection [21, 22].

In contrast, we investigate devices in which the electro-
de’s nanopattern facilitates the transition from injection-lim-
ited to space charge-limited operation. By comparing the
current—voltage characteristics of simplified single-carrier
devices, we show that the current increase in nanopatterned
devices strongly depends on the interplay between charge
injection properties of the electrode and the organic semi-
conductor layer thickness. In order to identify injection-lim-
ited and space charge-limited regimes and quantify the
contribution of the nanopattern, we employ a simulation
model using the finite element method (FEM) including
charge injection properties at the metal-organic interface as
well as (field-dependent) charge transport properties of the
organic semiconductor. The simulation not only allows for
accurate modelling of the charge carrier and electric field
distributions inside the devices, but also takes into account
possible changes in the current limitation mechanism.

2. Charge injection and charge transport

Organic semiconducting materials used in optoelectronic
devices usually exhibit high band gap energies between 2 and
4 eV preventing thermal excitation of charge carriers. As these
materials possess practically no intrinsic free charge carriers at
room temperature, their electrical conductivity instead relies
on the injection of excess charges [23]. The current flow in a
single-carrier device when exposed to an external bias voltage
may therefore be limited by the charge injection from the
electrode into the semiconductor or the organic layer’s charge
transport capability (including potential trap states) [24].
Injection of charge carriers is typically impeded by an energy
barrier AW between the electrode’s Fermi level and the charge
transport level in the organic material. In the case of a high
external electric field, charge injection is usually assumed to be
dominated by quantum tunnelling of charge carriers through
the injection barrier [25]. Considering a triangular barrier
given by the superposition of the unreduced injection barrier
and the applied field E, the Fowler—Nordheim (FN) model
predicts the injection current to follow the form [26]
2 3
J= AFNAE_W eXp[_ﬁFNﬂ]-

Z ey

At lower fields, injection of thermally activated charge carriers
across the barrier, as described by Richardson [27] and
Dushman [28], plays an important role. The injected charges’
image potentials, superimposed with the externally applied
electric potential, causes a field-dependent reduction of the
injection barrier, which is known as the Schottky effect [29].
This injection mechanism is referred to as Richardson—
Schottky (RS) thermionic emission. The corresponding injec-
tion current is given by [30]

J = AgsT? exp(—%)exp(ﬁRsﬁ>. @)

B
The effective barrier height depends on the electric field at the
electrode surface. At higher electric fields, the maximum of the
potential energy curve is located closer to the electrode
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surface, resulting in a stronger reduction of the initial injection
barrier AW by the image potential.

If the injected current is higher than the maximum current
supported by the semiconductor’s transport properties, charge
carriers accumulate at the electrode-semiconductor interface
and form a space charge counteracting the external electric
field. The resulting space charge-limited current (SCLC)
mainly depends on the charge carrier mobility p as well as the
spatial and energetic distribution of trap states. In many
organic semiconductors,  is found to show a strong field
dependence, often following the Poole—Frenkel form

p(E) = poexp(BVE), 3

where p is the zero-field mobility [31]. Consequently, a
general analytic expression for the SCLC is not readily
available. For the simplified case of a trap-free single-carrier
current, the current can be approximated as a function of the
applied voltage V and the organic layer thickness d according
to the Mott—Gurney equation modified by the field-dependent
mobility [32, 33]:

9 V2 Vv
J = —¢eu,—exp| 0.8913,|— |. 4
3 Ho FE p( ﬁ”d) “4)

If an exponential trap distribution is considered, the current
follows a power law

V&’+l
S 42+ i

&)

where the parameter ¢ is given by the trap distribution [34].

Space charge-limited currents are typically observed in
organic semiconducting layers with high thickness (up to
several hundreds of nanometres) and low mobility. In high-
performance device stacks, however, thin layers of highly
optimized charge transport materials are used, suggesting that
currents may be predominantly injection limited if no dedi-
cated charge injection layers are employed. For spatially
homogeneous devices, different techniques for identifying the
dominant current limitation mechanism have been reported
[30, 35-38]. A simple method to distinguish between injec-
tion-limited current (ILC) and space charge-limited current
utilizes the dependence of the current on the organic layer
thickness at constant average electric field (V/d = const.). As
can be seen from (1) and (2), purely injection-limited current
does not show any thickness dependence:

J(V/d = const.) = f(d). (6)

Trap-free SCLC, on the other hand, scales with the inverse of
the layer thickness:

J(V/d = const.) oc d~ L. 7
This criterion is valid if the carrier mobility does not depend
on the electric field and also for a Poole-Frenkel field-
dependent mobility, as can be seen from equation (4). For
trap-limited SCLC with a statistical trap state distribution, the
current density follows the form

J(V/d = const) ocdt with £ > 1. (8)

This approach, however, is no longer valid in nano-
patterned layer stacks where local field enhancements may
affect the current limitation mechanism. In order to identify
SCLC regimes in otherwise injection-limited devices, spa-
tially resolved modelling of the device structure including the
electric field distribution and charge carrier density is
necessary.

3. Experimental

We fabricated hole-only devices (HODs) with different
electrode configurations and organic layer thicknesses using
the well-known organic semiconductor NPB (N,N’-Di(1-
naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine) as the
hole transport material. Nanopatterning of the samples was
performed by UV nanoimprint lithography (UV NIL), as
described by Jahns ef al [39]. A one-dimensional nanograting
with grating period A =370 nm and grating depth d = 60 nm
fabricated by laser interference lithography was employed as
the master template for the nanopatterning process. This pri-
mary nanograting was replicated into a secondary imprint
stamp consisting of the flexible silicone PDMS (poly-
dimethylsiloxane) which was used in the actual imprint step.
For this purpose, a mixture of Sylgard 184 (Dow Corning)
and the corresponding curing agent (mixing ration 8:1) was
poured onto the glass master template and cured at 130 °C for
20 min. Due to thermal shrinkage of the silicone, the period
length of the secondary stamp was reduced to 362 nm. For the
NIL process, a 200 nm thick layer of the UV-curable imprint
resist Amonil MMS4 (Amo GmbH) was spin-coated onto a
25 x 25 mm?” glass substrate. The PDMS stamp was subse-
quently pressed onto the sample surface in order to transfer
the nanograting into the imprint resist. After curing the resist
by UV illumination for 80 s, the imprint stamp was removed,
revealing a replica of the master nanograting on the surface of
the glass substrate.

The Al bottom electrode as well as the following semi-
conducting layers and the Ag top electrode were thermally
evaporated onto the nanopatterned imprint resist, resulting in
ID grating-patterned electrode-semiconductor interfaces for
charge injection into the devices, as shown schematically in
figure 1(a). A 10 nm thin layer of the hole injection/electron
blocking material MoO; was deposited between the hole
transport layer and both electrodes to prevent electron injec-
tion which would lead to charge recombination inside the
device [40]. Planar HODs holding no grating pattern were
fabricated as reference devices by evaporating the device
layers directly onto the surface of polished glass substrates.
Each sample substrate held 16 identical HODs, half of which
had an active device area of 1 x 1 mm? while the other half
had an active device area of 2 x 2mm?. J-V curves were
recorded using a source measurement unit (Keithley Source-
Meter 2450) at sufficiently slow measurement intervals to
avoid transient effects [41].
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4. Modelling

The model includes Gau3’ law, the continuity equation, and
nonlinear equations for the charge carrier mobility and the
charge injection. The first two equations read

diveE = gn, 9)
and

div] =0, (10)

where E can be expressed via the electric potential ¢ and the
current density J is composed of drift and diffusion currents:

E = —grad ¢, (11)

J = qn, uE — gD grad ny,. (12)

Here, g is the elementary charge, n;, denotes the hole density,
€ = go¢; the dielectric constant, i the (nonlinear) hole mobi-
lity, and D the hole diffusion constant. We use the Einstein
relation gD/ = kgT, although its validity for organic semi-
conductors can be questioned [42—44].

In order to solve these coupled nonlinear equations for
the 2D nanopatterned geometry shown in figure 1(b), we
implemented them using the weak form PDE solver in
COMSOL Multiphysics. Multiplying equations (9) and (10)
with the test functions ¢ and 7y, respectively, integrating over
the simulation domain €2 and performing the integration by
parts results in

‘ég (cE @) - il ds —//Q (¢E §) - gradg dQ ://Q qn,, ¢ dQ,

(13)
95 (J ) - i ds f// 7 - gradi, dQ = 0,
o0 Q

where E and J are inserted from equations (11) and (12). 7 is
the outward unit normal vector. The 2D simulation domain 2
and its boundary Of2 are shown in detail in figure 1(b).

The boundary integrals are used to define the boundary
conditions: On the left and right boundary (dotted in
figure 1(b)), we wuse zero-flux Neumann conditions
(E-7=0andJ -7 = 0). The anode (bottom) boundary is
described by the Dirichlet condition ¢|snoq. = ¢o for the
potential and the Neumann condition Ji= Jinj(E) with an
electric field-depended injected current density (discussed
below). The cathode (top) boundary is set to the Dirichlet
conditions ¢|cathodc =0 and nh|cathode =0.

Our charge carrier injection model is based on the ther-
mionic Richardson-Dushmann—Schottky-like injection Ji,;(E)=
ArsT? exp(— AW /kgT)exp(BrsVE), but refined using the
asymptotic results from Emtage and O’Dwyer [45]:

(1 — sig(E/Ep)) - apoE +

(14)

Jinj(E) =

sig(E/Ep) - ago E3/*exp(BrovVE)’

TBe0
(15)

where sig(x) :xz/(l +x%) is a sigmoid function that pro-
vides a smooth transition around E = E, between the two
asymptotic solutions. The parameter ago depends on the
injection barrier AW as follows: agg o exp(—AW /kgT).
However, although an analytic expression for the pro-
portionality factor is given by Emtage and O’Dwyer, it is
known that these classical results give quantitatively incor-
rect results for organic semiconductors [46]. Furthermore,
the actual energy barrier at the interface can significantly
differ from that calculated from literature values for the
energy levels of the individual materials in vacuum [11]. The
second parameter in the injection model, Bgo, can in theory
be calculated from B2, = ¢°/(4meka T?). We found that the
simple closed form expression in equation (15) is a good
approximation for the Arkhipov model of charge injection
from a metallic electrode into a disordered hopping system
[47, 48]. Interfacial trap states can also influence the charge
injection [49-51]. In our model it is assumed that such
influences are included in the chosen values for ago and Ggo.
The feature sizes of the investigated nanostructures
(> 10 nm) are much larger than all relevant molecular dis-
tances. Therefore, we assume that a possible distribution of
trap states is identical for planar and nanopatterned inter-
faces. Hence, the same model is used for simulating both
device types.

We assume trap-free charge transport in the NPB layer
[30, 52], following the Poole—Frenkel field dependence:

= p(E) = pyexp(BVE). (16)
It has been previously observed that the zero-field mobility
of NPB depends on its layer thickness [53, 54]. It is unclear
how this effect would influence the nanopatterned
NPB. Therefore, we did not include such details into the
model.

We used the following parameters for the simulation:

ago =204 x 10-°S m_‘,
o =3.00 x 1072 m?(Vs)~!,

Bro=1.65 x 1073 ym/V,

B=400 x 1075 /m/V,
Ey=1x10Vm,

e = 2.45. a7
Considering the applied assumptions and simplifications, we
did not attempt to obtain these parameters by a precise fitting;
they were merely chosen such that model and experiment
agree in their general behaviour and to be similar to analytic
expressions and values reported in the literature. In addition to
the here employed NPB thickness variation, temperature-
dependent measurements would offer a way to further opt-
imize the fitting parameters based on their different temper-
ature characteristics [55-58]. This would also allow
investigating potential differences in the temperature
dependence of nanopatterned and planar devices.
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Figure 2. Simulated hole and current densities for different HOD
geometries. First row: planar 100 nm thin HODs. Second to fourth
row: nanopatterned HODs with 60 nm grating height and 100 nm,
200 nm, and 300 nm organic layer thickness. The fields are
calculated for an applied voltage of 2.5V, 2.5V, 5.0V, and 7.5V,
respectively, such that V/d is the same for all four devices. The hole
densities are locally strongly increased at the grating’s corners.

5. Results and discussion

Simulated hole and current density distributions for different
HOD geometries are presented in figure 2. In the planar
device, the current density is uniform across the entire organic
layer cross-section irrespective of charge injection and
charge transport properties. The hole density, on the other
hand, may exhibit a gradient from anode (bottom electrode) to
cathode depending on whether the current is injection limited
or space charge limited. In the 100 nm thin planar HOD, the
hole density is nearly constant with n,~4 x 10" cm ™3,
indicating almost exclusively ILC. The current density is
J =347mA cm 2 In the nanopatterned devices, electric
field intensity is enhanced at the corners of the nanograting due
to the sharp features and the reduced inter-electrode distance.
The precise field dependence of the current differs at very low
and very high fields and can be extracted from equation (15).
In the relevant field range, the injected current rises with
increasing electric field strength at the metal-semiconductor
interface approximately following Jini(E) o< exp(Beo JE).
The local increase in charge injection leads to the formation of
preferential current paths between the electrodes where the
current density is significantly higher than in the surrounding
material. The corresponding hole density enhancement along
these paths and especially close to the anode indicates a local
transition from ILC to SCLC conditions.

Isolated experimental observation of local electric effects
is difficult because only current—voltage characteristics of

entire devices (corresponding to the integrated current density
across the device area), as shown in figure 3, are directly
accessible. Still, comparison of different layer thicknesses
allows for identification of fully injection-limited current flow
as opposed to (locally or globally) bulk-limited currents.

Small instabilities of the J-V characteristics (in the form
of irreproducible current spikes) are recognizable for some of
the experimental data. These deviations from the ideal smooth
curve shape occurred irregularly at low voltages in all
experimental samples and were not limited to nanopatterned
HODs. We assume the instabilities to be associated with the
Al anode as no current spikes were observed for comparable
devices comprising a metal oxide electrode. For all thick-
nesses, the nanopatterned HODs (red curves) exhibit sig-
nificantly higher current densities than the planar samples. As
the impact of nanopattern-induced injection improvement
increases with decreasing organic layer thickness, the mea-
sured current enhancement ranges from about 4 times for the
100 nm devices to 1.5 times for the 300 nm devices. Although
this current enhancement is in agreement with the increase in
charge injection visible in the simulation data, the J-V curves
alone do not suffice to conclude on the current limitation
mechanism.

Instead, the transition from injection-limited to space
charge-limited currents can be deduced from the current’s
thickness dependence. As discussed above, J (d) = const. for
ILC and J(d) x 1/d for SCLC when keeping V/d constant.
Comparison of the J-V/d curves depicted in figure 4(a)
shows that the current density at constant average electric
field is effectively independent of the organic layer thickness
for the investigated planar HODs (grey lines), confirming that
the current is mainly limited by charge injection.

Injection-limited current would be expected for the
pristine metal-organic interface, given the high nominal
injection barrier of >1 eV between the work function of the
Al electrode (3.6-4.3eV) and the HOMO level of NPB
(~54eV) [11, 59-62]. The additional interfacial MoQO;
layer, however, not only serves as an electron blocking layer
but also improves hole injection into the organic semi-
conductor. The underlying physical mechanisms have been
under debate for some time and appear to differ depending on
the device structure [63, 64]. This is in no small part because
the preparation process of the MoOj thin film strongly
influences its electronic properties [65-67]. Space charge-
limited current in organic semiconductor devices featuring
comparatively high work function electrodes, such as ITO
and Au, with interfacial MoOj layers has been attributed to a
reduced injection barrier due to favourable energy level
alignment, p-type doping of the organic semiconductor and
charge generation by electron transfer to the metal oxide
[68—70]. Furthermore, the optimal film thickness for charge
injection has been shown to be in the range of 1 nm, whereas
a higher thickness of up to 20 nm results in significantly lower
charge injection enhancement [64, 71]. In the investigated
samples, the increased hole injection induced by the 10 nm
thick MoOj; layer is not sufficient to overcome the injection
limitation at the Al electrode. Consequently, the planar
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Figure 3. Comparison of measured and simulated J-V curves for unpatterned (grey) and nanopatterned (red) HODs with linear and
logarithmic axes. All simulations used the same material parameters. The measurements and simulations agree in the general behaviour for
the planar and nanopatterned HODs, showing that the model includes the main physical processes. The differences imply that the model does
not cover all contributing physical phenomena. We attribute the large deviations in the very low voltage regime, which can be only seen in
the logarithmic plots, to defects in the nanopatterned devices leading to small leakage currents.

devices exhibit ILC for all organic layer thicknesses under
investigation.

In contrast, a clear thickness dependence is observable for
the J-V/d curves of the nanopatterned HODs (red lines), sug-
gesting that the current is not exclusively injection limited in
these devices. However, it must be considered that varying the
layer thickness of the nanopatterned devices also changes the
relative positions and distances of the adjacent bottom and top
grating corners. Due to this geometric effect, even purely injec-
tion-limited nanopatterned devices would show a monotonically
increasing current dependence on 1/d (in contrast to the planar
devices’ constant ILC). In order to eliminate this effect, we
adjusted the operating voltage to compensate geometry-depen-
dent differences in field enhancement: We took the d =200 nm
device as a reference point and calculated its injection-limited
current (assuming p — co) as J=306mAcm > for V/d=
0.25MV cm™'. Subsequently, we determined the necessary
(reduced or increased) voltage to obtain this injection-limited
current for all other thicknesses. The resulting operating voltages
were then used to simulate the J versus 1/d dependence
including injection properties and space charge formations, as
shown in figure 4(b).

Since the planar devices are not affected by geometric
effects, no voltage compensation is required and the corresp-
onding curves are shown for V/d = 0.25 MV cm~! = const.
As discussed above, the fabricated planar devices show a pure
ILC behaviour close to the injection limit. Although a slight
roll-off towards larger thicknesses is observable in the simu-
lation results, the currents are still predominantly injection
limited. This slight discrepancy between measurement and
simulation may be attributed to thickness-dependent

morphological effects in the NPB or deviations in the fabri-
cation process that are not reproduced in the model.

The nanopatterned devices, on the other hand, exhibit a
clear and approximately linear current increase with 1/d,
overcoming the planar injection limit—even under decreasing
V/d to compensate the geometric effects. This proves that the
limiting factor on the current is indeed not the injection,
because the red curve in figure 4(b) would be nearly constant
if charge injection was the main current limitation mech-
anism. Instead, the almost linear current increase indicates
that space charge accumulation is the dominant effect.

The J-V and J-1/d characteristics shown in figures 3 and
4 only allow for identification of the -current-limiting
mechanisms on the device level. In order to illustrate the local
transition from injection-limited to space charge-limited cur-
rents at the nanopattern, we simulated the 200 nm nano-
patterned HOD assuming significantly higher and lower hole
mobilities than those of NPB, as shown in figure 5. In the case
of very large mobility, the current is injection limited over the
whole device: The charge density—although enhanced at the
corners—shows no accumulation towards the anode and,
consequently, the current enhancement through the nano-
pattern is high. On the other hand, in the case of very low
mobility, the current is space charge limited over the whole
device: The space charges accumulate towards the anode both
at the corner and at the centre. Therefore, the current
enhancement through the nanopattern is low due to limited
mobility and strong field reduction.

For medium mobility, however, space charges accumu-
late only at the corners, leading to a locally space charge-
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Figure 4. ILC versus SCLC analysis. (a) Measured J-V/d curves for
all three thicknesses. The curves for the unpatterned devices are
nearly identical, clearly indicating ILC behaviour. For the nano-
patterned devices, a distinct separation between the curves is visible,
indicating a more space charge-limited behaviour. (b) Measured
(circles) and simulated (solid lines) thickness-dependent current
densities at the specified applied voltages (dotted curves). For the
nanopatterned devices, V/d is chosen such that geometrical effects
of the thickness variation are compensated. The planar devices (grey
circles, grey line) show barely any thickness dependence at constant
V/d, indicating a predominantly injection-limited current. In
contrast, the nanopatterned devices (red circles, red line) show an
approximately linear current dependence on 1/d, indicating that the
current is mainly space charge-limited.

limited current. This corresponds to the incipient field
reduction at the corners in figure 5(d) compared to (b). In
contrast, there is no space charge gradient towards the anode
at the centre, which means that the current is still injection
limited in areas without field enhancement.

As a result, the largest increase in current injection
through a nanopattern can be expected when the mobility is
high. If the current starts to be locally space charge limited,
the device performance will benefit more from improving the
mobility than from further injection enhancement.

6. Conclusion

In conclusion, we have investigated the impact of integrated
nanopatterns on charge injection and current limitation
mechanisms at a metal electrode in organic semiconductor
devices. In unpatterned HODs employing NPB as the hole-
transport layer and Al as the anode, the current is nearly

electric field (|E D
(b) 104

hole density (np,)

100
arc length /nm

Figure 5. Local current-limiting mechanisms. (a)—(f) Simulated hole
densities (left column) and electric fields (right column) in the

200 nm nanopatterned HOD for different mobilities (0.1x, 1x, and
10x the mobility given in equation (17)). Note the different colour
scales in the hole density plots. The electric field plots show
increasing field reduction at the corners from (b) over (d) to (f) in
accordance with the increased local charge accumulation in (c) and
(e). The charge density in (a) is low in general and shows barely any
gradient towards the anode. (g) Line plots of the hole density along
the two cutlines shown in (a), emanating from the grating’s centre
and corner, respectively.

exclusively injection limited for the investigated organic layer
thicknesses (100 nm, 200 nm, and 300 nm). The integration of
a nanopattern at the electrode interface leads to field
enhancement at the grating corners, locally increasing the
current density. As a result, current throughout the device is no
longer purely injection limited, but shows predominantly space
charge-limited behaviour. The transition from the ILC regime
to the SCLC regime can be explained by local charge injection
enhancement due to the nanopattern. We believe these findings
to be a promising approach towards high performance OLED
device stacks omitting dedicated charge injection layers.
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