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We report for the first time on the implications of the dielectric nature of transparent electrodes, not only
their low conductivity, but also on charge injection and collection. Transparent electrodes are common
in organic-based optoelectronic devices because of the small diffusion length of charged carriers that
requires complete coverage by the electrode. The commonly reported drawback of transparent electrodes
is their low conductivity, which leads to unwanted power dissipation. However, there is no reference
to the influence of the dielectric nature on the contact properties. The effect of the dielectric nature is
introduced by modifying the expression for the image potential and the resulting barrier lowering at the
transparent contact. The model is verified by fabricating and measuring simple unipolar devices, which
show excellent agreement with the proposed modification. Without a modification, in order to have a good
fitting, there should have been unrealistic values for some parameters, for example, a dielectric constant
of 23 for the organic layer. The modified expression is then inspected in numerical simulations to study
its nonlinear influence on the device. We find that using our model with typical device parameters, the
predicted current density of the device is around half of the value calculated for a metallic electrode.
Similar results are obtained by reducing the value of the mobility while keeping the injection condition
for a metallic electrode. This explains why this property has been overlooked and is an indication of the
extreme care needed when fitting experimental results.
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I. INTRODUCTION

Organic optoelectronic devices are a promising technol-
ogy with many unique applicative features. For example,
Organic LEDs (OLEDs) are already being utilized in a
variety of applications [1] with a market value of 25.5 $B
in 2018 [2]. The ongoing progress in this field is accompa-
nied by experimental as well as theoretical research aimed
at extanding and enhancing the understanding of the phys-
ical processes in these devices [3–6]. A major part of this
ongoing research is based on simulations whose role is to
examine the physics and the behavior of the system as
well as to extract essential parameters for research or for
industrial purposes.

It is crucial to use accurate and physically justified
models in order to have a reliable interpretation of the
simulation results. In many cases, models have many
parameters that make it difficult to distinguish between the
functionalities of each parameter. Moreover, when some
physical aspects are missing from the model and hence
from the simulation, the measured results can still be fit-
ted by tweaking other parameters for compensation. This
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might lead to incorrect extracted values of the parameters
and might also be ill-matched with other measurements or
other simulations [7]. As a result, there is a considerable
number of inconsistencies in the literature regarding values
of a variety of parameters characterizing a specific system
under examination (devices, materials, etc.). For example,
Blakesley et al. [8] constructed a single carrier device in
order to extract its mobility. Afterward, the device was
measured at two different laboratories and the results were
then analyzed by three different scientists. Each time the
value of the mobility was different, sometimes by more
than one order of magnitude. Similarly, different systems
or fabrication conditions can cause drastic changes in these
parameters. This is presented in Ref. [9] where the impor-
tance of the conditions under which the electrode/organic
interface is formed are discussed. The injection barrier
(the difference between the electrode Fermi level and the
HOMO or LUMO of the organic layer) can drastically
vary and depends on a variety of conditions, such as the
surface contamination and/or the degree of vacuum in the
evaporation chamber, whether it is an organic on an elec-
trode interface or an electrode on an organic interface, and
so on. Thus, in many cases, correlating the experimental
data to a certain model can lead to erroneous interpretation
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of the physical processes. All these examples lead to the
conclusion that the research cannot rely on experimental
and fitting procedures alone. The justification of the phys-
ical basis for the model is crucial for getting a correct
interpretation.

In this work, we focus attention on the role played by
the contact materials in charge injection and collection.
In organic optoelectronic devices, at least one electrode
must be transparent to permit light to penetrate or leave
the device (depending on the device type). One of the rea-
sons is that a full electrode coverage reduces the charge
carrier transport distance, which is primarily poor. This
property cannot be achieved using conventional metallic
electrodes, which are highly conductive and with approx-
imately infinite permittivity at dc conditions since they
are opaque. Conversely, materials such as Indium-Tin-
Oxide (ITO) [10,11], Poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS, which we will refer
to as PP) [12–14] (used in ITO-free devices), and graphene
[15,16] are widely used in the organic optoelectronic
industry due to their high conductivity (although lower in
comparison to metallic electrodes) and high transparency.
The most familiar and prominent issue relating to their
lower conductivity is power loss in the device [17–22].

However, an additional characteristic, which has been
somewhat overlooked, is their dielectric property. Since
these materials are either polymers or inorganic com-
pounds, they are also dielectric materials [23]. They pos-
sess dielectric properties [24] and their static dielectric
constant is finite [25]. In addition to these materials, there
is a wide range of organic materials and inorganic diox-
ides that act as buffer layers between the electrode and the
active layer. Their role is to improve the transport or injec-
tion of a specific charge carrier to the desired electrode
or to block a charge carrier from getting to the electrode.
Such materials can be the above-mentioned PP, Tris(8-
hydroxyquinoline)aluminum(III) (Alq3), lithium fluoride
(LiF) [26], zinc oxide (ZnO) [27] (used in inverse organic
photovoltaics), and so on. Wang et al. tested a couple of
materials as Electron Injection Layers (EIL) and showed
that their static dielectric constant has a strong impact on
the OLED performance [28]. The static dielectric con-
stants of the mentioned materials are presented in Table I.
Although we will restrict the discussion in this paper to the
electrode and active-layer interfaces, the concept presented
in this work is also valid for these additional layers.

TABLE I. The static dielectric constants for different materials.

Materials εr Ref. Materials εr Ref.

ITO 9.3 [29] Alq3 3 [30]
PP 3.9 [31] LiF ∼9 [32]
Graphene 6.9 [33] ZnO ∼8.5 [34]

Most models describing the contacts to organic devices
were adopted from other fields and are sometimes inad-
equate for describing the functionality of dielectric elec-
trodes. Among these models are the Ohmic contact model,
which has no consideration of the electrode type at all, and
the Schottky contact model [35]. Note that the latter model
accounts for the effect of image potential [36], but only
that which takes place near metals. The image potential
effect is significant since it lowers the injection barrier at
the electrode’s interfaces and has a major impact on device
performance.

A commonly used model for simulating organic devices
is the one derived by Scott and Malliaras [37], which is
suitable for both low and high applied voltages. In their
model, the current flow is a contribution from charge
injection (Jinj) and recombination (Jrec). Their model also
accounts for the effect of the image charge. However,
they considered only metallic electrodes. In this work, we
examine the implications of replacing the metal electrode
with a dielectric electrode. We reformulate the expres-
sion for the image potential effect in the Scott-Malliaras
framework [37] to account for the properties of a dielectric
electrode. This allows us to show the substantial difference
between simulations based on metal and those based on
dielectric electrodes. It must be pointed out that it is the
static dielectric property that is important since the system
is under quasistatic conditions.

The proposed model is tested by conducting experi-
ments with two different device structures. To reduce the
complexity and the number of device fitting parameters,
we fabricate two different unipolar devices, one with a
metal electrode and the other with a dielectric electrode.
The first device structure is Au/organic-layer/Au, and the
second is PP/organic-layer/Au.

In parallel, we demonstrate that a reduction in cur-
rent density, which is predicted by the modification in
the image potential, can also be obtained by reducing the
mobility while keeping the metallic nature of the electrode.
This emphasizes that excluding the effect of the dielectric
electrode can cause significant inaccuracies in the predic-
tions of the simulation fitting procedure. It is important to
notice that the dielectric electrode effect is not limited to
the drift-diffusion model with the Scott-Malliaras bound-
ary conditions alone. The dielectric constant is presented
in many other models, for example, in tunneling mod-
els (Fowler-Nordheim [38]) or hopping models (Arkhipov
et al. [39]), which for some cases, can more accurately
describe the system under consideration.

II. MODEL

In this section, we present the model of image potential
and the difference in its implementation when a dielec-
tric material (corresponding to the organic layer) has
an interface with a metal or another dielectric material
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FIG. 1. A schematic representation of the electrode-dielectric
interface. q, q′ are the original and the image charges, respec-
tively, and P is the test point.

(corresponding to the electrode). We revise the total
potential energy near the electrodes, the expression for the
barrier lowering which follows it, and the effect it has on
the boundary conditions for the continuity equations.

The image potential (φim) is a result of the induced
surface charge density due to the placement of a charge
(q) in proximity to an electrode (at a distance d from the
interface as shown in Fig. 1). The image potential modi-
fies the overall potential acting on the original charge (q).
The procedure for finding the image potential is based on
the uniqueness theorem for the Poisson equation and is
outlined in many textbooks [36]; in short, any solution sat-
isfying the boundary conditions is feasible. We will briefly
overview it here for the case of two dielectrics, a case not
commonly dealt with in the literature.

At a dielectric-dielectric interface [40], the electric field
is discontinuous and should satisfy the condition ε1E1,n =
ε2E2,n. ε1 and ε2 are the static dielectric constants of the
two materials, and the index n refers to the normal compo-
nent of the electric field (E). Instead of solving the Poisson
equation with the above boundary conditions, a pointlike
charge q′ can be placed at a distance d′ from the inter-
face inside the metal, where d′ = d (see Fig. 1). Replacing
the initial surface charge with a properly chosen pointlike
charge q′, leads to the same induced image potential at the
dielectric material (or organic layer) and hence is a solution
to the same electrostatic problem.

To satisfy the mentioned boundary condition, the image
charge takes on the following expression

q′ = q∗q; q∗ = ε1 − ε2

ε1 + ε2
. (1)

q∗ will be referred to as the Effective Interfacial Charge
(EIC). This is similar to the effective mass that indicates
a different charge carrier mass inside a material in com-
parison to free space. This result is a generalization of the
metallic case in which the image charge must be equal
to, and opposite in sign to the original charge (q′ = −q);
by setting ε2 to approach infinity, the EIC goes back to
q∗ = −1.

As will be seen later, this difference has a major effect on
the device performance. An interesting concept stemming
from this result is that theoretically by setting a low dielec-
tric electrode (or other buffer layer), the potential gets a
positive sign, which, in turn, can repel charges from the
contact [41–44]. Thus, it may be used as a charge blocking
layer. Yet this idea is a matter for further investigation.

The induced image force acting on the original charge
is now simply that of the pointlike image charge and takes
the following form

F = q′q/[4πε0ε1(d′ + d)2], (2)

where ε0 is the vacuum’s permittivity. Substituting q′, d′
and integrating along the z axis gives the following image
potential (φimg)

φimg(z) = − q∗q2

16πε0ε1z
. (3)

The total potential energy (φ) near the interface can be
expressed as a sum of three contributions, the barrier height
(φB), the potential due to an external field (E), and the
image potential, φimg

φ(z) = φB − qEz − q∗q2

16πε0ε1z
. (4)

This expression is a modification of the potential pre-
sented in Ref. [37]. The barrier lowering δφ (the dif-
ference between φB and the potential maximum, see
Fig. 2) obtained from Eq. (4) is now given by δφ =√

q∗E/(4πqε0ε1). By redefining the Coulomb radius as
rc = q∗q2/(4πε0ε1KBT), and using the reduced electric
field f = qErc/(KBT), the barrier lowering can be written
in its original form

δφ = KBT
√

f . (5)

An illustration of the difference in Eqs. (4) and (5) due to
the dielectric nature of the electrode is presented in Fig. 2.
The barrier is shifted upward in the case of a dielectric
electrode (indicated by *) in comparison to that of a metal
electrode where q∗ = 1.

Both φB and δφ are typically introduced in the models
through a negative exponent that reduces the injected cur-
rents [35]. Thus, the modified value of the image charge
has a major impact on the currents flowing in and out of
the organic layer, especially at high applied voltages where
δφ increases. In this work, we use the Scott-Malliaras
current boundary condition approach. By repeating their
derivation (see the work by Inganas et al. for derivation
details [45,46]) and keeping in mind the EIC, we obtain the
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FIG. 2. Potential energy diagram at the electrode-organic-
layer interface. The squared lines represent a device with a
metal-like electrode (q∗ = 1), whereas the circled lines and the
symbols indicated by * represent a device with a dielectric
electrode (q∗ �= 1). The short dashed lines are the image poten-
tials (φ∗

im, φim), the dashed line is the external applied potential
(φapp), and the solid lines are the total potential energies (φ∗, φ).
The junction barrier φB is lowered by an amount defined by either
δφ∗ or δφ.

following expressions for the current boundary conditions

J cat
n = Jinj − Jrec

= A∗
nT2

[
N0 exp

(
−φB,n

kBT
+

√
f
)

− n
(

1
ψ2 − f

)
/4

]
,

(6)

J an
p = Jinj − Jrec

= A∗
pT2

[
P0 exp

(
−φB,p

kBT
+

√
f
)

− p
(

1
ψ2 − f

)
/4

]
.

(7)

J cat
n , J an

p are the electron and hole current densities at the
cathode and anode, respectively. A∗

n(p)=16πε0ε1μn(p)K2
B/

(q∗q2) is an effective Richardson constant, μn(p) and
N0(P0) are the electron (hole) mobility and the den-
sity of states for electrons (holes), respectively, n(p)
is the electron (hole) charge density, which must
be determined self-consistently, and ψ = f −1 + f −1/2

− f −1
√

1 + 2
√

f . The EIC parameter is presented only
implicitly in Eqs. (6) and (7) in A∗

n(p), f, and ψ . Thus, it is
not straightforward to determine the influence of the EIC
on the performance of the device. To do so, we conduct
a series of device simulations and experiments to exam-
ine the implication of substituting a metal electrode with a
conductive dielectric material.

III. METHODOLOGY

A. Experiment

The model is tested on two real devices that dif-
fer by their anode types, metallic (Au) and dielectric
(PP) anodes. We choose to work with unipolar devices
that are rather simple on one hand, but can also catch
the essence of the dielectric-dielectric interface on the
other hand. We choose two high work-function elec-
trodes to ensure that the electron junction barriers will
be very high and thus achieve a hole only device. As
will be seen later from the simulation results, the hole
junction barriers must be small enough to perceive the
effect of the EIC. The junction barriers between Au
or PP and the organic material N,N′-Bis(naphthalen-1-
yl)-N,N′-bis(phenyl)benzidine (NPB), are approximately
φB = 0.3 eV [47–49].

The two devices are shown in Fig. 3. The devices are
fabricated on top of a glass substrate that is precleaned
in an ultrasonic bath with acetone, methanol, and iso-
propanol for 15 min each, after which they are placed in
a plasma cleaning system for 4 min. On the first device,
PP is spin-coated to act as the anode. To improve the
anode’s conductivity, we immerse the sample in methanol
and follow the annealing sequence given in Ref. [50]. To
avoid shunts between the PP layer and the top Au elec-
trodes, the edges of the PP are removed. On the second
device, we evaporate 5 nm of chrome (for adhesion) and
45 nm of Au through a shadow mask (again to prevent
shorting with the top Au electrodes). Afterward, 100 nm
of NPB is evaporated through a shadow mask leaving
the middle of the device coated and the bottom electrode
exposed. Then, a 50-nm top electrode of Au is evapo-
rated. All evaporations are performed under an UHV of
approximately 10−7 Torr. The cross section of the device
(the overlapping between the anode and cathode) is mea-
sured to be A = 2.38 mm2. All I-V measurements are
carried out inside a glove box under a nitrogen envi-
ronment to prevent degradation caused by oxidation and
humidity [51].

FIG. 3. A schematic illustration of the unipolar organic
devices: (left) Au/NPB/Au, (right) PP/NPB/Au.
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B. Simulations

Following the measurements, we conduct simulation of
the device to check the validity of the modified model by
comparing the predictions with the real devices. The sim-
ulation is based on the drift-diffusion model with three
coupled differential equations, the Poisson equation, and
electron−hole continuity equations. The Langevin recom-
bination is considered. We also introduce the electric field
mobility dependency, which needs to be considered in
organic materials [52]. The dielectric constant and the
hole mobility of NPB are chosen to be ε1 = 3,μNPB

p =
10−5 cm2/V s [53], respectively.

The factor q∗ is reflected in the boundary condition for
the anode, as described by Eq. (7). The dielectric constant
of the PP is ε2 = 3.9, which makes the EIC very small,
q∗ = 0.13. This implies that PP is not ideal for anodes (or
other buffer layers)with respect to the dielectric proper-
ties. For the device with Au, we use q∗ = 1. The opposite
boundary is described by Eq. (6). However, since the cath-
ode is made from Au, it does not require any modification,
(q∗ = 1).

IV. RESULTS

A. Experiment

In this section, we present the experimental data as well
as the simulation results of introducing the missing factor
(q∗) in the boundary conditions for the continuity equa-
tions. The measured data and the simulation results are
shown in Fig. 4. The squares and full line represent the
measured data and numerical results for the device with a
Au electrode and the circles and dashed line represent the
measured data and numerical results for the device with a
PP electrode. It is clearly seen that a very high precision

FIG. 4. J-V curves of the devices and respective numerical
simulation results. (squares, full line) Au/NPB/Au and (circles,
dashed line, dotted line) PP/NPB/Au.

fitting is achieved for both devices. The EIC modification
in the model is needed for tracing the specific exponential
shape revealed in the measurements of the device with the
dielectric anode. Notably, an almost identical precision is
obtained without the modification (q∗ = 1). However, for
that purpose, the dielectric constant of the organic layer
is set to an unrealistic value, ε1 = 23 (not shown in Fig. 4
since it overlaps the dashed line); a slightly lower precision
is also obtained, but again, with an unrealistic low mobility
(μNPB

p = 10−7 cm2/V s).

B. Simulations

In order to emphasize the role of the boundary condi-
tions and the EIC in particular, we conduct a series of
simplified numerical simulations. The methodology of this
analysis is to keep everything fixed apart from the bound-
ary conditions for the hole injection at the anode [Eq. (7)].
This enables us to specifically trace the effect of the miss-
ing EIC in the expression for the anode boundary condi-
tion. We choose to work with arbitrary yet conventional
values for the organic layer and with constant symmet-
ric mobilities [54–56]. These values are summarized in
Table II.

The anode is chosen to be the commonly used ITO
with a relative permittivity of ε2 = 9.3 [29]. This results in
an image charge (q′) that is approximately half the value
(q∗ = 0.51) of that of a metal electrode. The J-V curves for
metal and dielectric electrodes are shown in Fig. 5.

The results reveal an extensive disparity between
devices with metal compared to ITO anodes. This dis-
parity might explain the over (or under) estimated values
sometimes attained in simulations. As seen from the log
scaled plot and the percentage difference presented in the
inset, at low voltages, the two curves are considerably
distinct. At 3 V it already reaches the 20% difference,
and it increases to more than 30% at 6 V. In the high
voltage region, the current density is significantly diver-
gent and is exceeding 50% at above 10 V. Furthermore,
with graphene or PP anodes, one can expect an even
greater disparity due to their lower dielectric constants and
lower EIC, q∗

graphene/PP = 0.39/0.13. Nevertheless, there is

TABLE II. Parameters of the organic layer used in the
simulations.

Parameter Symbol Value

Thickness (nm) L 120
Dielectric constant (F/cm) ε1 3
Electron (Hole) mobility (cm2/V s) μn(p) 10−4

Effective density of states (cm−3) N0(P0) 1020

Anode, cathode work functions
(eV)

Wan, Wcat 5.3, 4.2

Barrier for electrons at the cathode,
Barrier for holes at the anode (eV)

φcat
B,n,φan

B,p 0.3
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FIG. 5. J-V curves of devices with metal-like (q∗ = 1)
(squares), and with ITO (q∗ = 0.51) (circles) anodes. The inset
shows the log scale of the J-V curves and the difference in
percentage between the two devices (deshed line).

no clear relation between the value of the EIC and the ratio
between the two curves.

Very similar results are also obtained by keeping q∗ = 1,
but using higher electron and hole mobilities. In Fig. 6,
we have modified the mobilities to be μn = μp = 5 ×
10−4 cm2/V s. It can be seen that by ignoring the EIC, the
mobilities are altered by a factor of 5 in order to get the
same results as with q∗.

In Fig. 7, the current density of devices with different
injection barriers (for holes at the anode side, and at 15 V)
versus the dielectric constant of the anode is presented.
The injection barrier for electrons at the cathode is kept at

FIG. 6. Simulated J-V curves of three different devices.
Square-line: q∗ = 1,μn = μp = 10−4, circle-line: q∗ = 0.51,
μn = μp = 10−4, and triangle-line: q∗ = 1,μn = μp = 5 ×
10−4, ([μ] = cm2/V s).

an

an

an

an

FIG. 7. Simulated current density in log scale as a function of
the anode dielectric constant (starting from ε2 = 3.1) for different
hole injection barriers at the anode. The values of the current den-
sities are taken at 15 V. The dashed lines are the current density
values simulated with q∗ = 1.

φcat
B = 0.3 eV. The dashed lines represent the current den-

sity without the modification. It can be seen that the current
density approaches the condition of a metallike electrode
as the dielectric constant of the anode increases. In addi-
tion, at ε2 = 3, the effect of the image charge is canceled,
thus only the initial injection barrier is relevant. At low
dielectric constants, the current density is highly sensitive
to this parameter. As the injection barrier decreases, the
injection current increases and becomes even more sensi-
tive to variations of the dielectric constant. Below φan

B =
0.4 eV (triangle line), the barrier for holes becomes very
insignificant compared to the lower φcat

B = 0.3 eV. Thus,
the effect of the anode becomes negligible and the current
density is almost constant (see the diamond line in Fig. 7).

A clearer picture of the implication of modeling the
anode as a dielectric material and its effect on the boundary
conditions is reflected in Fig. 8. It shows the electron and
hole current densities at the anode and cathode as a func-
tion of the applied voltage for a device with an ITO anode.
The modification of only one boundary [Fig. 8(c)] affects
every aspect of the device. The lower current injection
at the dielectric-dielectric interface indicates a lower hole
density profile, which, in response, reduces the recombina-
tion rate, and thus affects the densities’ profiles throughout
the device. This is a direct indication of the sensitivity of
the model to the underlying physics.

As seen in the diamond line in Fig. 7, there are cases in
which the hole current density at the anode is negligible.
This case is demonstrated in Fig. 9 where we set the hole
junction barrier at the anode to be φan

B,p = 0.6 eV, hence
effectively reducing the injection of holes into the organic
layer.
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(a) (b)

(c) (d)

FIG. 8. Simulated (a, b) electron
and (c, d) hole current densities
at the organic-layer boundaries as
a function of the applied volt-
age. The left- and righthand sides
denote the (a, c) anode and the
(b, d) cathode boundaries, respec-
tively. The device with a metal-
like anode (q∗ = 1) represented
by squares and that with an ITO
(q∗ = 0.51) represented by cir-
cles.

The value of the electron current density at the cathode
[Fig. 9(b)] is orders of magnitude higher than the hole cur-
rent density at the anode [Fig. 9(a)]. Therefore, the device
performance is dictated only by the cathode boundary con-
dition and the EIC modification has a negligible effect.
However, devices such as OLEDs are two-charged carrier
devices in which electrons and holes have approximately
equal contributions. Thus, the effect of the dielectric anode
is expected to be noticeable.

To conclude, the dielectric property of the transparent
electrode is not considered in the commonly used models
for charge injection and collection into organic-based opto-
electronic devices. This property leads to a reduction of
the image potential by a factor that depends on the dielec-
tric constant of the electrode. This, in turn, diminishes
the effect of the barrier lowering, which causes a reduc-
tion in the total current density. With our modification of

the image potential, we could better fit the I-V curve of
devices with a dielectric anode (a unipolar device with PP
as the anode). Trying to fit the experimental data without
this modification leads to nonrealistic values of parameters
such as the organic dielectric constant of 23 or ultra-low
mobility of 10−7 cm2/V · sec. The effect of the EIC is
further investigated using a self-consistent simulation to
determine its nonlinear influence on device performance.
We show that for typical device parameters, the current
density of a device with q∗ = 0.51 is reduced by over a
half at high voltages. We also show that we can obtain
the same results by using lower values for the mobili-
ties while keeping the metallic boundary conditions, which
can lead to incorrect predictions. In contrast, including the
EIC effect in modeling the boundary conditions leads to
more realistic simulations and to better and more accurate
fittings.

(a) (b)

f an  = 0.6 eVB,p f cat = 0.3 eVB,n

FIG. 9. (a) Hole current den-
sity at the anode and (b) electron
current density at the cathode as
a function of the applied voltage.
The junction barriers for holes
and electrons are φan

B,p = 0.6 eV,
φcat

B,n = 0.3 eV, respectively. The
device with a metal-like anode
(q∗ = 1) represented by squares
and that with an ITO (q∗ = 0.51)
represented by circles.
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