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Enhanced light emission from top-emitting organic light-emitting diodes by optimizing surface
plasmon polariton losses
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We demonstrate enhanced light extraction for monochrome top-emitting organic light-emitting diodes
(OLEDs). The enhancement by a factor of 1.2 compared to a reference sample is caused by the use of a
hole transport layer (HTL) material possessing a low refractive index (∼1.52). The low refractive index reduces
the in-plane wave vector of the surface plasmon polariton (SPP) excited at the interface between the bottom
opaque metallic electrode (anode) and the HTL. The shift of the SPP dispersion relation decreases the power
dissipated into lost evanescent excitations and thus increases the outcoupling efficiency, although the SPP remains
constant in intensity. The proposed method is suitable for emitter materials having isotropic orientation of the
transition dipole moments as well as anisotropic, preferentially horizontal orientation, resulting in comparable
enhancement factors. Furthermore, for sufficiently low refractive indices of the HTL material, the SPP can be
modeled as a propagating plane wave within other organic materials in the optical microcavity. Thus, by applying
further extraction methods, such as microlenses or Bragg gratings, it would become feasible to obtain even higher
enhancements of the light extraction.
DOI: 10.1103/PhysRevB.92.245306
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I. INTRODUCTION

Organic light-emitting diodes (OLEDs) are already applied
as lighting or display technology today [1,2]. However, the
research for more efficient devices is widespread [1,3–5].
Especially top-emitting OLEDs are of great interest, as these
do not radiate through a transparent substrate and therefore
allow for a more flexible choice of substrate materials [3,6,7].
The radiometric efficiency of an OLED is given as the
external quantum efficiency (EQE) ηEQE , relating the number
of extracted photons to the number of injected charges [8].
Increasing the EQE remains an important goal in OLED
related research. The EQE can be divided into a product of
three efficiencies: ηEQE = γ ηIQE ηout [9]. In this relation, γ
represents the electrical efficiency and accounts for electrical
losses and charge carrier balance. The internal quantum
efficiency denoted by ηIQE characterizes the efficiency of
charge to photon conversion. Both quantities are close to unity
for common pin-OLEDs [10,11] incorporating phosphorescent emitters [12–15]. However, due to the high refractive
indices of the organic semiconductor materials causing total
internal reflection (TIR) [9,16], the outcoupling efficiency
ηout is typically limited to values below 30%. Therefore, the
focus in OLED related research is increasingly on ηout . The
30% limit takes into account the enhanced power dissipation
into resonances of the thin optical microcavity [16,17].
For top-emitting OLEDs, the optical losses can be divided
into contributions caused by the finite extent of the optical
microcavity, i.e., optical waveguide (WG) modes, losses from
absorption, and excitations of surface plasmon polariton (SPP)
modes at metal interfaces [18]. Either the OLED suffers
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from large losses due to the SPP mode, which is excited
at the metallic opaque back reflector, or, if the distance
between organic emitter and the metal is increased, another
WG mode as a source of loss is introduced, while the SPP
excitation is strongly reduced [18]. Typically, even though the
experimentalist is free to ponder between different types of
loss channels, known OLED layouts cannot exceed the limit
mentioned above. For top-emitting OLEDs without any further
outcoupling techniques, the first-order optical microcavity
incorporating a large SPP contribution was found to be more
efficient than optical microcavities exhibiting higher order
WG modes [18,19]. Lately, anisotropic emitter materials
showing a preferred spatial orientation of their transition
dipole moment have received great attention [15,20,21].
Using such materials, the efficiency limit can be increased
compared to isotropic emitters [15,21]. For spatial orientations
of common phosphorescent emitter materials the enhancement
was found to be about 15% for optimized devices, as the
contribution of plasmonic losses for the first-order device
are reduced [15]. Recently, for nearly completely horizontal
alignment, the enhancement was found to be up to 50% [22],
in accordance with simulations [23]. To extract the remaining
power lost into SPP excitations, scattering approaches have
been proposed [20,24,25], or methods involving complex
microlens structures of high refractive index [20,25,26].
Here, we propose a method to increase the outcoupling
efficiency ηout of OLEDs by modifying the properties of
the SPP excitations of the simple planar optical cavity.
We avoid power dissipation into evanescent modes by using Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) as doped organic charge transport materials
with a low refractive index. The reduction of the average
refractive index by about 14% results in an average increase
of the outcoupling efficiency of about 20% regardless of
whether the emitter exhibits anisotropic or isotropic orientation
of the transition dipole moments, as the SPP excitation
itself is retained. These results, initially obtained from
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optical simulations, are experimentally verified for optimized
first-order green phosphorescent top-emitting OLEDs with
emitters having isotropic or preferential horizontal orientation,
respectively.
Several studies have successfully implemented low refractive index materials such as PEDOT:PSS into OLEDs. These
works focused on the use of low refractive index materials or
PEDOT:PSS as electrode [27–29], hole transport layers [30],
or low refractive index spacers outside the electrical active
microcavity [31] in bottom-emitting OLEDs, or low refractive
index photonic crystal layers [32]. For these stratified planar
bottom-emitting OLEDs, the enhancements of the EQE compared to common materials (i.e., indium tin oxide electrodes)
resulted from the drastic reduction of the microcavity size
or mediation of the properties of the waveguide. So in these
works OLEDs of different optical orders were compared,
instead of OLEDs with similar thickness of the micro
cavity. Furthermore, in a purely theoretical study, Smith and
Barnes [33] investigated the effect of reducing the refractive
index of the entire organic layers within the optical microcavity
for bottom- and top-emitting geometries. They found great
potential for improvement, because with decreasing refractive
index the resonant enhancement of nonradiative modes is
reduced.
In contrast, the focus of this work is the enhanced light
harvesting of the already optimized first-order top-emitting
OLEDs and experimental verification of the theoretical predictions. For these devices, the optical thickness of the
microcavity layers cannot be reduced to obtain higher optical
outcoupling efficiency [18], either by reducing the layer thickness or by reducing the refractive index. Instead, we mitigate
the losses from surface plasmon contributions, increasing the
boundary of the theoretical limit of outcoupling efficiency
for planar OLEDs. In addition, a detailed discussion of the
optical effects is given. The theoretical discussion indicates
that in the best case the modified SPP can be modeled by a

nonevanescent plane wave within the organic layers. Thus, it
becomes an accessible target for further macroscopic [3,34] or
microscopic [24,35] outcoupling techniques.
II. DEVICES AND MATERIALS

This report investigates plain colored top-emitting OLEDs.
All these devices follow the pin concept using doped charge
transport layers enclosing intrinsic charge blocking and emission layers [10,11]. The thicknesses of the transport and
organic capping layers were obtained by optimization of
the optical outcoupling efficiency from optical simulations.
Thereby the fixed dimensions of the intrinsic layers of the
OLED were taken into account. The thicknesses of the intrinsic
layers were obtained in order to achieve the highest internal
quantum efficiencies [17,36]. To guide the reader, the layer
sequences of devices A to D and their distinctive features are
illustrated in Fig. 1. The OLEDs were manufactured onto glass
substrates, upon which the opaque bottom aluminum electrode
(anode, 100 nm) was deposited. Next, the hole transport
layer (HTL) was fabricated. For devices A and C, both
serving as reference devices, the HTL was evaporated using
2,2 ,7,7 -tetra(N,N-ditolyl)amino-9,9-spiro-bifluorene (SpiroTTB) doped with 4 wt % of 2,2-(perfluoro-naphthalene-2,6diylidene)dimalononitrile (F6-TCNNQ), where the thickness
was 49 nm for device A and 46 nm for device C. The HTLs
of devices B and D were prepared from PEDOT:PSS (Clevios
P AI4083) with a thickness of 55 nm for device B and 51 nm
for device D. Among the two different HTL materials used in
this study, Spiro-TTB:F6-TCNNQ has a high refractive index
(average value of nhigh = 1.77 over the emission spectrum of
the emitter molecules), whereas PEDOT:PSS possesses a low
average refractive index nlow = 1.52. The intrinsic emission
units were deposited onto the HTLs for each device. They
consisted of an electron blocking layer (EBL), a double emission layer (EML), and a hole blocking layer (HBL). The EBL

FIG. 1. (Color online) Scheme of the fabricated devices A to D. The devices are distinguished by their phosphorescent emitter molecules,
which show either isotropic [a = 0.33, Ir(ppy)3 , devices A and B] orientation of their transition dipole moment, or anisotropic orientation [i.e.,
a = 0.23, Ir(ppy)2 (acac), devices C and D]. Devices A and C are reference devices with high refractive index HTL, i.e., Spiro-TTB:F6-TCNNQ;
devices B and D have a low refractive index PEDOT:PSS HTL.
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was fabricated from 2,2 ,7,7 -Tetrakis-(N,N-diphenylamino)9,9 -spirobifluorene (Spiro-TAD, 10 nm), for devices A and
B. For devices C and D the EBL was prepared from
N,N -Di(naphthalen-1-yl)-N,N -diphenyl-benzidine (α-NPD,
10 nm). The EMLs of devices A and C were produced from
4,4 ,4 -tris(carbazol-9-yl)-triphenylamine (TCTA, 6 nm) as
one host material, and 2,2 ,2 -(1,3,5-Phenylen)tris(1-phenyl1H-benzimidazole) (TPBi, 12 nm) as a second EML. As
emission material for devices A and C the phosphorescent
green emitter Tris(2-phenylpyridine) iridium(III) [Ir(ppy)3 ]
was doped with a concentration of 8 wt % into these hosts.
The double EML host materials for devices C and D are the
same as for devices A and B, but the optimized thicknesses
were adjusted to 8 nm of TCTA and 12 nm of TPBi. In devices
C and D the phosphorescent green emitter dopant bis(2phenylpyridine)(acetylacetonate) iridium(III) [Ir(ppy)2 (acac)]
doped with 8 wt % into the matrix was used. In all devices the
HBL was produced from 4,7-diphenyl-1,10-phenanthroline
(BPhen, 10 nm).
The choice of the different green emitting molecules was
motivated by their different alignments of their transition
dipole moments. Ir(ppy)3 is known to have an isotropic
dipole distribution [37], where in contrast Ir(ppy)2 (acac) shows
preferential horizontal (preferential parallel to the x-y-plane)
alignment) alignment [37]. To complete the OLED stack, an
electron transport layer (ETL) of BPhen doped with cesium, a
transparent metal electrode (cathode) consisting of 2 nm gold
and 7 nm silver, and an organic capping layer (CL) of α-NPD
were deposited. For devices A and B the thicknesses of the
ETL and CL were 43 nm and 89 nm, and for devices C and D
the ETL thicknesses were 44 nm and 46 nm respectively, and
the CL had a thickness of 91 nm.

III. THEORETICAL CONCEPT
A. Shift of the SPP excited at the dielectric/opaque
metal interface

Every metal/dielectric interface supports SPPs, arising from
the coupling between surface charge oscillations and the
electromagnetic field. In OLEDs, SPPs can be excited due to
the close proximity between the metal/dielectric interface and
the radiation source. Commonly, at least the opaque bottom
electrode in top-emitting OLEDs is produced from metal,
because of the convenient large broadband reflectivity and
simplicity in fabrication [7,19,38], although there have been attempts to fabricate semitransparent top contacts from sputtered
transparent conductive oxides (TCOs) or polymers [38,39].
For the theoretical discussion, the definition of the coordinate system in reference to the OLED is shown in the inset
of Fig. 2. To outline the properties of the SPP within OLED
microcavities, we first give a brief discussion of a simplified
interface of two adjacent media. The electromagnetic field
of an SPP mode, modeled by a p-polarized time-harmonic
electromagnetic plane wave with its magnetic field Hy =
H0, y eı(u x+w z) , is localized by an exponentially decaying
envelope around the metal/dielectric interface. The coordinate
system is laid out such that the plane of incidence, defined by
the wave vector ν of the electromagnetic plane wave and the
z direction, is given by y = 0. Thus, the y component of the

FIG. 2. (Color online) Calculated dispersion relations of oSPP
modes. The calculations are carried out either in the approximation
of Eq. (1), or by taking into account the complete OLED optical
microcavity by using the transfer-matrix approach. For both methods
a shift of the oSPP mode towards smaller in-plane wavenumbers u
is observed for a decreased refractive index of the dielectric medium
adjacent to the opaque metal.

wave vector is zero. Furthermore, the interfaces between the
stratified media are located at planes denoted by z = const. The
localization of the electromagnetic field of the simple SPP can
be seen from the dispersion relation excited at an interface at
z = 0 between a metal and a dielectric medium with dielectric
functions εm and εd [40]:

εm + εd
E = cu
.
(1)
εm εd
Here, E denotes the energy, u the in-plane component of
the wave vector, c identifies the speed of light, and  the
Planck constant. The localization of the SPP is understood
from
the definition of the out-of-plane wave number w =

εd/m ν02 − u2 and the fact that the squared in-plane wave

numbers u2 exceed εd/m ν02 in each respective medium, with
ν0 = E/( c) being the vacuum wave number. Even though the
case of infinite media remains a merely theoretical example, it
is useful to get a qualitative insight of how the dispersion
relation of the SPP at an interface between an opaque
metal and a dielectric material (oSPP) can be modified. In
Fig. 2 the dispersion relation according to Eq. (1) for a high
refractive index dielectric medium (average refractive index
nhigh = 1.77) and a low refractive index medium (average
refractive index nlow = 1.52) is shown (dashed line). Hereby,
the dielectric function of the metal is modeled by a free electron
gas model dielectric function εm = 1 − Ep2 /E 2 . The plasma
energy is fitted to Ep = 12.26 eV, representing aluminum for
the relevant range of photon energies. The reduced refractive
index leads to a shift u = ulow − uhigh of the oSPP dispersion
relation towards smaller in-plane wave numbers u for all
relevant photon energies E. For a photon energy of E =
2.6 eV, representing the upper bound of interest, the shift
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is quantified to u = −3.59 μm−1 , whereas for the lower
energy of E = 1.9 eV a smaller shift of u = −2.28 μm−1
is achieved. From the in-plane wave numbers, the decay
length [40,41] ẑ = |1/wdiel | within the dielectric can be
calculated. It is found to be in the range of the extension of
the optical microcavity [40]. To quantify the shift of the oSPP
mode, along with the predictions from the simplified example,
Fig. 2 visualizes the calculated resonance positions of the
oSPPs of devices A and B. These involve all the interactions of
the complete OLED optical microcavity, calculated from the
transfer matrix [41–43]. Although the positions and absolute
values of the shift of the resonance originating from the oSPP,
u2.6 eV = −2.42 μm−1 and u1.9 eV = −1.02 μm−1 , differ
from the predictions derived from Eq. (1), the general trend
for the classical case holds, and the oSPP resonance is shifted
towards smaller in-plane wave numbers as the refractive index
of the adjacent dielectric is decreased. The change in the
absolute positions of the oSPP and in the slopes of the
oSPP dispersions calculated from the transfer-matrix approach
compared to the classical model of Eq. (1) arises due to the use
of the dielectric functions of all media involved, rather than
average refractive indices of the dielectrics.
B. Implications of the oSPP shift on the power
dissipation of OLEDs

The electromagnetic radiation of OLEDs is commonly
modeled by the resonant coupling of electric dipole sources
to the radiation within the optical microcavity [16,17,44,45].
Following this approach, the density of dissipated power by
the emitter K for a given photon energy E and in-plane wave
number u can be calculated [17,45]. The outcoupled part of
the dissipated power,
 uTIR
2
Fout = 2/νactive
du u Kout (u) ,
(2)
0

is limited by the in-plane wave number uTIR = sin (θTIR )νactive .
This in-plane wave number corresponds to the emission angle
θTIR = arcsin(nair /nactive ) representing trapped light within the
optical microcavity due to TIR with respect to the outcoupling
medium, i.e., air. Here νactive = ν0 nactive describes the wave
number within the active medium of the OLED with refractive
index nactive . The outcoupling efficiency ηout of an optical
microcavity is given by the outcoupled power Fout divided
by the total dissipated power:
 ∞
2
F = 2/νactive
du u K(u).
(3)
0

Thus, the total power contains (i) the outcoupled radiation, i.e., u < uTIR , (ii) resonance contributions from modes
which are propagating in the organic layers, but which are
trapped in the device due to TIR, i.e., uTIR < u < νactive , and
(iii) shares of the resonances from radiation represented
by plane waves with imaginary out-of-plane wave numbers
wactive , i.e., u > νactive such as SPPs. Keeping in mind that the
dissipated power is calculated from the resonant coupling of
the electromagnetic field to the sources, it becomes clear that
for evanescent radiation the power dissipation asymptotically
vanishes for u → ∞, since in this limit the electromagnetic
field at the emitter position decreases exponentially, and

the resonant coupling of the sources to the field decreases
likewise. Furthermore, enhanced dissipation of power occurs
into resonances originating from WG and SPP modes, because
for these modes resonances of the transmission exist.
By shifting the oSPP towards smaller in-plane wave
numbers, the coupling of the transition dipoles to evanescent
modes with u > uoSPP is reduced as the asymptotic behavior
for u  ν0 nactive is reached earlier compared to a geometry
with an oSPP resonance of a high average refractive index.
This effect is shown in Fig. 3(a), where the power
dissipation spectra of devices A to D are calculated for
the refractive indices nhigh (green) and nlow (red) of the
HTL materials, respectively. The power dissipation is shown
for the photon energy corresponding to the most prominent
wavelength λ = 510 nm of the green emitter materials. Two
anisotropy coefficients [23] are investigated, with a = 0.33
(solid lines) corresponding to isotropically distributed transition dipole moments, i.e., Ir(ppy)3 , and a = 0.23 (dashed lines)
corresponding to Ir(ppy)2 (acac) [37]. Figure 3(a) displays
three strong resonances, of which two are located in the organic
region for all anisotropy coefficients, representing resonances
of WG modes. The resonance located at u/νactive = 0.65 is the
excitation of the p-polarized (TM) second-order resonance,
and the peak at u/νactive = 0.79 corresponds to The third
resonance represents the oSPP excitation that is shifted to
a value of u/νactive = 0.96. In the region corresponding to
the outcoupled radiation, the power dissipation spectrum is
defined by shallow resonances which will form the TM3 and
TE2 within the organic WG region at higher energies.
Due to the shift of the oSPP the power dissipation into
the evanescent region for the lower refractive index HTL
is reduced. Therefore, also the total dissipated power F is
strongly reduced by 16.8% for the isotropic emitter and by
15.7% for the anisotropic emitter reducing the refractive index
of the HTL. This reduction of the total dissipated power
can be attributed solely to the modification of the internal
mode structure of the underlying devices. For both optically
optimized geometries, the average refractive index of the
complete optical microcavity is comparable. Additionally, for
this microcavity the outcoupled power Fout is slightly increased
due to the enhanced emission into resonant modes of the
microcavity, as can be seen from Fig. 3(a). For a = 0.33 the
relative increase of the outcoupled power is quantified from
the cumulated dissipated power into the outcoupling cone [46]
to be 5.0% and for a = 0.23 by 2.9%. Hence, in total the
outcoupling efficiency is increased by 22% for a = 0.33 and
18% for a = 0.23. Thus, it follows that the majority of the
increase is achieved by the displacement of the oSPP and thus
compression of the reciprocal space into which power can be
efficiently dissipated by the emitter.
Furthermore, Fig. 3(a) shows the optimized power dissipation of a comparable refractive index variation of the ETL
of devices A and C (blue). Due to the extent of the oSPP
electromagnetic field over the complete optical microcavity,
the reduction of the refractive index of the ETL also leads
to a shift of the oSPP dispersion relation. But compared to
the HTL variation, in this case the shift is much weaker due
to the increased distance between the low refractive index
medium and the surface of the opaque metal bottom reflector.
In contrast, the intensity and position of the higher order WG
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FIG. 3. (Color online) (a) Power dissipation density u/νactive × F of the optimized devices A and C comprising the high refractive index
HTL (green lines), and B and D using the low refractive index (red lines) HTL material at 510 nm wavelength. Simulations are shown for the
isotropic emitter (a = 0.33, solid lines, devices A and B), and anisotropic dipole distributions (a = 0.23, dashed lines, devices C and D). A
shift of the contribution to the power dissipation spectrum originating from the oSPP is observed for the low average refractive index nlow . This
causes an increase in outcoupling effciency by a factor of ∼1.2. Additionally, a variation of the ETL (blue) is shown where the oSPP shift
is significantly smaller compared to the HTL variation. (b) Calculated enhancement factor of the optimized outcoupling efficiencies ηout with
regard to the anisotropy factor a of the emitter (red squares). The enhancement is obtained for optimized geometries using nhigh and nlow for
the HTL. Furthermore, the enhancement as a function of the average refractive index n of the HTL (green) or ETL (blue) compared to nhigh
is shown for the anisotropy coefficients used in the experiments. The enhancement factors show only a weak dependence on the anisotropy
factor, but they depend heavily on the refractive index difference between nhigh and n.

modes (TE1 , TM2 , and the radiative TM and TE modes) is
modified. This arises due to the fact that the electromagnetic
field of these modes is much more localized around the
emission layer and ETL. Thus, the reduced refractive index of
the ETL has a larger influence on the WG resonance positions
and intensities than for a modified HTL. In summary, the
outcoupling efficiency is enhanced by about 9.8% for isotropic
dipole distributions for a refractive index change of about 12%
of the ETL and by 8.5% for oriented dipole distributions
with an anisotropy factor a = 0.23. Thus, the usage of the
low refractive index HTL material close to the opaque back
reflector can influence the oSPP two times more efficiently
compared to a low refractive index ETL.
To substantiate the potential of the proposed method,
Fig. 3(b) shows the calculated enhancement factors for ηout
in dependence of the anisotropy factor (red) and the refractive
index of the HTL (green) and ETL (blue). For the variation of
the anisotropy coefficient the refractive index of the HTL was
modified from nhigh to nlow . The outcoupling efficiencies were
obtained from the simulation of the optimized device geometry. For the entire range of investigated anisotropy coefficients
and enhancement of the optimized outcoupling efficiency is
observed. Even for completely in-plane oriented dipole sources
the enhancements would be about around 15%, for a refractive
index nlow reduced by about 14% to the reference value nhigh .
This is caused by the fact that the emission into SPPs for
emitter materials aligned in-plane is reduced compared to
isotropic emitters. However, the oSPP contribution does not
vanish due to the interaction of p-polarized radiation with the
horizontally aligned dipoles. Hence, the total dissipated power
is still reduced for the complete range of anisotropy factors.

Regardless of the alignment of the dipole distribution, the
increased intensities of the higher order WG modes remain,
causing an increased outcoupled power, resulting in an overall
enhancement. Moreover, for a range of anisotropy coefficients
covered by existing phosphorescent emitter materials, i.e.,
a ∈ [0.23, 0.33], the enhancement remains around 20% and
arises mainly from the shift of the oSPP mode. But also
for a = 0.08 [22], recently found in a thermally activated
fluorescent (TADF) emitter material, the enhancement would
still be about 17%.
Furthermore, Fig. 3(b) reports the enhancement factors of
the optimized outcoupling efficiencies as a function of the
average refractive index of the HTL (green) and ETL (blue)
of optimized first-order OLED microcavities. The refractive
indices are varied for device geometries incorporating transition dipole orientations currently realized by phosphorescent
emitters. For average refractive indices smaller than the reference value of nhigh , the enhancement increases approximately
linearly with decreasing average refractive index for both
the HTL and ETL materials. The enhancement factors for
average refractive indices below 1.3 are considered to be
hypothetical, as materials with such low refractive indices
and reasonable conductivities are hard to obtain. Nevertheless,
this figure indicates that at very low refractive indices the
linearity is dropped and the enhancement factor will saturate.
This is caused by the shift of the oSPP, which also saturates
towards average refractive indices n = nair . Likewise, it can
be seen that the oSPP shift is the predominant cause for the
enhanced outcoupling efficiency comparing the enhancements
of the HTL variations to the ETL alteration. Hence, it is more
desirable to modify the refractive index of the HTL than the
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index of the ETL, albeit a combination of both would lead close
to the high predicted efficiencies by Smith and Barnes [33].
C. Optimizing thin film SPPs and power dissipation
of implemented devices

The full benefit of our optimization strategy arises (for the
top-emitting geometries) if the excitation of resonant modes
with u > uoSPP can be avoided entirely. For top-emitting
OLED optical microcavities, these modes consist of SPPs
excited at the thin semitransparent top-contact as long as this
contact contains any metal. The SPPs of thin metal films are the
coupled states of the two SPPs excited at each metal/dielectric
interface. Thus, it is possible to form a symmetric (sSPP) and
an anti-symmetric (aSPP) state with respect to the z component
of the electrical field for a symmetric ε1 /εmet /ε1 geometry.
For a nonsymmetric geometry ε1 /εmet /ε3 the sSPP describes a
mode with a minimum of the z component of the electrical field
within the metal, and the aSPP a mode with a field envelope
changing sign inside the thin metal layer. In this simple case the
dispersion relation can be calculated numerically from [40,47]
e2 ı δ wmet =

(wmet ε1 + w1 εmet )(w3 εmet + wmet ε3 )
,
(wmet ε1 − w1 εmet )(−w3 εmet + wmet ε3 )

(4)

where δ denotes the thickness of the metal layer. Calculating
the in-plane wave numbers for the sSPP and the aSPP from
Eq. (4) or the transfer-matrix of a complete OLED geometry,
for common metals one obtains, Re (usSPP ) < Re (uoSPP ) <
Re (uaSPP ) for the real parts of the in-plane wave numbers
within the visible spectral range. However, due to the strong
in-plane localization of the sSPP, this mode is irrelevant for the
power dissipation in OLED geometries [41,48]. In contrast,
the aSPP can be excited from the emissive dipoles, similar
to the oSPP, although the excitation is weaker due to the larger
in-plane wave number uaSPP .
In Fig. 4(a) the in-plane wave numbers for the aSPP
mode at a fixed photon energy of Ephoton = 2.45 eV are
calculated for decreasing metal thicknesses δ and visualized
by interconnected lines. The dielectric functions ε1 = 2.96 and
ε3 = 3.53 correspond to the ETL material BPhen:Cs and the
CL material α-NPD at this energy. The plasma energy Ep in
the Drude model dielectric function of the metal was fitted to

Ep = 8.22 eV, representing the silver forming the thin film
electrode. A nonlinear shift of the aSPP position as a function
of the metal layer thickness δ is observed, with increasing
shifts for decreasing thicknesses δ.
For decreased metal film thicknesses δ, the nonlinear shift of
the aSPP’s in-plane wave number towards higher values causes
a pronounced localization of the aSPP’s electromagnetic field
in and around the metal film. Thus, the interaction with the
emitter sources decreases. Hence, the power dissipation into
the aSPP is reduced for decreased metal film thicknesses.
This shift of the aSPP and the reduced power dissipation into
the resonance is shown in Fig. 4(b). Here the displacement
of the aSPP excitation of the complete OLED microcavity
is in good agreement with the predictions from Eq. (4)
[cf. Fig. 4(a)], taking into account the dielectric function
of the top electrode silver and the additional thin gold
film. These simulations included all layers of the optical
microcavity of device A with fixed thicknesses, while the
thickness of the semitransparent silver layer was varied.
Due to the decreased contribution of the aSPP and the
broadening of the spectral range of high transmission, the
outcoupling efficiency of the OLED optical microcavity is
enhanced. This holds for the high refractive index HTL
material, ηout, high, 7 nm /ηout, high, 20 nm = 1.11, as well as for the
low refractive index HTL, ηout, low, 7 nm /ηout, low, 20 nm = 1.12,
using isotropic dipole distributions. But also for the anisotropic
distribution a = 0.23, ηout, high, 7 nm /ηout, high, 20 nm = 1.10 and
ηout, low, 7 nm /ηout, low, 20 nm = 1.11 are obtained.
Within the experiment, such ultrathin metal layers are
realized by using a recently adapted wetting layer electrode
approach [49,50], where a seed metal is used to form a
closed conductive and highly transparent metal electrode.
With this approach, the combined thickness of the smooth
metal electrode does not exceed 10 nm, enabling very high
outcoupling efficiencies.
The modification of the power dissipation spectrum and
the improved outcoupling efficiency are shown in Fig. 5.
It reports the power dissipation spectra over the complete
spectral range for Ir(ppy)3 emitters (devices A and B) or
Ir(ppy)2 (acac) emitters (devices C and D). The air light lines
and the organic light lines, defined from the refractive index of
the active emitter medium, are superimposed on the contour

FIG. 4. (Color online) (a) Calculated shift of the aSPP mode wave number, from Eq. (4), for various thicknesses of the metal layer.
The dielectric functions ε1 = 2.96 and ε3 = 3.53 correspond to BPhen:Cs and α-NPD respectively. The dielectric function of the metal was
parametrized as a Drude model with Ep = 8.22 eV, corresponding to silver. A nonlinear increasing shift of the aSPP position decreasing the
metal thickness δ is observed. (b) Simulated power dissipation spectra for a photon energy of 2.45 eV taking into account the complete OLED
stack (device A) and varying the silver top contact thicknesses δ. Due to the aSPP shift the dissipated power into this mode is strongly reduced.
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FIG. 5. (Color online) (a)–(d) Calculated power dissipation spectra for the relevant spectral range for devices A–D. The air light line and
the organic light line separate the outcoupled from the trapped radiation and the trapped radiation from the evanescent excitations, respectively
(black solid lines). The contributions to the power dissipation originating from the oSPP resonances are highlighted as dashed lines. Comparing
devices A and B to C and D, the optical thickness of the microcavities is maintained while reducing the refractive index of the HTL. Thus, the
contributions from WG resonances are only slightly modified. The oSPP contribution is reduced for devices C and D due to the anisotropic
emitter orientation. Hence, the outcoupling efficiencies of C and D exceed those of devices A and B. However, the enhancements due to the
oSPP shift are comparable with ηout, B /ηout, A = 1.23 and ηout, D /ηout, C = 1.19.

plots. These lines distinguish between the power outcoupled
into air, power dissipated into trapped light propagating as
WG modes within the organic, and the power dissipated into
evanescent excitations lost as heat. Decreasing the refractive
index of the HTL material [Figs. 5(b) and 5(d)] shifts the
oSPP resonance to in-plane wave numbers below the light line
of the organic medium. For devices A and B, the displacements
correspond to the ones given in the discussion of Fig. 2.
The shifts for devices C and D are given by u2.6 eV =
−2.19 μm−1 and u1.9 eV = −0.93 μm−1 . Compared to A
and B, the smaller shift of the oSPP for devices C and
D is attributed to the reduced HTL thickness caused by
the anisotropy allowing reduction of the optimized distance
between the emitter and the opaque metal electrode. This is
also reflected by the calculated efficiencies, which are ηout, A =
30.2%, ηout, B = 37.1%, ηout, C = 34.8%, and ηout, D = 41.5%.
The relative enhancement of the outcoupling efficiency of
device B compared to A is about 1.23, whereas the relative
enhancement for device D compared to C is 1.19. The
reduction is attributed to the smaller shift of the oSPP mode

resonance together with an decreased impact of the oSPP on
the total dissipated power for anisotropic emitter materials;
cf. Fig. 3(b). However, for both emitter materials, the oSPP
resonance shifts to in-plane wave numbers uoSPP < νactive over
the complete spectral range, where the in-plane wave numbers
of the resonances correspond to internal emission angles of
about θ ≈ 75◦ . Hence, this resonance can be addressed by
macroscopic extraction structures [3,34], because within the
organic semiconductor materials the oSPP is represented by
a nonevanescent propagating plane wave. Furthermore it is
worth noting that, due to the oSPP shift, the excited modes
are compressed into a smaller range of reciprocal space. This
implies higher enhancement of such top-emitting OLEDs if
Bragg scattering structures [24,35,51–53] are applied, because
for a single reciprocal lattice constant more modes can be
scattered into the outcoupling cone. Moreover, as the in-plane
wave number of the oSPP is reduced, the lattice constants addressing the extraction of the plasmon contribution is increased
compared to standard HTL materials, which is preferable for
technical realization. Having outlined the theoretical aspects
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of the optimization concept, the experimental realization is
discussed in the next section.
IV. EXPERIMENTAL REALIZATION AND RESULTS

Devices A to D were fabricated from the materials given in
Sec. II. All materials, except the PEDOT:PSS, were deposited
by thermal evaporation in an ultrahigh vacuum (UHV) tool
(Kurt J. Lesker Co.) at a base pressure of 10−7 –10−8 mbar.
The PEDOT:PSS HTL was spin coated onto the opaque bottom
electrode, adjusting the speed of rotation to obtain the desired
thicknesses followed by a 15 min baking step at 110 ◦ C
under ambient conditions. To enhance the wetting behavior
of the PEDOT:PSS solution onto the aluminum electrode, and
thus to achieve homogeneous transparent films, the substrates
containing the electrodes were exposed to an argon plasma at a
base pressure of 10−2 mbar for ten minutes. In order to obtain
comparable electrodes for all devices, the plasma treatment
was applied to all electrodes, including the subsequent exposure to ambient conditions. Prior to the EBL deposition under
UHV conditions, all substrates were transferred to vacuum
and again heated out for 1 h at 110 ◦ C. Directly after the last
deposition step, the devices were encapsulated with a glass lid
under nitrogen atmosphere. A source measure unit (Keithley
2400) and a calibrated spectrometer (Instrument Systems
CAS140) providing the spectral radiant intensity were used to
obtain the current-voltage-luminance (I -V -L) characteristics
of all devices. The EQEs are calculated from the I -V -L and
the angle-dependent emission spectra of the OLEDs, which
were obtained for emission angles θ (0◦  θ  90◦ ) with a
spectrogoniometer using a calibrated miniature spectrometer
(USB 4000, Ocean Optics Co.).
The j -V -L characteristics for devices A and B are given
in Fig. 6(a) and for C and D in Fig. 6(c), where j denotes
the current density from which the current can be calculated,
implying an active area of the OLED of 6.76 mm2 . Both
OLEDs using the PEDOT:PSS HTL exhibit an increase in the
leakage current by about one order of magnitude compared to
their reference devices. We attribute this effect to the ex situ
deposition of PEDOT:PSS, as this process is likely to introduce
impurities into the sensitive organic layers. Furthermore, we
observe a decreased slope of the j -V curve beyond the
threshold voltage for the low refractive index HTL devices.
By changing the HTL material from Spiro-TTB:F6-TCNNQ
to PEDOT:PSS, the charge injection barriers from the anode to
the HTL [54] and from the HTL to the EBL [55] are modified.
Especially due to the corrosivity of the aqueous PEDOT:PSS
dispersion [55], the formation of capacitive interlayers on
the anode surface is enhanced [54], introducing additional
barriers for electrical transport, and thus changing the j -V
characteristics.
Figures 6(b) and 6(d) show the EQEs measured for all
four devices. The errors, derived from the sample-to-sample
variation from eight measured OLEDs for each device, of
the EQEs for devices B and D are increased compared to
the reference devices A and B. This is explained by the spin
coating process for the PEDOT:PSS HTL, because this process
induces sample-to-sample variations of the film thickness and
introduces more defects on the OLEDs, as discussed earlier.
Since PEDOT:PSS is also a doped hole transport material with

FIG. 6. (Color online) (a) Measured j -V -L characteristics for
devices A and B. Due to the use of spin-coated PEDOT:PSS the leakage currents are increased, and the slope of the j -V curve is decreased
beyond the threshold voltage. (b) External quantum efficiencies ηEQE
obtained from the measured angle-dependent emission spectra of
devices A and B. The ηEQE of device B is increased by a factor of 1.19
compared to device A, in agreement with the value of 1.23 predicted
by the optical simulations. (c) Measured j -V -L characteristics for
devices C and D. Similar effects due to the PEDOT:PSS occur for
device D as for device B. (d) EQEs derived from the measurements
on devices C and D. The maximum EQE is enhanced by about 1.18,
again in good agreement with the optical enhancement value of 1.19.
The errors of the EQEs for devices B and D are increased due to
the increased sample-to-sample variations caused by spin coating
PEDOT:PSS.

conductivity comparable to Spiro-TTB, it is assumed that at
the maximum electrical efficiency, and thus the charge carrier
balance γ , is comparable for both HTLs. However, due to this
change in the electrical characteristics the maximum is likely
to occur at different current densities, i.e., luminance, using
the PEDOT:PSS HTL for devices B and D. Hence, instead
of comparing EQEs at fixed luminance, the maxima of the
ηEQE will be compared for the corresponding pairs of devices.
This is feasible, as the current densities are reasonably high
and thus leakage currents can be neglected and the charge
carrier balance γ is close to its maximum for maximum
EQE. On the other hand, the current densities of maximum
EQE are low enough such that exciton annihilation effects
can be neglected [56]. Thus, the internal quantum efficiency,
i.e., the emitter efficiency, of both devices is assumed to be
identical. Hence, the increase in the maximum of the EQE is
attributed to the enhancement originating from the outcoupling
efficiency.
We find maximized EQEs of ηEQE, A = 15.7% and
ηEQE, B = 18.7% for devices A and B, and ηEQE, C = 12.8%
and ηEQE, D = 15.2% for devices C and D. This corresponds
to enhancements of the maximum EQEs by factors of
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ηEQE, B /ηEQE, A = 1.19 and ηEQE, D /ηEQE, C = 1.18, in good
agreement with the predicted enhancements of the outcoupling efficiencies ηout, B /ηout, A = 1.23 and ηout, D /ηout, C =
1.19. The increased EQEs for devices A and C for small
luminance is thus attributed to the increased leakage currents
for the PEDOT:PSS devices and the decreased charge carrier
balance γ . Furthermore, we attribute the decreased EQEs for
devices C and D, compared to the devices A and B, to an
increased sensitivity of the Ir(ppy)2 (acac) emitter molecule to
the deposition conditions of the anode in combination with the
PEDOT:PSS.
V. CONCLUSIONS

In this paper, we have proposed a method to enhance the
outcoupling efficiency, and thus the EQE, of monochrome
green top-emitting OLEDs by modifying the oSPP resonance
of the optical microcavity. The modification of the oSPP
was achieved by using an HTL on top of the opaque
electrode of the OLED, with a reduced average refractive
index compared to a state-of-the-art HTL. The simulations
have predicted a linear increase of the relative outcoupling
efficiency enhancement proportional to the relative change of
the average refractive index. According to these simulations,
the outcoupling efficiency increases by about 20% when using
a reduction of the average refractive index by 14%. This
enhancement holds for a wide range of anisotropy parameters
of organic emitter molecules. Even for completely horizontally
aligned transition dipole moments, the enhancement would
still be about 15% if ultrathin top contacts are used.
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and K. Leo, Appl. Phys. Lett. 97, 253308 (2010).
[20] W. Brütting, J. Frischeisen, T. D. Schmidt, B. J. Scholz, and
C. Mayr, Phys. Status Solidi A 210, 44 (2013).
[21] J. A. E. Wasey and W. L. Barnes, J. Mod. Opt. 47, 725
(2000).
[22] C. Mayr, S. Y. Lee, T. D. Schmidt, T. Yasuda, C. Adachi, and
W. Brütting, Adv. Funct. Mater. 24, 5232 (2014).
[23] T. D. Schmidt, D. S. Setz, M. Flämmich, J. Frischeisen, D.
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