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the same time, OLEDs are yet to be com-
mercialized on a similarly large scale in 
lighting applications, where such devices 
may soon enable new design conventions, 
for example, lighting planes replacing con-
ventional point sources. Regardless of the 
application, the efficiency of OLED devices 
is of central importance, may it be for 
longer battery life in a mobile device, or 
for lower energy consumption for larger 
scale lighting applications.

In any optoelectronic device, refrac-
tive index discontinuities typically reduce 
light coupling between the device and its 
surrounding. In the case of OLEDs, this 
results in light trapping effects which, 
in combination with absorbing elec-
trode materials, effectively attenuate the 
external quantum efficiency (EQE).[1] 
More specifically, a first major optical 
loss path is total internal reflection within 
the substrate, which can be overcome by 
structuring the air–substrate interface, 

that is, applying an external scattering structure. Suggested 
solutions to this issue range from simply sandblasting the 
substrates,[2] to standard microlens arrays,[3] to sophisticated 
bio-mimetic, hierarchical patterning,[4] all of which have in 
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1. Introduction

Organic light emitting diodes (OLEDs) are widely used in dis-
play applications for mobile and stationary electronic devices. At 
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common that the electrically active layers remain virtually 
unaffected.[5,6]

A second major loss path is via modes within high refrac-
tive index transparent contact and organic layers, and surface 
plasmon polaritons (SPP) at the metallic rear contact of the 
device.[7,8] Both may be summarized as waveguide modes and 
can make up to ≈50% of the emitted power by the emitter mole-
cules.[1] In general terms, there are at least three non-exclusive 
approaches to address this issue. The first is to tune the orien-
tation of the emitter molecules, that is, to horizontally aligned 
dipole moments,[9–11] such that coupling to waveguide modes 
is reduced. The second approach is to reduce the number of 
modes by reducing the thicknesses of the high refractive index 
layers, as has recently been demonstrated by replacing the 
transparent contact layer with a much thinner metallic layer.[12] 
The third approach is to incorporate a light management struc-
ture within or near the thin film stack (an internal scattering 
structure) to enable coupling of waveguide modes to sub-
strate propagating modes from which they can be extracted to  
radiating modes. An obvious design approach for internal scat-
tering structures is to fabricate the organic and contact layers on 
the basis of nanotextured substrates[13] which are often imple-
mented using a form of self-assembly process.[14–17] Here, the 
spectral density of the interface profile can be tuned to match 
the wavevectors of the waveguide modes,[18,19] depending on the 
emission color of the respective OLED device. This approach 
leads to a notable increase in EQE; however, the corrugated 
substrate also implies thickness inhomogeneities of the organic 
layers and often leads to degradation of the electrical proper-
ties. Another design approach for internal scattering structures 
is volumetric scattering layers of several micrometer thickness, 
which are based on light scatterers dispersed in a host matrix 
with a sufficient refractive index contrast between the two, and 
ideally achieving refractive index matching with the OLED 
stack to foster spatial overlap of the confined modes with this 
outcoupling layer.[20–22] While these layers scatter strongly and 
indeed improve light extraction, they also tend to reduce the 
overall transmittance compared to a planar glass interface due 
to multiple scattering and hence enhanced back-scattering.[22]

An alternative is thin, compact layers with integrated scat-
tering structures,[23,24] such as 2D arrays of scatterers.[25–27] 
Here, scattering is achieved by a spatial modulation of the 
refractive index rather than by nanotextured interfaces.  
Typically, the scatterers are first deposited or fabricated on 
top of a planar interface and subsequently planarized by a 
spin-coated polymer layer. Donie et  al. recently demonstrated 
improved EQEs by ≈22%rel by such an internal light scattering 
layer of only 250  nm thickness and embedded polydisperse 
TiO2 nanopillars with broadband, angular-stable light scattering 
properties.[27]

In the present work, we fabricate arrays of nanodisk scatterers  
using a bottom-up, scalable method based on colloidal self-
assembly and subsequent pattern transfer into high refractive 
index TiO2.[28,29] Similar to the approach by Donie et  al., the 
nano disk arrays are planarized by a polymer layer to provide 
a flat substrate for the subsequent deposition of the electri-
cally active layers, ensuring stable electrical characteristics 
of the device. The resulting thin, compact scattering layer is 
intended as an internal out-coupling structure to address the 

issue of losses through thin film waveguide modes in OLEDs. 
As we will show, the structures additionally function as an  
out-coupling layer for substrate modes. As a model system, 
we fabricate monochromatic OLEDs (λ0  = 520 nm), however, 
our findings should also be applicable to white OLEDs. The 
nanodisks are arranged in a correlated disorder configuration, 
ensuring on the one hand structural correlations that are benefi-
cial to the scattering properties, and on the other hand in-plane 
isotropy.[30,31] Hence, the emission patterns are invariant with 
respect to the azimuthal angle and do not introduce unwanted 
effects such as butterfly-like emission patterns. Based on our 
experimental findings, we include an in-depth numerical  
analysis where we focus on the properties of the individual  
scatterer, and make suggestions on improving the latter.

2. Results

The following main part of the paper (Sections 2 and 3) starts 
with a numerical analysis of the losses through waveguide 
modes within the OLED layer stack specific to the anticipated 
device configuration. Next, the concept of planar substrates 
with integrated disk-shaped high index scattering elements is 
introduced, which serves as basis for the fabrication of mono-
chromatic OLEDs. The substrates and devices are characterized 
both optoelectronically and optically, followed by a numerical 
analysis of the scattering structure in Section 3.

2.1. Losses through Waveguide Modes

Our first aim is to characterize waveguide mode losses specific 
to our device architecture. As the layer stack is deposited with 
identical parameters as in a previous work by Donie et  al.,[27] 
its composition, electronic function, and layer thicknesses 
are well known (see Section  5 for details). A schematic repre-
sentation of the layer stack, including the refractive indices n 
used for calculations at a later stage, is presented in Figure  1 
(left). Since the respective refractive indices of the organic 
layers (MTDATA and BPhen) are nearly identical, we com-
bine them into one layer for the following optical analysis.[32,33]  
Furthermore, all layers except the aluminum back reflector are 
assumed to be non-absorbing. Optically, the layer stack consti-
tutes a waveguide structure, for which we solved the eigenvalue 
equation  and found the three eigenmodes j (TE0, TM0, and 
TM1), that are shown as intensity profiles in Figure 1 (right, see 
numerical methods in Experimental section  for details on the 
calculation). Due to absorption in the aluminum, the effective 
refractive index neff, j is generally a complex number (Table 1a), 
from which we can calculate an effective absorption  coefficient 

4 / Im{ }abs, 0 eff ,nj jα π λ=  for each mode. αabs, j characterizes 
the intensity decay of the mode per propagation length (µm 
traveled). The attenuation is particularly strong for TM0, which 
we identify as a surface plasmon polariton (SPP) mode.

Exemplary emitter molecules in Figure 1 are placed right in 
the center of the Ir(ppy)3 containing layers and are modeled 
as dipoles (see numerical methods). The overlap of the dipole 
fields with the respective eigenmode j defines the coupling  
efficiency ηdp, j between the two (Table 1a). Taking into account 
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ηdp, j for every mode, according to our calculation, only 49.2%abs 
of the total emitted dipole power is emitted into the substrate.[34] 
The remaining 50.8%abs propagate as waveguide modes along 
the thin film stack, which is in line with estimates from  
previous studies.[1] Though it is not the focus of this publication, 
it is worth noting that for a flat glass substrate about 30%abs are 
trapped in the substrate and only about 20%abs is estimated to 
be emitted to the surrounding in radiation modes.[1]

2.2. Substrates with Integrated Scattering Structure

It is favorable to decouple the optical from the electronic  
functionality of an optoelectronic device. In case of OLEDs, 
electronically active layers should ideally be planar for the ease 
of OLED stack processability and hence reproducibility of elec-
trical performance, while optical scattering occurs at corrugated 
surfaces. To combine these seemingly opposed demands, we 
chose to embed high refractive index optical scatterers within 
a transparent layer to maintain a planar surface. For our OLED 
device configuration, this approach is shown in Figure  2a, 
where patches of higher index material are integrated into the 
substrate close to the OLED layer stack. Similar to a waveguide 
grating coupler, a mode with propagation constant | |βββ =  is 
scattered at this structure, kksubββ →  thereby enabling cou-
pling between waveguide and substrate modes. This process 
represents an additional decay channel with constant αsca, j. In 
total, the decay of the waveguide mode j is then described by  
Lambert’s law

( ) 0
( )sca absI r I e r= α α− +  (1)

for propagation along a spatial coordinate r. For each scattering 
element, we can define a (1D) scattering cross-section  Csca, j 
for our waveguide structure, that is directly linked to the scat-
tering coefficient via αsca, j = ρCsca, j, where ρ is the density of 
scatterers per unit area.[35] In doing so, we implicitly assume 
that each element scatters independently and correlations in 
between disks on average cancel out.

For an unperturbed, planar waveguide the scattering contri-
bution is αsca  = 0 and the mere coupling of the dipole to the 
waveguide is a loss path, whereas any out-of-plane scattering 
will enhance the emission efficiency. Consequently, we need to 

Figure 1. Left: Schematic cross-section of the OLED devices discussed 
throughout this study. The doped organic layers are actually stratified 
layers of the two materials BPhen and MTDATA, but treated as one layer 
for the numerical work in this study, as the refractive indices are close. Of 
the power emitted by the Ir(ppy)3 molecules (randomly oriented, center 
wavelength λ0  = 520 nm), 49.2%abs are transmitted to the substrate of 
which ≈20%abs are transmitted to radiation modes.[1] The remaining 
50.8%abs propagate as waveguide modes with propagation constant  
β (calculated on a computational domain of RCD  = 3000 nm, HCD  = 
1500 nm, see numerical methods section). Right: Specific intensity pro-
files for the waveguide modes across the height z.

Table 1. Parameters of waveguide modes j within the OLED thin film stack. a) Unperturbed waveguide: Effective refractive indices neff, j, absorption 
coefficient αabs, j, and coupling efficiency ηdp, j to an isotropic point source within the stack. b) Experimental geometry: Scattering cross-sections Csca, j,  
extraction efficiencies η α α α= +/( )ext, sca, abs, sca,j j j j  and propagation lengths α −1

j  for the relevant waveguide modes and for nanodisk dimensions as 
shown in Figure 6. c) Improved geometry: The same quantities, but with nanodisks placed directly onto the OLED stack (see Figure 8), and extraction 
efficiency and propagation lengths calculated for the highest possible packing density of a random sequential adsorption (RSA) pattern.

Mode j

Quantity TE0 TM0 TM1

a) Unperturbed waveguide

neff, j 1.70 + 9.98 × 10−4i 1.82 + 1.71 × 10−2i 1.53 + 3.77 × 10−3i

αabs, j [µm−1] 0.0241 0.4122 0.0911

ηdp, j 0.0834 0.3760 0.0486

∑jηdp, j 0.508

b) Experimental geometry

Csca, j [nm] 5.6 2.9 331.4

ηext, j 0.287 0.012 0.848

α −1
j  [µm]

29.5 2.4 1.5

c) Improved geometry

Csca, j [nm] 361.4 64.6 411.5

ηext, j 0.982 0.363 0.936

α −1
j  [µm]

0.75 1.55 0.63
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consider the relationship of the competing processes scattering 
and absorption, or to express the efficiency of a scattering  
structure as a single figure of merit,

/( )ext, sca, sca, abs,j j j jη α α α= +  (2)

for each mode j. Since we consider the electronic device archi-
tecture and hence αabs, j for the most part unalterable for the 
design envisioned in Figure  2, we shall henceforth focus on 
increasing αsca, j.

High refractive index, disk-shaped scatterers exhibit excep-
tionally strong scattering efficiencies and are therefore well 
known building blocks in nanophotonic structures. Compared 
to spherical scatterers with radius R, they possess an additional  
degree of freedom of design with the height H, such that  
electric and magnetic resonances can, to some degree, be 
tuned individually. In a recent experimental work,[29] we 
demon strated strong scattering at TiO2 nanodisks (n = 2.45 at  
λ0 = 520 nm, see Figure S1, Supporting Information, for optical 
properties) in the range from λ0  = 500 to 600  nm, and there-
fore fabricated a similar nanodisk pattern for the current study  
(see Experimental Section for fabrication details).

We achieved a disordered pattern of random sequential 
adsorption-type (RSA) of nanodisks of dimensions R = 219 nm 
and H  = 199 nm (Figure  3a). The size dispersion of ±10 nm 
with respect to R was estimated from the size dispersion of 
the PMMA colloids[36] that were used as templates. Addition-
ally, a minority of larger, non-cylindrical particles occur due to 
aggregation of colloids. The size dispersion in H is negligible 
due to the excellent homogeneity of the atomic layer deposited 
TiO2. The nanodisk density is ρ ≈ 1.72 µm−2, which is equivalent 
to an area fill fraction of φ  ≈ 0.260. The nanodisks were then 

embedded in a spin-coated layer of SU-8 photoresist (450  nm 
thickness), providing a planar interface for the subsequent  
deposition of the first electrically relevant layer (indium 
tin oxide, ITO), as shown under oblique viewing angle in 
Figure  3b. The refractive indices of photoresist (n  ≈ 1.56) and 
soda-lime glass substrate (n  ≈ 1.53) at λ0  = 520 nm are suffi-
ciently similar, such that we treat them as the same material 
(with n ≈ 1.53) for any calculations at a later stage of the manu-
script. In a cross-section  view, we thereby achieve the desired 
configuration of the previously proposed waveguide outcou-
pling structure (Figure 2a,b).

2.2.1. Optoelectronic Properties

We used these substrates to fabricate green OLEDs (with 
center wavelength λ0  = 520 nm) using the same parameters 
as described in ref. [27]. Additionally, we fabricated a series of 
reference devices on substrates, that have been coated with 
the same photoresist used for planarization, but omitting the 
nanodisk fabrication (see Figure  S2, Supporting Information, 
for additional reference devices on bare glass substrates). The 
typical current–voltage characteristics for both OLED types 
(scattering and non-scattering substrates) are almost identical 
(Figure  4a), since all devices comprise the same layer stack. 
Only at sub-threshold voltages below around 2.5 V we observe 
slightly higher leakage currents for the scattering substrates. 
However, the observed values of <10−4  mA  cm−2 (Figure  4a, 
inset), are typical for other flat substrates and as such are not 
considered problematic.[22,37]

The overall effectiveness of a light-coupling structure is 
best assessed by the increase in EQE (Figure 4b). The highest 

Figure 2. a) Schematic illustration of the device cross-section with substrate integrated, disk-based scattering structure (MoO3 is not shown, see 
Figure 1). Waveguide modes propagate with constant β, are scattered at the disks to substrate modes with kk sub  and to radiation modes with kk air , if 
the parallel component kk ||,sub  is sufficiently small. b) Cleaved edge of substrate with integrated disks and ITO contact layer below before deposition 
of organic layers.

Figure 3. a) Top view of the fabricated array of identical nanodisks with dimensions R = 219 nm and H = 199 nm. b) Nanodisks embedded in a layer of 
SU-8 resist and coated with ITO, that serves as contact layer of the subsequently fabricated OLED stack.)
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EQEs of 13.1% (non-scattering) and 18.9% (scattering substrate) 
for both substrate types are achieved at low current densities 
around 0.4  mA  cm−2, respectively. In relative terms, this is 
equivalent to a 44.2%rel increase due to the substrate integrated 
scattering structure. Note also, that the presented data are 
mean values of four devices with identical configurations for 
each type and the deviation from the mean in absolute terms 
is rather small, thereby demonstrating the robustness that is a 
consequence of the planarization. Though we here only present 
the data for the best performing set of device parameters, we 
observed this robustness at a larger number of samples with 
scattering substrates fabricated with the same technique. In con-
trast, an experiment with corrugated substrates (see Figures S3  
and S4, Supporting Information) produced a higher rate of 
failure and large variety of values for EQEs, which is in line 
with the observations of other researchers.[17]

2.2.2. Spectral and Angular Response

First, we assess the response of the scattering substrates, for 
which we provide transmittance (total and diffuse) and reflec-
tance spectra (Figure 5a). Again, as for the optoelectronic meas-
urements above, we use a photoresist coated glass substrate 
(without nanodisks) as reference, where Tref is in the range 
from ≈89% to 91% from λ0 = 400 to 700 nm. As the refractive 
indices of glass and photoresist are very similar, we observe only 
a minor wavelength dependence due to thin film resonances.

For the scattering substrate (Figure  5a), the transmittance 
T fluctuates around 78% throughout the measured spectrum, 
while reflectance R fluctuates around a mean value of 16%. The 
wavelength dependence is a consequence of Mie resonance, 
as we discussed in great detail in a previous work.[29] How-
ever, the refractive index contrast between glass/photoresist 
and nanodisks is small compared to the structures in ref. [29],  
hence the features in the spectrum are not as pronounced. The 
remaining share of the incident light, 1 − T − R, includes losses 
through substrate modes that are emitted at the edges of the 

substrate and hence not detected, and potentially absorption. 
However, since the here used SU-8 photoresist and the TiO2 
nanodisk material are only weakly absorbing in the measured 
wavelength regime, we expect absorption to be negligible.

The diffuse share of transmittance Tdiff ranges from around 
60% at λ0  = 400 nm to 10% at λ0  = 700 nm. Accordingly, the 
haze reaches values of up to 79%, which is comparable to volu-
metric scattering layers of multiple µm thickness. However, the 
latter is usually accompanied by a drop in total transmittance, 
which for our structure, in contrast, remains rather high.[22,27]

Next, we focus on the angular and wavelength resolved 
emission of an OLED on a scattering substrate compared to 
the reference (Figure  5b,c). At small angles (0° and 20°) the  
spectrum hardly differs for the scattering substrate, while the 
emission intensity drops significantly in case of the unstruc-
tured reference. To show this more clearly, we calculated the 
angle resolved emission intensity integrated over the full  
spectrum (polar representation in Figure  5d). Compared to 
Lambertian emission, the emission of the reference device 
drops more quickly with increasing angle, while the scattering 
substrate leads to enhanced emission in larger angles. A similar  
representation for specific wavelengths (at λ0  = 520  and 
542  nm) shows that the emission enhancement at larger 
angles is wavelength dependent (Figure 5e,g, respectively). For 
instance at λ0 = 520 nm and 45° angle, the normalized intensi-
ties are 0.52 versus 0.76 (reference vs scattering substrate), that 
is an increase of 46%. At λ0  = 542  nm, in contrast, the most 
pronounced difference is ≈34% at around 30°.

3. Discussion

For further insights into the perturbation of the waveguide 
modes by an individual nanodisk and the performance of 
the scattering structure, we discuss the experimental results  
thoroughly through numerical analysis. Based on our approach, 
we evaluate options to further improve the performance of 
internal scattering structures.

Figure 4. Optoelectronic properties of OLED devices with integrated scattering structure and of unstructured references. a) Current density versus 
voltage in linear and logarithmic representation (inset). b) External quantum efficiency (EQE) versus current density. All data are averages over four 
devices of 0.09 cm2 active area each. The error bars span over the absolute range of all measured values. Axis labels are also valid for the inset, 
respectively.
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3.1. Coupling and Scattering

The following results were obtained from 3D FEM simula-
tions on a cylindrical computational domain similar to the one 
in Figure  11, with the individual nanodisk centered above the 
OLED layer stack. The nanodisks were assumed to be non-
absorbing (n  =  2.45 at λ0  = 520 nm) and all dimensions were 
chosen as determined in the experiment. Since the area covered  
with TiO2 nanodisks is only about φ  ≈ 0.26, we assumed that 
most of the emitted power is either directly coupled into prop-
agating substrate and air modes or into waveguide modes  
(see Section  2.1). Hence, instead of dipole sources, we here 
used a unidirectional waveguide mode of the respective type to 
excite the individual nanodisk.

The near- and far-field intensities are presented in 
Figure 6a,b, respectively. Along the left edge of each nearfield 
images, the color-coded mode profiles (see also Figure  1) can 
be identified. However, for TM1 the highest intensity is found 
within the nanodisk or in its direct vicinity.

The high intensity near the nanodisk suggests strong TM1 
mode coupling to localized modes of the nanodisk. In contrast,  
coupling is barely visible in the nearfield image for TE0 and TM0, 
presumably since the fields of those modes are more concentrated 
in the thin film stack and do not reach as far out into the substrate.

The far field intensity for all three modes, respectively, is 
directed to shallow angles with respect to the propagation direc-
tion (Figure  6b). By integrating over power scattered into the 
far field and comparing to the incident mode intensity, we can 
calculate the scattering cross-section Csca of the nanodisk for 
each mode (Table 1b). Since each mode is arbitrarily extended 
in one lateral direction, Csca is a 1D quantity in this case. In 
particular, for TE0 and TM0 the scattering cross-section is small 
compared to the geometrical cross-section 2R = 438 nm. Note, 
that scattering can also occur to other modes, that is mode  
coupling through disks. However, according to our calculations 
the converted power is about two orders of magnitude smaller 
than the far field emission, and we therefore only consider  
scattering to the far field.

As pointed out at Equation (1) (above), scattering should only 
be assessed relative to absorption, or as a single measure of 
mode extraction efficiency ηext, j (Equation (2)). Due to the rela-
tively small absorption losses for TE0 (see Table 1a), we observe 
significant ηext, j even though Csca is small (Table 1b). This is 
not the case for TM0, where significant absorption losses in 
combination with a small scattering cross-section  leads to a 
minuscule extraction efficiency of about 0.012. The strongest 
efficiency is achieved for TM1, where the combination of Csca 
(large) and αabs (small) is favorable.

Figure 5. a) Optical properties of the planarized nanodisk scattering structure. Total reflectance R and transmittance T, diffuse share of transmit-
tance Tdiff. Total transmittance Tref of a flat glass substrate coated with 400 nm SU-8 photoresist. b,c) Emission spectra versus vacuum wavelength λ0 
depending on viewing angle (polar) for OLED device with scattering structure and unstructured reference. d,e,g) Polar representations of emission 
profiles averaged over the full spectrum and selected wavelengths, respectively, each normalized to emission intensity at 0°. f) Structure factor of the 
nanodisk pattern.
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Comparing Table 1a and b, the extraction efficiency ηext, j is 
lowest for the modes with the strongest excitation (high ηdp, j). 
Hence, the anticipated recovered power from waveguide modes 

is only 7.0%dp, ext, abs
j

j j∑η η ≈ , thereby changing the dipole 

power emitted to substrate modes from 49.2%abs to 56.2%abs. 
Comparing this to the unstructured base case where about 
20%abs of the emitted power is coupled to radiation modes,[1] 
this would result in a EQE increase of only ≈35%rel, instead 
of the measured 44.2%rel. This estimate is based on assuming 
perfect coupling of the additionally recovered power from 
waveguide modes to radiation modes. Considering the far field 
emission into shallow angles (Figure  6) this is a rather keen 
assumption. However, the nanodisk structure does not only 
scatter waveguide modes, but also light that is trapped in the 
glass substrate. Even in a flat OLED device configuration with 
no scattering into oblique angles by a nanostructure, these 
substrate modes typically account for ≈30%abs of the efficiency 
losses,[1] thereby offering the perspective of more than doubling 
the EQE by substrate mode extraction alone. In the following, 

we continue to disentangle the effects of waveguide mode and 
substrate mode extraction.

3.2. Dispersion Diagram

In the dispersion diagram in Figure  7, the green line marks 
photon energy corresponding to the design wavelength of  
λ0 = 520 nm. The filled circles on the right end of the line mark 
the propagation constants βj of the previously identified modes.

Since k|| ⩽ k, no light can propagate beyond the respective 
light line (blue) in air. Hence, the transition from waveguide 
modes (filled circle) to radiation modes (triangle △) requires 
an additional contribution Δk|| (upper curved arrow). If a 
coherent wave (mode) propagates for a sufficient distance α−1 
within the thin film stack, this change in momentum can be 
provided by coherent scattering through structural correlations 
in the nanodisk pattern. The latter are best expressed by the 
structure factor S(q) which exhibits a peak at q0 (see Figure 5f) 
and for the sake of this discussion we assign Δk||  = q0 in 
Figure 7. Accordingly, the parallel component of the wavevector 
is changed to k|| ≈ β − q0 and “direct” out-coupling of the wave-
guide to radiation modes (triangle △) can occur, for which we 
would expect an emission angle of 64° for TE0 (top horizontal 
axis in Figure 7).

Given the values for 1
jα −  and extraction efficiencies, this 

process may be significant primarily for TE0, and less so for 
the other modes where propagation lengths are rather short.  
However, as a first order approximation, the individual disks far 
field emission pattern and the scattering pattern defined by the 
structure factor are multiplicative,[29] which makes this process 
less likely even for TE0. On a side note, this aspect has impli-
cations also for the extraction efficiencies (see Equations  (1) 
and (2)) which have thus far been calculated assuming negli-
gible correlations, as would be the case for a fully disordered  
pattern. Note further, that these implications become even more 
relevant for example, a periodic pattern, where S(q) = 0 for all 
q except for Bragg peaks. A more detailed consideration of the 
structural correlations would require to model the interplay of 
S(q), individual disk’s farfield response and propagation length 

Figure 6. a) Nearfield intensities at cross-section through the center of the nanodisk along the direction of the propagating modes from left to right, 
respectively. The dashed contours mark the thin film stack (excluding aluminum) and the TiO2 nanodisk with dimensions R = 219 nm and H = 199 nm 
embedded in the substrate. b) Projected far field intensities of scattered radiation by the nanodisks. The dashed circle marks the angle of total internal 
reflection at the glass substrate’s front surface.

Figure 7. Dispersion relation = kk( | |)E k  in substrate and in air, respec-
tively, photon energy E(λ0) at design wavelength λ0 = 520 nm and propa-
gation constants βj for each waveguide mode j. The parallel components 
k||, j in the respective medium are plotted as open symbols, and the poten-
tial directional changes through Δk|| are marked with arrows.

Adv. Optical Mater. 2023, 2202557
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in order to obtain the farfield response of the entire structure, 
which is beyond the scope of this work.

If, as the desired strong scattering implies, propagation 
lengths 1

jα −  are short compared to the typical correlation lengths 
2π/q0 of the disk pattern, scattering is dominated by the single 
disk’s response and correlations are of no importance. From 
the scattering directions of 74°, 82°, and 70° for TE0, TM0, and 
TM1 (angles of highest far field intensity within the substrate 
in Figure  6b), we can infer the corresponding parallel compo-
nents of the wavevectors within the substrate (open circles  
in Figure 7). Since all open circles are found between the light 
lines for air and substrate, that is, light is trapped in the sub-
strate, an additional change in k|| is needed for propagation in 
air. This change in momentum can either be provided by a scat-
tering structure at the substrate-air interface, or, as in our case, 
the waveguide modes are scattered again at the substrate inte-
grated nanodisk structure near the OLED stack. Since the propa-
gation lengths in the non-absorbing substrate are long, scattering 
is heavily influenced by the structure factor, that is, Δk||  ≈ q0.  
The anticipated k|| and emission angles in air of 42°, 45° and 
39° (for TE0, TM0, and TM1, respectively) are plotted as inverted 
triangles in Figure 7. The transition from waveguide to radiation 
modes occurs in two steps and may hence be dubbed “indirect.”

In any case, both possible extraction paths, direct and indi-
rect, would place the expected emission angles in line with the 
experimental observations of enhanced emissions in the 30° to 
65° range (Figure 5d). To fully disentangle the effects of wave-
guide mode and substrate mode extraction by a structure such 
as ours would require measurements of output power with an 
ideal outcoupling structure for the substrate modes.

3.3. Improved Scattering Structures

In the following section, we will numerically evaluate a number 
of approaches to improve the functionality of the internal out-
coupling structure. Note, that we focus only on dipole emission 
coupled to substrate modes (propagating in the glass substrate), 
rather than to radiation modes (in air). Substrate-to-radiation 
mode coupling is achievable irrespective of the design of the 
electrically active layer and therefore not within our quest to 
design effective internal outcoupling structures.

3.3.1. Disks Close to Waveguide

As pointed out above, the rather low extraction efficiencies are 
due to the poor coupling of the nanodisks to the waveguide 

modes (Figure  6). In a first approach to improve the internal 
scattering structure, one could place the nanodisks directly on 
top of the OLED stack. Scattering of all three waveguide modes 
at the nanodisk is apparent in the respective nearfield intensi-
ties (Figure 8). For TE0 and TM1 the highest intensity is found 
in the vicinity of the disk. For TM1 the highest intensity is still 
found within the OLED stack, however, the decay along the 
propagation direction (left to right) indicates significant inter-
action of the waveguide mode with the disk.

By integrating over the far field (for intensity distribution see 
Figure  S5, Supporting Information), we obtain the scattering 
cross-section Csca (Table 1c), which provides a single figure  of 
merit for each mode to assess the scattering at the disk.  
Scattering is greatly increased compared to the experimentally 
achieved geometry, particularly for the TE0 and TM0 mode.

3.3.2. Maximized Disks Density

A second approach to improving the internal scattering struc-
ture is to increase the density and hence area fill fraction of 
the nanodisks from the experimentally achieved φ  ≈ 0.260 
to the saturation density of the proposed RSA pattern of  
φ ≈ 0.547.[38] Taking into account the increased disk density and the  
scattering cross-section of the disk close to the waveguide, for 
each mode j we can calculate the extraction efficiency ηext, j 
(Table 1c).

Compared to the experimentally achieved geometry, the 
extraction efficiency is increased 3.4× for TE0 and 30× for TM0, 
while only a slight change occurs for TM1. Taking into account 
the dipole coupling efficiency to each mode ηdp, j, we can  

calculate the potential for power recovery 20.3%dp, ext, abs
j

j j∑η η ≈  

through waveguide mode outcoupling, which is an almost  
3× increase compared to the calculation based on the experi-
mentally achieved design. The emitted dipole power to substrate 
modes thereby increases from 1 − 0.508 = 49.2%abs (Table 1a,  

unperturbed waveguide) to 49.2%abs+ 69.5%dp, ext, abs
j

j j∑η η ≈ .

Note, that this calculation is based on the assumption of 
increased scattering of waveguide modes (see Section  3.1, 
Supporting Information). For higher disk densities, however, 
another effect could gain importance: A dipole emitter may also 
directly excite photonic resonances in a nearby nanodisk,[29] 
potentially modifying the emitters radiative decay channel, 
for example leading to superradiant emission. Though this 
aspect is beyond the scope of the work at hand, we believe that  
following up into this direction in future investigations will 

Figure 8. Nearfield intensities at cross-section through the center of the nanodisk along the direction of the propagating modes from left to right, 
respectively. The nanodisks dimension is identical to Figure 6a, however, it is now placed directly on top of the OLED stack.

Adv. Optical Mater. 2023, 2202557

 21951071, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202202557 by K
arlsruher Inst F. T

echnologie, W
iley O

nline L
ibrary on [05/05/2023]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advopticalmat.de

2202557 (9 of 13) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

prove scientifically fruitful and valuable. Furthermore, it 
remains an important and closely related question, if a scattering  
element that acts as a good outcoupler for waveguide modes 
also couples well to a dipole emitter in its direct surrounding, 
that is, if an optimization for both coupling effects lead to the 
same scattering element.

3.3.3. Optimized Disk Dimensions

A third approach to increasing extraction efficiencies is to  
optimize the individual nanodisks dimensions. To evaluate 
this option, we calculated the extraction efficiencies ηext, j for 
≈5000 different nanodisks ranging from height H  = 1 nm to  
H = 500 nm, and from radius R = 1 nm to R = 800 nm (Figure 9). 
The area fill fraction is kept constant at φ = 0.547, which implies 
that the number density scales ∝R−2. Since the normalized 

power carried by each mode is known (Table 1a), we can use ηext, j  
to calculate the total emission to glass 49.2%abs+∑jηdp, jηext, j  
(Figure 9, bottom right).

For TE0, ηext, TE0 is robust with respect to size variations, 
however, ηext, TE0 is significantly smaller for H ≲ 70 nm, and 
shows a slight reduction for some combinations of R (large) 
and H (small). The case is similar for TM1, where ηext, TM1 for 
small R is invariant with respect to H above ≈80 nm, but shows 
some H dependence for larger R. In contrast, TM0, ηext, TM0 
changes more drastically with respect to the dimensions, with 
the highest value at R ≈ 370 nm and H ≈ 370 nm. Neither larger 
R nor larger H lead to an increase of ηext, TM0, and the combina-
tion of even larger R and H even leads to a reduction.

The lowest normalized emission to glass (Figure  9, bottom 
right) is again 49.2%abs for the unperturbed waveguide (no 
disks, H  = 0 nm). The overall size dependence is similar to, 
albeit less pronounced than for ηext, TM0. This is not surprising, 

Figure 9. Extraction efficiencies ηext, j of modes j for various disk sizes R, H at the highest possible surface fill fraction for RSA patterns and disks placed 
directly onto the OLED stack (top left sketch, see Figure 2a for color-coded materials). Bottom right: Share of emitted dipole power that propagates in 
the glass substrate. The experimentally achieved disk dimensions at R = 219 nm and H = 199 nm are marked (x). All calculations were carried out on a 
computational domain of RCD = 1000 nm, HCD = 1000 nm.
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since TM0 is the mode with the strongest excitation and ηext, TM0  
is more clearly size dependent than ηext, TE0 and ηext, TM1. The 
latter are relatively large for most disk dimensions in Figure 9 
and leave little room for improvement. Consequently, the  
potential for improvement compared to the previously discussed  
(and experimentally achieved disk dimensions, marked in 
Figure  9, bottom right) is mostly given through improve-
ments for TM0. The highest value of about 79.1%abs is found at  
R  ≈ 330 nm and H  ≈ 350 nm, however, at H  ≈ 220 nm the  
normalized emission to glass is already 76.8%abs and relatively 
independent of R for larger R. Even a slight increase of the 
experimentally achieved R and H would therefore place the 
disk size in this near-optimum, robust size regime.

Once R ≳ 600 nm, ηext, TM0 shows local maxima that are rela-
tively insensitive to R at H ≈ 100 nm and H ≈ 240 nm (Figure 9). 
Arbitrarily large disks, that is, an extended layer of TiO2, must 
be considered as part of the waveguide structure. Though at  
R  = 600 nm, the disk diameter 2R is only approximately six 
times the wavelength in TiO2, we probably start to see this effect 
in ηext, TM0: The guided modes of the OLED stack are coupled to 
the eigenmodes of the altered stack (including the TiO2) layer 
and coupled to glass where the layer (i.e., the large disk) ends.

3.3.4. Inverted Disk Structure

To address this issue, we recalculated the dipole-to-waveguide 
mode coupling and emission to glass for an inverted TiO2 
structure, that is, an extended TiO2 layer with circular notches 
instead of TiO2 disks (Figure 10). TiO2 being part of the wave-
guide implies a different set of TE and TM eigenmodes, the 
number of which are determined by the thickness of the TiO2 
layer and are presented in Figure 10a. The base case from above 
is included at H = 0 nm, where only one TE and two TM modes 
are present due to the OLED stack. With increasing H, the 
number of TE and TM modes increases by turns.

Similar to before, we calculated the average coupling  
efficiency ηdp, j of an arbitrarily oriented dipole to those modes. 
However, as the number of modes can get rather large, we only 
present the respective sum for TE and TM (Figure 10b), that is, 

the loss through those modes if not recovered by a scattering 
structure. Note also, that the test dipoles are now placed under-
neath the TiO2 layer. For large disk and high disk density this 
is commonly the case since the emitter molecules are laterally 
evenly distributed. Different from previous disk-type setup, 
where dipole-to-mode coupling was determined for the original 
OLED stack waveguide, we now also need to take into account 
that dipole emission may be influenced by the TiO2 layer, that 
is, the Purcell factor changes, as shown normalized by the base 
case with no TiO2 layer in Figure  10c. This aspect was previ-
ously not covered in simulations for the disk-type design.

Whenever the number of modes for the respective type  
(TE or TM in Figure 10a) increases, the coupling to this type of 
mode increases at the cost of the other (Figure 10b). The dipole 
emission normalized by the base case (Figure  10c) shows an 
oscillating behavior with respect to H, but the strongest emis-
sion is still found if no TiO2 layer is present (H = 0 nm).

By taking into account the coupling of dipoles to waveguide 
modes ηdp, j, absorption αabs, j, the altered dipole emission and 
scattering at the notches, we calculated the expected emission 
to propagating modes in the glass substrate, depending on 
the dimensions of the notches (see Figure  10d). The height 
H is bounded by, and in our case identical to the TiO2 layer 
thickness. Again, the base case of H = 0 nm is identical to the 
case of the unperturbed OLED waveguide stack from Table 1a, 
where 49.2%abs of the emitted power is coupled to the glass  
substrate. The highest dipole emission to glass of about 
76.0%abs is achieved at about H  ≈ 220 nm and R  ≈ 120 nm. 
While the emission to glass is relatively insensitive to changes 
in R, we observe multiple local maxima with respect to H, 
which coincide with strong dipole emission and with heights 
H (equivalently TiO2 layer thicknesses) where dipole-to-mode 
coupling favors TE modes. The latter aspect is not surprising, 
considering TE modes tend to be less absorbing and are scat-
tered more efficiently, as shown above for the disk-type design.

At RSA maximum density, ≈54.7  % of the OLED stack are 
covered with disks (notches) for the disk-based (notched layer) 
design. Hence, in both cases, about half of the OLED stack is 
covered with a TiO2 layer. Interestingly, both exhibit almost 
the same optimal or near optimal performance for the same 

Figure 10. Notch in TiO2 layer design (top left sketch, see Figure 2a for color-coded materials). a) Number of modes versus layer thickness in the 
thin film stack if a layer of TiO2 is added to the OLED stack. b) Sum of coupling efficiencies of dipoles to TE and TM modes. c) Average emission of a 
randomly oriented dipole normalized to emission without TiO2 layer. d) Dipole emission to the glass substrate normalized to the dipole power without 
TiO2 layer. All calculations were carried out on a computational domain of RCD = 1500 nm, HCD = 1500 nm.
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values of H around 220 to 250 nm. With respect to H both may 
well be understood as two sides of the same coin, that is, two  
different models for the same problem, rather than two  
different designs. However, both models come with distinct 
drawbacks: The disk model does not include the change in 
dipole emission (i.e., the Purcell factor), while the notch model 
implicates that patches of TiO2 are always large enough for 
propagating waveguide modes (hence the relative invariance 
with respect to R).

4. Conclusion

We have revisited the issue of waveguide mode losses in 
OLEDs and used our own method (based on FEM simula-
tions) to calculate those losses to account for 50.8%abs of the 
total emitted power, which is in line with the calculation by 
other methods.[1] We further identified the competition of 
absorption and scattering within those modes as the reason of 
losses, rather than coupling and out-coupling alone. To over-
come this issue, we proposed an internal scattering structure 
based on planarized high refractive index TiO2 nanodisks to 
effectively couple out the waveguide modes. For a fabricated 
sample, we experimentally achieve a 44.2%rel increase in EQE. 
However, our numerical modeling reveals that only part of 
this improvement can be attributed to out-coupling of wave-
guide modes, since power share emitted into the glass sub-
strate only increases from 49.2%abs (with flat interfaces) to 
56.2%abs (with internal outcoupling structure). The additional 
efficiency gain is likely caused by the scattering of substrate 
modes by the implemented structure. By comparing the cal-
culated absorption lengths for the various waveguide modes 
with spatial correlations in the internal scattering structure, 
we find that light extraction from waveguide to radiation 
modes is likely a two-step process: First occurs the extraction 
of waveguide to substrate modes, which are subsequently scat-
tered into radiation modes.

Based on our findings, we numerically evaluated a number 
of further design improvements based on the same concept 
for the internal scattering structure. The best design increases 
the power share emitted to glass from 49.2%abs to 79.1%abs. 
Taking into account all the numerically evaluated approaches to 
improve the internal outcoupling structure, we can draw more 
general insights on similar structures and infer a set of basic 
design rules:

a) The scattering layer should be in close proximity to the OLED 
layer stack to ensure strong interaction of waveguide modes 
with the structure. Note, that for our experimental device, pla-
narization was achieved by a spin-coated polymer layer requir-
ing a minimum thickness (see Experimental section) which 
leads to a finite proximity. More sophisticated planarization 
methods, for example, a combination of spin-coating and 
etching, may help overcome this limitation in a future work.

b) The thickness, height H should be carefully chosen to maxi-
mize dipole emission and to draw power into less absorbing, 
easy to scatter modes, for example, TE modes are preferable 
over (plasmonic) TM modes.

c) The high-index patches should be large enough for propagat-
ing modes to form. The shape of the scattering structures 
seems to be of minor effect, as for instance notches and disks 
work equally well.

These rules are specific for device configurations where the 
electrically active OLED stack remains planar, and out-coupling is 
achieved by a binary variation of refractive index near to it. Further-
more, it is debatable which fraction of the scattering layer should 
be filled with high-index material. Our modeling thus far simply 
assumes, that scattering increases linearly with scatterer density. 
However, for both the disk-based and the notch-based design, we 
limited our investigation to the maximum RSA fill fraction of 0.547, 
that is, in both cases, about half of the scattering layer is filled with 
high-index material. Near the optimum height H = 220 nm, both 
facilitate emission to glass equally well (76.8%abs and 76.0%abs, 
respectively). If the disk density (notch density) were further 
increased, the scattering layer would increasingly resemble a closed 
layer (non-existent layer) of TiO2, with likely decreased scattering. 
This reasoning may lead to the assumption, that about half of the 
scattering layer should be filled with high-index material for optimal  
performance, however, more research is required before a solid 
design rule can be cast from these observations.

Furthermore, if propagation lengths of the waveguide modes 
are sufficiently long compared to the correlation lengths of 
the structure, strong correlations (e.g., in the case of periodic  
patterns) may have a significant impact on the extraction  
efficiencies (see Section  3.2). A future investigation should 
therefore cover the combined effects of structure factor, indi-
vidual disk’s response and propagation lengths on extrac-
tion efficiencies through theoretical modeling; angle-resolved 
scatterometry of substrate modes (e.g., via an extraction sphere) 
may prove useful for experimental confirmation.

On a side note, the stated rules leave plenty of room to opti-
mize such internal structure not only for out-coupling of wave-
guide modes, but also for substrate-to-air mode coupling. The 
latter is primarily related to structural correlations (see arrows 
for Δk|| in Figure  7) of the individual scattering elements, and 
the proposed design rules do not impose any direct restric-
tions in this respect. Note, however, that spatial correlations 
in the structure should not be aimed at direct out-coupling of  
waveguide modes to radiation modes. For correlations to be 
effective in providing enough parallel component to the wave 
vector for direct scattering to radiation modes, propagation 
lengths of waveguide modes need to be sufficiently long. Given 
that losses are determined by the relation of absorption and 
scattering, and absorption lengths can only be influenced to a 
limited degree, trying to optimize for direct coupling to radia-
tion modes would, in most cases, lead to higher losses.

5. Experimental Section
Fabrication of Substrates with Integrated Scattering Layers: Integrating the 

TiO2 disk structure into the substrate was achieved by first fabricating the 
disks on a flat glass surface and subsequent planarization. The detailed 
disk fabrication process is published in ref. [29], including relevant 
parameters for the involved processes, and is therefore only summarized 
briefly here. The fabrication started with a layer stack of 12  nm Al2O3 
(bottom), 199  nm TiO2, and 17  nm Al2O3 (top), where all the layers 
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were deposited by atomic layer deposition (ALD) and all thicknesses 
were determined by spectroscopic ellipsometry.[28] Note, that for the 
relevant wavelength range in this work, the amorphous TiO2, deposited 
at 120  °C, was practically non-absorbing (see Figure  S1, Supporting 
Information).[39] The disk pattern was defined by 406  nm diameter 
colloidal PMMA particles (microParticles Berlin GmbH, Germany) that 
adhere to the surface of the Al2O3 top layer through opposite charge 
signs of the two, thereby forming a sparse particle layer throughout the 
substrate. The particles were heated to 150 °C for 30 min for improved 
substrate contact and subsequently served as an etch mask to pattern 
the underlying thin film stack in a two-step reactive ion etching (RIE) 
process. The excess diameter of the fabricated disks compared to the 
particle diameter was likely due to the increase in contact area particle-
substrate after the heat treatment. The TiO2 disks were finally planarized 
by a spin-coated polymer layer (SU-8 negative photoresist, MicroChem) 
of 450 to 500 nm thickness, which was the minimum possible thickness 
while at the same time ensuring a planar interface for the subsequent 
OLED fabrication; thinner layers typically led to corrugated interfaces. 
The SU-8 planarization layer was baked at a temperature 10  °C higher 
than the process temperature of the subsequent ITO deposition for  
5 min, in order to stabilize the SU-8 and prevent crack formation in the 
ITO.[40]

OLED Fabrication: The deposition process of the electrically active 
layers followed the same protocol and parameters as described in 
ref.  [27], starting with the ITO anode layer of 135 nm thickness on top 
of the planar polymer layer. The subsequently deposited OLED stack 
consisted of 5 nm MoO3, 15 nm m-MTDATA, 20 nm m-MTDATA:Ir(ppy)3, 
20 nm BPhen:Ir(ppy)3, 40 nm BPhen, 1 nm LiF, and 100 nm aluminum.

OLED Characterization: In order to obtain the EQE, the luminous 
flux was measured using an integrating sphere and a spectrometer 
(Instrument Systems CAS140) under nitrogen atmosphere to prevent 
degradation of the device. For angle resolved emission, the sample 
was mounted on a rotating stage and the emitted light recorded with 
a spectrometer (Ocean Optics USB2000+). The sample edges were 
covered to block substrate mode emission.

Optical characteristics of the planarized nanodisk scattering structure 
were extracted out of transmittance (T) and reflectance (R) data, 
which were measured using a UV–vis spectrometer (Lambda 1050, 
PerkinElmer Inc.) equipped with a 150 mm integrating sphere. The 
diffused transmittance of the substrate was performed by letting the 
direct transmittance escape from the integrating sphere. The haze of 
the substrate was then derived by taking the ratio of the sole diffused 
transmitted light to the overall transmitted light.

Numerical: The layer stack constituted a waveguide structure with 
translation invariance in the lateral direction and thus can be described 
as a 1D problem along the z-direction:[41]

( ) ( ) ( ) 011DD 11DD
1

, , , ,µ ε ω∇ × ∇ × − =− z z zm j m jEE EE  (3)

The eigenmodes j take the form of plane waves with an effective 
refractive index neff,j or, equivalently, a propagation constant | |βββ = , 
where ββ  is a propagation vector perpendicular to z. The electric field 
is 11DD, ,m jEE  and magnetic field is 11DD, ,m jHH . Equation  (3) was solved by 
means of the finite element method, which yielded  three solutions for 
which the intensities EE| |2  along z are displayed in Figure 1 (right).

An emitter molecule can be described as dipole i, of which part of 
the field EE ,s i  couples to these guided modes. To calculate the power 
loss through guided modes, first ,s iE  was calculated within the layer 
stack on a computational domain of height zmax of cylindrical symmetry 
by means of the finite element method (Figure  11). The share that 
couples to a waveguide mode j can then be expanded into the respective 
eigenmode:[41]

∑=EE EE EE EE,, , , ,s i
j

m j s i m j  (4)

The weight of each mode is given by the overlap integral, however, the 
dipole field can propagate in any direction ϕ. It is therefore reasonable to 
calculate the overlap on a small element of the lateral surface with angle 
increment Δϕ (Figure 11) and surface normal ϕnn( ):

∫ϕ ϕ ϕ ϕ= = ∆ ×EE EE nn EE HH( ) , 1
2

( )·( ( ))d, , ,

0

, ,S r zi j m j s i

h

s i m j  (5)

with ( ) ( ) 11DD, , ,ϕ ϕ=m j z m jHH RR HH  (6)

where ϕRR ( )z  is the rotation matrix around the z-axis. The total emitted 
power of a dipole via the lateral surface A is given by

∫ ( )= ×











∗EE HH nn1

2
Re d, ,Pi

A

s i s i  (7)

The dipole fields are qualified according to Equations  (4) and (5), 
such that only the share emitted in one particular mode j is considered, 
and the result plugged  into Equation  (7). After minimizing Δϕ and 
integration over the entire lateral surface, the coupled power of dipole i 
was obtained to a mode continuum with profile j:

∫π ϕ ϕ=
π

1
2

( ) d,

0

2

,
2

P Si j i j  (8)

The emitter molecules Ir(ppy)3 were approximately randomly 
oriented and were therefore characterized as dipoles i with three 
possible orientations along x, y, and z-direction.[42] As basis for any 
possible dipole orientation, the following calculations were performed 
for three dipoles aligned in x, y, and z-direction, respectively. The 
total emitted power per dipole Ps,i was obtained by integrating  
the energy flux over a closed surface surrounding the dipole. The 
average coupling efficiency of all possible dipole orientations to a 
particular mode is then given by

∑
∑

η =dp,
,

,

P

P
j

i i j

i s i

 (9)

Note, that Equation  (8) is valid only for non-absorbing media, in 
which case the size of the computational domain is irrelevant. However, 
in particular the aluminum in the real device led to strong absorption 
losses, that are a central part of the discussion in the main manuscript. 
Additionally, Equation (3) was solved assuming absorbing aluminum and 
almost identical mode profiles to the non-absorbing case were observed 
(see Figure S6, Supporting Information), that is, the real parts Re{ }eff ,n j  
of the refractive indices differ by <0.01. Hence, we consider absorbing 
and non-absorbing waveguide modes sufficiently similar to use the non-
absorbing modes for the purpose of calculating the coupling efficiency.

All numerical calculations were performed using the commercially 
available finite element (FEM) solver JCMsuite. For the 3D simulations, 
Maxwell’s equations  were solved on a computational domain with 
perfectly matched layer boundaries and of cylindrical symmetry, which 
allowed swift calculation even of 5000 variants of nanodisk dimensions. 
Radius RCD and height HCD of the respective computational domain are 
given in the figure captions.

Figure 11. Top view of the cylindrical simulation domain (gray) with  
centered dipole emitters (one for each spacial orientation, z-direction not 
shown).
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