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Photonic crystal slabs integrated into organic light-emitting diodes (OLEDs) allow for the extraction of waveguide
modes and thus an increase in OLED efficiency. We fabricated linear Bragg gratings with a 460-nm period on
flexible polycarbonate substrates using UV nanoimprint lithography. A hybrid organic-inorganic nanoimprint
resist is used that serves also as a high refractive index layer. OLEDs composed of a poly(3,4-ethylenedioxythio-
phene) polystyrene sulfonate (PEDOT:PSS) polymer anode, an organic emission layer [poly(p-phenylene vinyl-
ene) (PPV)-derivative “Super Yellow”], and a metal cathode (LiF/Al) are deposited onto the flexible grating
substrates. The effects of photonic crystal slab deformation in a flexible OLED are studied in theory and experi-
ment. The substrate deformation is modeled using the finite-element method. The influence of the change in the
grating period and the waveguide thickness under bending are investigated. The change in the grating period is
found to be the dominant effect. At an emission angle of 20° a change in the resonance wavelength of 1.2% is
predicted for a strain of 1.3% perpendicular to the grating grooves. This value is verified experimentally by ana-
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lyzing electroluminescence and photoluminescence properties of the fabricated grating OLEDs. © 2015 Chinese

Laser Press
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1. INTRODUCTION

Organic light-emitting diode (OLED) technology has pro-
gressed rapidly over the last decade with OLED flat panel dis-
plays already available on the market [1]. As OLEDs may be
processed on a variety of substrates they are particularly
promising for flexible light-emitting devices that may be
rolled up or applied to shaped elements. Flexible top-emitting
OLEDs on steel foil have been fabricated [2]. Flexible indium
tin oxide (ITO) anodes [3], flexible OLED operation lifetime
[4], contrast [5,6], and performance under bending conditions
[7] have been studied. Light emission from polymer light-emit-
ting electrochemical cells was demonstrated for strains as
large as 120% [8]. In the context of enhanced light extraction
efficiency, antireflection nanopillars in flexible OLEDs have
been investigated [9]. Periodic nanostructures have been em-
ployed for extraction of OLED waveguide modes in standard
rigid OLEDs [1,10,11]. They are a means for increasing OLED
efficiency as well as for tailoring the angular and spectral
emission characteristics. We demonstrated an ITO-free OLED
design on a nanostructured substrate employing a polymer
anode [12]. We also reported on a composite TiO, nanopar-
ticle-polymer nanoimprint resist suitable for nanoimprint
lithography [13,14]. We showed waveguide mode extraction
for ITO-free OLEDs fabricated on this composite resist
material imprinted with a periodic nanostructure [13].
Furthermore, we demonstrated flexible ITO-free OLEDs on
polycarbonate substrates with an integrated periodic nano-
structure employing the composite TiO, nanoparticle—
polymer nanoimprint resist [14]. Here, we investigate the
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effect of the photonic crystal slab deformation in flexible
OLED:s in theory and experiment. Figure 1(a) shows a device
schematic. Each substrate has four OLEDs on it. Controlled
bending of the substrate is achieved using adjustable screws
as seen in Fig. 1(b). The effect of device bending is measured
in electroluminescence (EL) and photoluminescence (PL) ex-
periments and compared to theoretical predictions.

This paper is structured as follows. Section 2 presents the
theory of waveguide mode extraction for deformed photonic
crystal slabs on bent substrates. Both the elongation of the
grating period and the reduction of the OLED waveguide stack
thickness are considered. The theoretically expected reso-
nance emission angle is calculated for an emission wavelength
of 550 nm. Section 3 describes the fabrication of the nano-
structured flexible OLEDs. Section 4 demonstrates EL of
the nanostructured flexible OLEDs and compares the -V
curves with and without bending. In Section 5 PL experiments
are presented demonstrating the change in the resonance
emission wavelength with deformation. Conclusions are
drawn in Section 6.

2. THEORY OF PHOTONIC CRYSTAL SLAB
DEFORMATION

The average refractive index of the OLED layer stack is higher
than the refractive index of the substrate. Thus, part of the
light is emitted into waveguide modes in the OLED layer stack
[1]. This light is not emitted to the outside and reduces OLED
efficiency. The integration of periodic grating structures
(photonic crystal slabs) allows for extracting these waveguide
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Fig. 1. (a) Schematic diagram of flexible OLED design with periodi-
cally nanostructured photonic crystal slab. (b) Controlled substrate
deformation employing two screws. Locations of four OLEDs on sub-
strate and PL measurement point are indicated.

modes [1,10-13]. The waveguide mode extraction angle 6 de-
pends on the period of the grating structure A, the wavelength
of light 4, and the mode effective refractive index nqg. 6 may
be calculated using the Bragg equation given in

sin 6 = Ny = m% (@))]
where m is an integer value representing the coupling order.
A deformation of the photonic crystal slab will change the
grating period A and the thickness of the waveguide layers.
The thickness change in the waveguide layers causes a change
in the mode effective refractive index n.¢. Thus, a change in
the waveguide mode extraction angle 0 is expected at a given
wavelength A for bending of the grating OLED.

As depicted in Fig. 1(b) we employed in the experiments
two screws in combination with anchors on two sides of
the substrate to realize controlled substrate bending. This
bending mechanism has the disadvantage that the strain is
nonuniform across the substrate. In order to estimate the po-
sition-dependent strain values, finite-element method (FEM)
simulations were carried out using the Structural Mechanics
Module of COMSOL Multiphysics (COMSOL Inc.). As the
OLED layers are thin, they are neglected in the simulation,
and only the 1-mm-thick polycarbonate substrate is consid-
ered. The Poisson ratio (v) and the Young’s modulus (E)
for polycarbonate are set to 0.37 and 2 GPa, respectively.

The bottom edges of the substrate are assumed to be fixed
in the y and z directions below the anchors and free to move in
the x direction. A prescribed displacement in the z direction,
Az, is enforced at the screw positions. The displacements in
the x and y directions are assumed to be zero at the screw
positions (Ax = 0 and Ay = 0). Figures 2(a)-2(c) show the
displacement in the x, y, and z directions calculated for a
screw displacement Az = 2 mm. All values are normalized
to the maximum of the absolute displacement value for the
given coordinate. These graphs visualize the inhomogeneous
deformation of the OLED substrate under bending. While the
«x and z displacements mainly change in the «x direction, the y
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Fig. 2. (a)-(c) FEM simulations of the normalized displacement in ,
y, and z directions for a deformation obtained with two screws as de-
picted in Fig. 1(b). (d) Strain in z, ¥, and 2 directions for a screw dis-
placement of Az = 2 mm along the surface cut line illustrated in (c).

displacement also depends on the y direction. In the following
a grating vector in the x direction is assumed such that y-di-
rection effects play a minor role. Figure 2(d) plots the strain
values in the x direction, g,; in the y direction, ¢,; and in the 2
direction, ¢,, for the screw displacement Az = 2 mm for a cut
line across two OLEDs. As expected the strain values are
strongly position dependent. The values of ¢, and ¢, are nearly
identical, indicating that stress values in the y direction are
small. The maximum strain is obtained in the center of the
substrate with ¢, = 1.4% and ¢, = —0.50%. In the following
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Table 1. Theoretical Analysis of Strain in x Direction, ¢,, and Compression in y and z Directions, ¢, and ¢,, for
Different Screw Displacements Az in Fig. 1 Calculated Using FEM*
Az (mm) &y (%) &, & —ve, A (nm) dwe (nm) TEL:n. (4 = 550 nm) TE1:6,, (A = 550 nm)
0 0 0% 0% 0% 460.0 600.0 1.649 26.96°
0.93 0.55 -0.19% -0.21% -0.20% 462.5 598.7 1.649 27.38°
1.23 0.72 -0.25% -0.28% -0.27% 463.3 598.3 1.648 27.45°
1.505 0.88 -0.31% -0.34% -0.33% 464.1 598.0 1.648 27.57°
2.01 1.18 -0.41% -0.45% -0.44% 465.4 597.3 1.648 27.79°
2.165 1.27 -0.44% -0.49% -0.47% 465.8 597.1 1.648 27.86°

“From ¢, the change in the grating period A is calculated, and from ¢, the change in the OLED waveguide thickness dyg is calculated. Using the TMM the
effective refractive index nq; at A = 550 nm is calculated for the TE1 mode. Finally, the theoretically expected resonance emission angle 6y, is obtained from the

Bragg equation.

the strain values at the dot (x = 9 mm, y = 9.5 mm) on the
lower left OLED are considered. This is also the position of
the PL measurements. Here, for Az = 2 mm we observe ¢, =
1.2% and e, = -0.45%. Table 1 gives the strain values for five
different screw displacements Az calculated for the OLED
waveguide at the PL position using FEM simulations. For com-
parison the calculated values of the Poisson ratio multiplied
with g, are given. These approximate values of ¢, and ¢, are in
agreement with the simulated ones. This demonstrates that
the stress values in the y and z directions are negligible at
the OLED position for our bending apparatus.

In order to predict the change in the Bragg emission angle 6
(compared to the local surface normal), the change in the
Bragg grating period and the mode effective refractive index
Nerr Of the waveguide are calculated. It is assumed that the
grating period changes proportional to the strain in the x
direction, ¢,, as given in

Apend = Aqar(1 + &5). @

For calculation of the effective refractive index n.¢ the thick-
nesses and the refractive indices of the individual layers in the
OLED stack need to be considered. Here, simulations are car-
ried out for a wavelength of 550 nm, and the values given in
Table 2 are employed. Under bending all layer thicknesses are
assumed to be compressed by the strain ¢, obtained from the
FEM simulation as given in

Dpend = dﬂat(l + Ez)- 3

The refractive index values are assumed to be unchanged
under bending. Carrying our transfer matrix method (TMM)
simulations, the effective refractive index n.s is obtained for
the different modes. Table 1 lists the period A, total OLED
waveguide thickness dwg, and effective refractive index #qg
for the TE1 mode under different bending conditions. From
these values the theoretically expected resonance emission

Table 2. Layer Thicknesses and Refractive
Indices at a Wavelength of 550 nm Used in the
Transfer Matrix Simulations for Determining
the Effective Refractive Index n ¢ [14]

Material Thickness (nm) M550 nm
Polycarbonate 1.59
Amonil-TiO, 450 1.84
PEDOT 70 1.59
Super yellow 80 1.9
Aluminum 1.0+ i6.4

angle 6y, is calculated using the Bragg equation. For a screw
displacement of up to Az = 2.2 mm only a small change in the
Bragg emission angle of approximately 1° is predicted. In the
following we will compare this prediction to experimental
results.

3. FABRICATION OF FLEXIBLE GRATING
OLEDS

OLEDs with an integrated photonic crystal slab are fabricated
onto flexible polycarbonate substrates of 25 mm x 25 mm x
1 mm in size [14]. The polycarbonate substrates are cleaned
using isopropanol for 15 min. Then the nanoimprint resist is
spin-coated onto the substrates. We employ a high-refractive-
index composite nanoimprint resist obtained by blending 30%
volume TiO, nanoparticles dispersed in xylene (purchased
from Sigma-Aldrich Co. LLC) into the UV curable resist
Amonil (Amonil MMS4 by AMO GmbH, Aachen, Germany)
[13]. As a working stamp a polydimethyl-siloxane stamp repli-
cated from a glass master stamp with a 460-nm linear Bragg
grating on the surface is utilized [11,13,15]. The linear grating
structure is transferred by placing the working stamp on the
composite nanoimprint resist layer and by exposition with
a dose of 2 J/cm?® by a UV light source (Beltron GmbH,
Rodemark, Germany).

As the photoresist is hydrophobic, the polymer anode
material poly(3,4-ethylenedioxythiophene) polystyrene sulfo-
nate (PEDOT:PSS) (aqueous microdispersion Clevios PH500
purchased from Starck GmbH) is mixed with 1% volume of
the fluorosurfactant Zonyl FS-300 (purchased from Sigma-
Aldrich Co. LLC) to increase the wettability [16]. The mixture
is shaken for 1 min and placed in the refrigerator for 24 h. After-
ward, the polymer anode mixture solution is deposited using a
0.45 pm polyvinylidene difluoride (PVDF) filter (Carl Roth
GmbH, Germany) attached to a syringe. It is spin-coated at
a speed of 2000 rpm onto the nanostructured photoresist sub-
strates. The resulting layer is 70 nm thick. The polymer anode
mixture is cured by baking in an oven at 80°C for 1 h. For struc-
turing the polymer anode into strip lines, it is partly covered by
a stainless steel mask and exposed to an oxygen plasma at
200 W for 3 min. For the transfer the samples are exposed to
normal atmosphere. Before deposition of the remaining OLED
layers, the polymer anode is baked again at 80°C for 24 hin a
glove box under nitrogen atmosphere for dehydration [17].

The organic emission layer PDY-132 [poly(p-phenylene
vinylene) (PPV)-derivative “Super Yellow” purchased from
Merck OLED Materials GmbH] is spin-coated onto the poly-
mer anode at 2000 rpm in the glove box. The resulting layer
thickness is 80 nm. The samples are transferred from the glove
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box to the vacuum evaporation chamber under nitrogen
atmosphere. As a cathode we deposited 1 nm LiF and
200 nm Al using thermal evaporation. As depicted in Fig. 1,
each device has four active areas of 5 mm x 5 mm each.

4. EL RESULTS

The electrical characteristics and the EL of the fabricated de-
vices were evaluated under flat and bent operation. Figure 3(a)
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Fig. 3. (a) I-V curve for flat and bent conditions. Inset shows
photograph of OLEDs for bending operation. (b) EL characterization
of flexible grating OLED with a TE polarization filter. Angle- and
wavelength-resolved EL intensity perpendicular to the grating grooves
is shown for a flat substrate (Az =0) and a grating period of
A =460 nm. The intensity is normalized to the maximum value at
each wavelength. The theoretical extraction angles of the TEO and
TE1 modes are shown for a thickness of the composite nanoimprint
resist layer of 450 nm. (c¢) EL intensity for bent condition obtained by a
screw displacement of Az = 1.48 mm.
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presents the current-voltage (I-V) characteristics of the
OLEDs measured with a source-measurement unit (Keithley
Instruments Inc.). Only small differences in the electrical char-
acteristics are observed. Figure 3(a) also shows a photograph
of a device in bent operation. Wavelength- and angle-resolved
EL measurements were performed using a goniophotometer
setup for sample rotation and bare fiber light collection at a
distance of 50 mm. In Figs. 3(b) and 3(c) the EL is shown
for a flat substrate and a substrate that is bent by a screw dis-
placement of Az = 1.48 mm. The waveguide mode extraction
by the grating is clearly visible. From the mode positions a
thickness of the composite nanoimprint resist layer of
450 nm is fitted [14]. The calculated extraction angles of
the TEO and the TE1 modes are plotted. Good agreement with
the experimental results is observed. From Figs. 3(b) and 3(c)
we observe a higher relative intensity of the extracted reso-
nance peaks for bent operation. We have seen this effect
throughout our samples, and improved operation under strain
has been seen previously in [8]. From the conducted experi-
ments we cannot conclude the reason for this effect.

5. PL RESULTS

As discussed in Section 2, the strain is not uniform across the
OLED devices for the employed deformation mechanism.
Therefore, we performed PL measurements. A UV laser at
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Fig. 4. PLintensity of flexible grating OLED as a function of emission
angle and wavelength. The intensity is normalized to the maximum
intensity at a given angle. (a) Results for a flat substrate (Az = 0)
and (b) for bent condition obtained by a screw displacement of
Az = 2.165 mm. For both strain conditions the grating resonances
are clearly visible, and bending causes only a slight shift of the res-
onances in wavelength.
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Fig. 5. (a) Resonance wavelength of the TE1 mode at 25° emission
angle as a function of the strain in the x direction, ¢,, obtained from
screw displacements Az as given in Table 1. Compared are the exper-
imental value and the theoretical prediction calculated with the Bragg
equation, Eq. (1), for the grating periods and the effective refractive
indices given in Table 1. (b) Relative resonance wavelength shift
under deflection for extraction angles of 15°, 20°, 25° and 30°.

405 nm excites a small spot on the OLED as depicted in Figs. 1
and 2. The objective of these experiments is to quantitatively
compare the effect of photonic crystal slab deformation in ex-
periment and theory. Figure 4 shows two typical examples of
PL spectra as a function of angle. Again, the waveguide modes
extracted by the grating are clearly visible. In the following we
analyze the angle- and wavelength-dependent extraction of
the TE1 mode, whose position is indicated in Fig. 3. As the
wavelength resolution of the measurements is much better
than the angular resolution, we analyze the results consider-
ing fixed emission angles. In Fig. 5(a) the resonance wave-
length is plotted for a resonance extraction angle of 25°.
The theoretical value is calculated assuming a change in the
effective refractive index of the mode and the grating period
as described in Section 2. Figure 5(b) plots the change in res-
onance wavelength normalized to the resonance wavelength
for a flat substrate. The observed experimental values are in
good agreement with the theoretical values. The deviations
are within the measurement deviations of the conducted ex-
periments regarding the accuracy in the screw displacement
and the extraction of the experimental results from the dis-
crete data set. Thus, the experimental results verify that
the theoretical description of the photonic crystal waveguide
deformation presented in Section 2 is suitable for analyzing
the behavior of the fabricated flexible grating OLEDs.

A. Pradana and M. Gerken

6. CONCLUSIONS

We investigated the influence of the deformation of a photonic
crystal slab integrated into a flexible OLED in theory and
experiment. Theory and experiment show an agreement that
relatively small spectral changes occur under bending. A
model based on calculating the strain-dependent grating
period and layer thicknesses delivers good predictions. In
conclusion, photonic crystal slabs may be integrated into
bendable OLEDs for improved extraction efficiency without
much adverse influence on extraction properties due to the
relatively small strain values under bending. For stretchable
OLEDs, on the other hand, our results suggest that large strain
values will be accompanied by significant spectral changes.
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