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ABSTRACT: Despite the rapid development of polymer
light-emitting diodes (PLEDs), the overall device efficiency is
still limited because ~80% of the generated light is trapped in a
conventional device architecture by the high refractive index of
organic materials and the optical confinement and internal
reflection. The implementation of the energy dissipation
compensation techniques is urgently required for further
enhancement in the efficiency of PLEDs. Here, we
demonstrate that incorporating the double-pattern Bragg
gratings in the organic layers with soft nanoimprinting
lithography can dramatically enhance the light extraction of
trapped optical modes in PLEDs. The resulting efficiency is
1.35 times that of a conventional device with a flat architecture
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used as a comparison. The experimental and theoretical analyses indicate that the enhanced out-coupling efficiency is attributed
to the combination of the ordinary Bragg scattering, the guided-mode resonance (GMR), surface plasmon polariton (SPP)
modes, and the hybrid anticross coupling between GMR and SPP, leading to the extraordinary efficient photo flux that can
transfer in direction of the leaky modes. We anticipate that our method provides a new pathway for precisely manipulating
nanoscale optical fields and could enable the integration of different optical modes in PLEDs for the viable applications.
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1. INTRODUCTION

The development of solution-processed conjugated polymer
light-emitting diodes (PLEDs) holds great promise for the
production of large-area, high-resolution flat panel displays,
solid-state lighting source, and flexible displays because of their
steadily improved efficiency and superior color quality, together
with desirable features such as fast response and continuous
brightness control.' > In recent years, PLEDs with an internal
quantum efficiency (IQE) of approaching 100% have been
realized due to the use of phosphorescent or thermally activated
delayed fluorescent emitters for the energy conversion of both
the singlet and triplet states.”> However, in conventional
PLEDs constructed in a standard substrate emitting architec-
ture, the out-coupling efficiency is approximately 20%, and the
majority of the light generated in the organic layers is confined
in the waveguide (WG) mode, surface plasmon polaritons
(SPP) mode, and substrate mode due to the large difference in
the refractive indices n between active organic/transparent
indium tin oxide (ITO) layers (1., ~ 1.75, mro ~ 1.8) and the
glass substrate (g, ~ 1.45).5"% Consequently, the greatest
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potential for a substantial increase in the device efficiency of
PLED:s is to enhance the light out-coupling.

Many advanced techniques have been studied for extracting
the confined light in PLEDs, such as microlens arrays,g’10 light
scattering centers,11 Bragg mirrors,12 periodic corrugation,13
embedded low-index dielectric grid,"*"> photonic crystals,'®
antireflection c:oatings,”’18 wrinkles,"® and periodic metallic
grating electrode based on plasmonic effect.”*~** However,
there are still some obstacles for some of these extraction
approaches in the applications of solution-processed PLED:s.
Particularly, it is highly desirable to avoid the complicated and
hence unacceptably high-cost fabrication procedures.

Here, we present a universal method for highly efficient light
extraction of trapped optical modes in PLEDs by introducing
the double-patterned Bragg gratings into the organic layers via
soft nanoimprinting lithography, which is fully compatible with
the low-temperature solution process. In the devices, the
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optimum one-dimensional Bragg grating is incorporated into
both hole transporting layer of poly(styrenesulfonate)-doped
poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) and polymer
emitting layer of poly(2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-
phenylenevinylene) (MEH-PPV), enabling a double-deck
corrugated structure. The resulting efficiency is 1.35 times
that of a conventional device with a flat architecture. The
experimental and theoretical analyses indicate that the
enhanced out-coupling efficiency is attributed to the extraction
of the trapped light from both ITO/organic interface and
organic/metal interface. Besides ordinary Bragg scattering, the
guided-mode resonance (GMR) and the hybrid interactions of
different optical modes are also devoted to the extraordinary
efficient photo flux in nanostructure-based PLEDs, which can
transfer in direction of the leaky modes and yield out-coupling
efficiency enhancement.

2. EXPERIMENTAL DETAILS

2.1. Fabrication Procedures. The fabrication process of PDMS
molds and corrugated PLEDs is schematically shown in Figure 1. First,
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Figure 1. Schematic of the fabrication process of corrugated PLEDs.
(a) Cleaning the glass substrate. (b) Spin-coating the photoresist on
glass substrate. (c) Holographic photolithography. (d) Developing and
the grating formation on photoresist. (e) Fabricating PDMS mold
from the grating-structured photoresist film. (f) Spin-coating the
PEDOT:PSS layer on precleaned ITO glass substrate. (g) Imprinting
the PEDOT:PSS layer by grating-structured PDMS mold. (h)
Imprinting the MEH-PPV layer spin-coated on patterned PEDOT:PSS
substrate. (i) Depositing organic layers and metal electrode to
complete the device fabrication.

the glass was cleaned with acetone, isopropyl alcohol, and distilled
water for 10 min and dried in the air. Then, the photoresist
(RZJ390PG, SUZHOU RUIHONG CO. Ltd.) with the thickness of
600 nm was spin-coated onto the glass substrate and baked for 80 s at
100 °C. After exposing for 2 s with a laser beam (441 nm, He—Cd),
the samples were developed in NaOH (0.4%) solution for 4 s and
dried in the air. As a result, one-dimensional (1D) grating with a 320
nm period, 0.6 duty cycle, 400 nm groove depth (see Supporting
Information Figure S1) was fabricated on the surface of the photoresist
film. Thereafter, poly(dimethyl-siloxane) (PDMS premixed with 1/10
cross-linker, both from Dow Corning Co.) was poured on the surface
of surface-relief photoresist grating and taken into vacuum oven
annealing for 2 h at 60 °C. Subsequently, the PDMS mold was peeled
off from the photoresist. These grating structures were inscribed into

PLEBSZSby the method of soft nanoimprinting lithography technol-
ogy.””

2.2. Device Fabrication. The PLEDs were fabricated on ITO-
coated glass substrates with a sheet resistance of 20 Q sq™' and the
ITO thickness is around 120 nm. Prior to the device fabrication, the
ITO glass substrates were ultrasonically cleaned with detergent,
acetone, ethanol, and DI water for 20 min and finally dried in an oven.
The PEDOT:PSS was spin-coated onto the ultraviolet-ozone (UVO)
treated ITO glass substrates under ambient condition, which was used
as a hole transport layer (HTL). After imprinting the PEDOT:PSS
layer, the samples were transferred into a nitrogen-filled glovebox to
prepare the MEH-PPV (8 mg/mlL, dissolved in p-xylene) by spin-
coating. The gratings were also incorporated into the MEH-PPV film
by the same nanoimprinting techniques. Finally, to complete the
device, an electron transport layer (ETL) of 4,7-diphenyl-1,10-
phenanthroline (BPhen) (3 nm) and a bilayer cathode of lithium
fluoride (LiF, 1 nm)/aluminum (Al, 100 nm) were deposited by
thermal evaporation in a high vacuum system with a base pressure of 2
X 1076 Torr. The effective device area was 0.1 cm?”.

2.3. Characterizations. The current density—voltage—luminance
(J-V—L) characteristics of the corresponding devices were measured
simultaneously using a computer-controlled programmable Keithley
model 2400 power source and a PhotoResearch PR 655 spectrometer.
The angle-dependent emission intensity was measured by placing the
devices on a rotation stage with one of the grooves parallel to the
rotation axis. Surface morphology was characterized with atomic force
microscopy (AFM) (Veeco MultiMode V) in tapping mode. The
thickness, refractive index (n), and extinction coefficient (k) of all the
films were measured using the a-SE Spectroscopic Ellipsometer (J.A.
Woollam Co., Inc.). Transmission spectra were recorded by an UV/
vis/near-IR spectrophotometer (PerkinElmer Lambda 750) with the
integrating sphere.

2.4. Theoretical Modeling. To study the optical properties of the
corrugated PLEDs, a rigorous electromagnetic analysis based on the
rigorous coupled wave analysis (RCWA) was adopted to calculate
dispersion diagram as well as the near-field distribution of the PLEDs
based on the optical calculation (Rsoft DiffractMOD) with
commercial RSoft 8.1 (RSoft Design Group, Inc.) and corresponding
codes generated in-house. In the modeling, the complex optical
dielectric function of the nanostructured Al cathode was fitted using
the Drude—Lorentz model, taking into account interband transistions.
The frequency-dependent refractive index (1) and extinction cofficient
(k) of PEDOT:PSS and MEH-PPV measured experimentally by
ellipsometer were used as experimental input parameters for
calculation (see Supporting Information Figure S2).

3. RESULTS AND DISCUSSION

3.1. Device Structure. The schematic structures of PLEDs
with four structures are shown in Figure 2, which was
constructed with a configuration of ITO-glass/PEDOT:PSS/
MEH-PPV/BPhen/LiF/Al Here, the ITO coated glass is used
as a transparent anode and the LiF/Al as the cathode. The
PEDOT:PSS and BPhen act as HTL and ETL, respectively, to
improve the injection and transport of holes and electrons.
MEH-PPV was selected as an emission layer due to the
advantages of its soluble ability in the conjugated form and
compatibility with soft nanoimpriting process.”™”

To obtain the optimum grating structure for efficient light
extraction in PLEDs, the extraordinary optical absorption
spectra were calculated as a function of light wavelength, the
period and duty cycle of the grating. The modeling was based
on the opinion that the enhanced transmission and the
extraordinary optical absorption can attribute to the same
resonant optical mode in the structure.”* > According to the
calculated results in Figure 3, it is easy to find that the optimum
grating should possess a period of ~320 nm and a duty cycle of
~0.6, which is favorable for highly efficient light extraction.
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Figure 2. Schematic illuminations of device structures with (a) flat
structure, (b) patterned grating on the PEDOT:PSS layer (p-
PEDOT:PSS), (c) patterned grating on the MEH-PPV layer (p-
MEH-PPV), and (d) double-patterned grating (double-pattern).
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Figure 3. Simulations of the wavelength dependence of extraordinary
optical absorption enhancement based on grating parameters: (a) duty

cycle and (b) grating period.

The AFM measurements were performed to clarify the
morphology change of the PEDOT:PSS and MEH-PPV layers
before and after nanoimprinting. It is evident that the surface
morphologies of the PEDOT:PSS layer spin-coated on ITO-
glass substrate (Figure 4a) and the MEH-PPV on unpatterned
(Figure 4c) and patterned PEDOT:PSS layers (Figure 4e) are
rather smooth, and their root-mean-square (RMS) roughnesses
are approximately 1.0S + 0.1 nm. Particularly, the AFM image
in Figure 4e suggests that the underlying PEDOT:PSS layer
with imprinted gratings has no significant influence on the
morphology of the upper MEH-PPV. On the contrary, it is

xu™

Figure 4. Atomic force microscopy (AFM) images of (a) the flat
PEDOT:PSS layer, (b) the patterned PEDOT:PSS layer on ITO-glass
substrate, (c) the spin-coated MEH-PPV layer on flat PEDOT:PSS
substrate, (d) the patterned MEH-PPV layer on flat PEDOT:PSS
substrate, (e) the spin-coated MEH-PPV layer on patterned
PEDOT:PSS substrate, (f) the patterned MEH-PPV layer on
patterned PEDOT:PSS substrate. The patterning structure of both
PEDOT:PSS and MEH-PPV is same, showing an approximate period
of 320 nm, a groove depth of ~40 nm, and a duty cycle of 0.6.

obvious that the well-designed 1D Bragg grating patterns have
been transferred to the surface of PEDOT:PSS and MEH-PPV
layers by soft nanoimprinting technique using PDMS mold (see
Figure 4b, d, and f). A uniform grating structure on
PEDOT:PSS and MEH-PPV comprising smooth corrugation
is formed, and the morphology of the imprinted MEH-PPV is
almost identical to that of the patterned PEDOT:PSS, showing
a well-defined groove depth of 40 nm and duty cycle of 0.6.

In addition, as shown in Supporting Information Figure S3,
the percentage of transmitted light that is scattered, which is
also called haze [haze = (total transmittance-specular trans-
mittance)/total transmittance],®' for patterned organic layers
on ITO-glass substrates is also characterized. It is evident that
scattering is present and contributes to the total transmission in
the corrugated PLEDs, indicating that the grating structures
enable the omnidirectional light out-coupling in patterned
PLEDs.

3.2. Device Performance Characteristics. The perform-
ance characteristics of PLEDs with four different structures (as
illuminated in Figure 2) are compared on plotted in Figure S.
The current density—voltage (J—V) curves in Figure Sa show
that the electrical properties of devices with patterns are almost
identical to that with a flat structure, and the subtle difference in
the curves can be attributed to the sli§ht variation in the layer
thickness of a corrugated structure.”*? However, the current
efficiency of the PLEDs with patterned structures are
dramatically increased compared to that with a flat structure.
For example, the current efficiency of the device with only a
patterned PEDOT:PSS layer (hereafter termed as p-
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Figure 5. (a) Current density—voltage (J—V) characteristics and (b)
current efficiency as a function of current density of PLEDs with four
device structures. Inset in part b shows a photograph of the grating-
structured PDMS mold.
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Figure 6. Normalized emission spectra of PLEDs at a viewing-angle of
(a) 0° and (b) 30°. Inset in (a) shows the photography of the flat and
double-pattern devices operated at the same bias voltage.

PEDOT:PSS) is 1.21 c¢d A™ at a current density of 80 mA
cm™?, which is 14% enhanced than that of the device with a flat
structure (hereafter termed as Flat, 1.06 cd A™"). The PLED
with only a patterned MEH-PPV layer (hereafter termed as p-
MEH-PPV) exhibits a current efficiency of 1.32 cd A™', which is
25% higher than that of the Flat device. Moreover, the
patterning of both PEDOT:PSS and MEH-PPV (hereafter
termed as double-pattern) enables a further enhancement in
efficiency by a factor of 1.35 times that of the Flat one, and the
resulting double-pattern device yields a maximum current
efficiency of 143 cd A™'. The external quantum efficiency
(EQE) of the corresponding four devices is also characterized
(see Supporting Information Figure S4). The EQE of the
double-pattern device is around 32% higher than that of the
Flat one. Note that the enhancement ratio of the EQE is
slightly lower than that of the current efficiency in normal
emission, which could be attributed to the slight decrease in
electroluminescent (EL) intensity with the increase in viewing
angle.*®

To evaluate the influence of the grating structure on the
spectral distribution, the angular dependence of the electro-
luminescent (EL) spectra is measured from the experimental
devices at the viewing angles of 0° and 30° relative to the
surface normal. It is clear in Figure 6 that the EL spectrum of
the Flat device shows a peak at 600 nm, which corresponds to
the emission of MEH-PPV.>**** Moreover, the normalized EL
spectra of the p-PEDOT:PSS, p-MEH-PPV, and double-pattern
devices are, to some extent, different from the Flat one, and the
shoulder peak around ~640 nm was obviously enhanced. The
difference in the EL spectra with respect to the viewing angle
indicate that the periodic corrugated structure parameter
influences the spectral characteristics.*®*’

3.3. Theoretical Calculation. In the previous re-
ports,”>**3* ™ the efficiency enhancement with the adoption
of a periodic nanostructure in organic LEDs or PLEDs is simply

attributed to Bragg scattering produced by the photonic
structure, or SPP modes associated with cavity modes.
However, Bragg scattering alone or coupling between SPP
and cavity modes cannot perfectly explain the EL spectra peak
shape change in the periodic corrugated devices. In addition,
the hybrid interactions of different optical modes, such as WG,
GMR, and SPP modes are also believed to influence the
performance of the devices. Therefore, to explain the current
efficiency enhancement and EL spectra variation, all of these
factors must be considered. Here, we carried out a rigorous
electromagnetic analysis based on the RCWA method to
identify the nature of these optical modes in the corrugated
devices. The dispersion diagrams for both transverse electric
(TE) and transverse magnetic (TM) polarized lights were
calculated as a function of frequency and in plane wave vector
k, in the first Brillouin zone of p-PEDOT:PSS, p-MEH-PPV,
and double-pattern devices. As shown in Figure 7, optical
modes can be clearly observed in the first Brillouin zone of
devices, and the photo flux with different intensities is tuned
with the patterned nanostructures in the devices. The useful
light region (leaky mode for light to escape from the device) is
located above the line that is named light in air (k,/(27/P) <
ko). The region below the light in air and above the light in
glass is the trapped light region, corresponding to the
waveguide modes (k,/(27/P) > ky).** The calculated
dispersion diagrams in Figure 7 turn out that the p-
PEDOT:PSS device enables the efficient photo flux transfer
from GMR modes of both TE and TM polarized lights to leaky
modes, radiating into far-field with tight-mode confinement
without any other coupling.*® It is an important factor for the
efficiency enhancement and the variation in EL spectra of the p-
PEDOT:PSS device except for the Bragg scattering.

With the introduction of a periodic grating, the in-plane
wavevectors between the SPP modes follow the equation:
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Figure 7. Calculated dispersion diagrams as a function of frequency and in plane wave vector k, in the first Brillouin zone for (a) TE and (b) TM
polarized lights in the device with p-PEDOT:PSS, for (c) TE and (d) TM polarized lights in the device with p-MEH-PPV, and for (e) TE and (f)
TM polarized lights in the device with double-pattern. The black line is light line for n = 1, and the large white dashed arrows indicate the
propagation direction of the hybrid constructive interference between GMR and SPP modes.

k
ﬁsin =22
G

+ m (1)

where k; and kg, are the in-plane wavevectors of the light in air
and the SPPs, respectively, G (= 27/P) is the lattice vector, and
m is an integer that depicts the order of the coupling process.
As previously displayed in Figure 3, the enhancement peak of
the extraordinary optical absorption will occur at a specific
resonant frequency, which enables the interaction of GMR and
SPP modes to overcome their momentum mismatch, providing
a route to transport into leaky modes and to be scattered into
air. For the p-MEH-PPV PLED (Figure 7d), the plane wave can
couple to SPPs at the organic/Al interface at a specific resonant
frequency ~0.5 (at a wavelength of 640 nm). Meanwhile, it is
shown that a hybrid anticross coupling between the SPPs and
GMR originated from Al grating occurs, enabling the useful
photon flux transfer to far-field with low propagation loss due
to the tight-mode confinement.** More importantly, the hybrid
coupling does shift and split at a frequency of 0.55 (P/A =
0.55), leading to an intriguing modification of the interaction
among GMR, SPPs, and waveguide modes, which ultimately
couples into the leaky modes for light transmission out of the
glass side in the air (n = 1) more efficiently. The large white
dashed arrow in Figure 7d depicts the propagation direction of
the hybrid interference between SPPs and GMR.*>*°

Remarkably, the intensities of GMR, SPP and their hybrid
anticross coupling can be further enhanced for the double-
pattern device, as shown in Figure 7e and f. The hybrid
resonant wavelength can cross large angles, which is consistent
with EL performance, as shown in Figure 6. The reason is
attributed to the presence of intertwined interaction between
PEDOT:PSS grating and corrugated Al grating, which is
accompanied by the change of optical impedance of both
PEDOT:PSS (n = 1.46) and MEH-PPV emission layer (n =
1.75). Compared to the case of TM polarized light, the SPPs
cannot be excited by TE polarized light for 1D metallic grating
as shown in Figure 7a, ¢, and e. However, as discussed above,
the TE modes of GMR can transfer to leaky modes, which will
effectively improve the out-coupling of trapped light into air.
This evidence illustrates that the incorporation of grating
structures into PLEDs can significantly influence the optical
field distribution and thereby the light extraction. Additionally,
Figure 7e shows that two sharp photo flux regions P1 and P2
originating from the periodic interference modulation of the
double-pattern gratings can also become leaky modes so as to
have a significant influence on the EL spectra.*”**

To gain further insight into the optical manipulation of light
in PLEDs with the grating patterns, we perform the optical
modeling calculations of light propagation using the finite-
difference-time-domain (FDTD) method. Figure 8 displays the
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Figure 8. Simulation of near-field distributions of the magnetic field intensity Hy at a wavelength of 640 nm (frequency = 0.5) for four device
structures with (a) Flat, (b) p-PEDOT:PSS, (c) p-MEH-PPV, and (d) double-pattern. The simulation was performed by illuminating the devices

with an external far-field plan wave.

cross-section field profiles of the magnetic field intensity Hy at
a wavelength of 640 nm (frequency = 0.5) for four device
structures. As shown in Figure 8a for the Flat device, the power
flux is localized around the MEH-PPV emission layer and the
ITO layer. On the contrary, the modeled results (Figure 8b—d)
show that the incorporation of the 1D grating structure can
significantly influence the optical field distribution. The
simulation results provide theoretical support to the enhance-
ment of light out-coupling as well as the device efficiency,
which is induced by not only the ordinary Bragg scattering but
also the combination of the GMR and SPP modes and the
hybrid anticross coupling between GMR and SPP. As discussed
above (Figure S), the enhancement ratio of the p-MEH-PPV
device is obviously lower than the double-pattern device. The
near-fleld Hy distribution in Figure 8c further identified that
such a lower enhancement in the p-MEH-PPV device is due to
the absence of Bragg scattering from PEDOT:PSS grating and
the hybrid coupling of GMR and SPPs.

4. CONCLUSIONS

In conclusion, we have demonstrated a simple and versatile
method to incorporate a well-designed 1D Bragg grating into
PLEDs by soft-nanoimprinting lithography, leading to the
drastic enhancement the light extraction of trapped optical
modes. The resulting efficiency is 1.35 times that of a
conventional device with a flat architecture used as a
comparison. The experimental characterization and theoretical
modeling verify that the enhanced out-coupling efliciency is
attributed to the combination of the ordinary Bragg scattering,
the GMR and SPP modes, and the hybrid anticross coupling
between GMR and SPP, leading to the extraordinary efficient
photo flux that can transfer in direction of the leaky modes.
This work provides an effective way to liberate the photons flux
trapped within the PLEDs. We anticipate that the method
described here could also be applied to a wider selection of
materials for the production of high-performance PLEDs due to
the ease of use and a substantial increase in efficiency.
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Basic information about simulation of the wavelength-depend-
ent extraordinary optical absorption enhancement for different
grating parameters, atomic force microscopy (AFM) image of
photoresist on glass substrate, external quantum efficiency as a
function of luminance for various devices on ITO coated glass,
haze values for different layers on ITO-glass substrates, and the
measured complex refractive indices of MEH-PPV, PE-
DOT:PSS with n and k representing the real and imaginary
parts. This material is available free of charge via the Internet at
http://pubs.acs.org/.
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