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Abstract: Based on the phase separation effect in the film formation process
of Polystyrene and Poly(methyl methacrylate) blend solution,
bottom-emitting organic light-emitting diodes (OLEDs) with corrugated
microcavity was demonstrated. This device exhibited high efficiency, broad
spectra and Lambertian angular emission. Compared with the traditional
bottom-emitting OLEDs with ITO anode and the planar microcavity OLEDs,
about 57% and 41% enhancement for external quantum efficiency was
achieved in this corrugated microcavity OLEDs respectively. This
improvement can be understood by the scattering effect of the quasi-periodic
characteristic of this corrugated microcavity which reduces the optical loss at
surface plasmon polariton modes and wave-guided modes. This work
provides a simple as well as efficient method to recover trapped light in
OLEDs, which will benefit the low cost fabrication process.
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1. Introduction

Organic light emitting diodes (OLEDs) have attracted enormous attention due to their unique
electrical and optical properties, including low-operating voltage, quick response time,
self-emissive feature, emotion-friendly spectrum, and flexibility [1-3]. However, low light
extraction efficiency still hamper the enhancement of OLEDs efficiency. A large part of
generated light is trapped within the device as surface plasmon polariton (SPP) modes in the
organic/metal interface and as waveguide modes in the glass substrate and the ITO/organic
layers [4, 5]. To recover the trapped light, several approaches have been demonstrated, such as
the use of periodical corrugated structures [6, 7], metal oxide embedded nanostructures [8], or
quasi-periodic buckling structures [9] to extract SPP and waveguide modes, and the use of
microlenses [10, 11], low index grids [12], photonic crystals [13], or nanostructure scattering
layer [14, 15] to extract waveguide modes in OLEDs. Although some problems that once
disturb the application of light extraction technology, such as wavelength dependency and
viewing angle dependency, have been partially solved in recent progress, the complicated and
expensive fabrication process of these approaches is still not suitable for the real application. In
this work, we presented a simple corrugated microcavity structure to recover the trapped light.
This corrugated microcavity OLEDs are fabricated on a polymeric nano-structure substrate,
which is produced spontaneously by the phase separation effect in spin-coating of Polystyrene
(PS) and Poly(methyl methacrylate) (PMMA) blend solution [16]. Compared with the control
device, this corrugated microcavity OLEDs exhibits high efficiency, broad spectra and
Lambertian angular emission. Furthermore, because of the quasi random structure of the
corrugated microcavity, problems such as wavelength dependency and viewing angle
dependency, that once disturbed the application of traditional planar microcavity OLEDs, can
be solved effectively.
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2. Experimental details
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Fig. 1. (a) The schematic illustration for the fabrication of the PMMA-PS nano-structure. (b)-(e)
AFM image of surface morphologies of ITO film (b), PMMA film (c), PS film (d), and
PMMA-PS film (e) respectively.

The preparation process of the PS-PMMA film is shown in Fig. 1(a). PS (MW = 250 K) and
PMMA (MW = 350 K), purchased from ACROS and Alfa Aesar, are dissolved in
tetrahydrofuran (THF) with concentrations of 20 mg/ml, respectively. Then the solutions of
these two polymers are mixed in the desired proportions. The ratio of PMMA and PS is
optimized to be 8:2 wt and the blends solution concentration was 10 mg/ml. Before fabricating
the nano-structure, the glass substrate is cleaned with deionized water, acetone and ethanol.
Then the PMMA-PS blend solution is dropped on the pre-clean glass substrate. The origin of
the phase separation of PMMA-PS lies in the different solubility of PMMA and PS in the THF
[16, 17]. PMMA has a higher solubility in THF than PS. Therefore, during the spin-coating
process, PS is more quickly depleted of the solvent and solidifies first onto the substrate during
the volatilization process of THF, while PMMA tends to stay longer in the solvent. This leads
the PMMA is elevated to form the island-like phase. Finally the film is annealed in oven at 70
°C for 30 minutes. The PS and the PMMA films are also fabricated by spin-coating process
respectively as control group. The surface morphologies of the ITO, PMMA, PS and
PMMA-PS are measured by atomic force microscope (AFM) system (NT-MDT Solver Pro).
The surface of ITO and PMMA is flat (Fig. 1(b) and 1(c)). The PS film shows an amorphous
rough surface (Fig. 1(d)) while the PMMA-PS film shows two-dimensional island-like
nanostructures with the depths of 50-70 nm. The root-mean-square (RMS) roughness values of
the ITO, PMMA, PS and PMMA-PS film are 2.4 nm, 0.459 nm, 15.7 nm and 23.4 nm
respectively.

The light emitting section of the OLEDs were all fabricated by vacuum thermal evaporation
process. For control device using ITO as anode, 100-nm-thick ITO-coated glass with a sheet
resistance of 25Q/(1 was used as substrate. Prior to organic layer deposition, ITO substrate was
cleaned with deionized water and organic solvents, and then exposed to an UV-ozone ambient
for 1 min. For device using Ag anode, the UV-ozone treatment was cancelled to protect the
corrugated structure under the Ag anode film. An ultrathin MoO; layer with the thickness of 1
nm was used to improve the hole injection of the Ag anode. All organic materials were
deposited at the base pressure of 1 x 10~ Pa with the evaporation rate around 0.2 nm/s. LiF and
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Al were deposited without breaking the vacuum. The evaporation rates of MoO; and LiF are
around 0.1 nm/s. And the evaporation rates of Ag film and Al film are Inm/s and 5Snm/s
respectively. The thickness of the films was determined in situ by a quartz-crystal sensor and ex
situ by a profilometer. Active area of devices was 12 mm?’ for all the samples studied in this
work. The current-voltage-luminance characteristics of the devices were measured by a
computer-controlled doucement (Keithley 2602). All the measurements were carried out at
room temperature under ambient conditions. The PR650 spectrophotometer and Fiber Optic
Spectrometer is utilized to measure the electroluminescent spectra. The corrugated OLEDs was
also characterized by scanning electronic microscopy (SEM, FEI Quanta 250 FEG Serials).

%%-

Alg3 60nm
NPB 60nm

PMMA/PS
Glass substrate

Device A
(c) £ '
ITO 100nm PMMA
Glass substrate Glass substrate
Device B Device C

Fig. 2. (a) Schematic structure of the OLEDs based on PMMA-PS nano-structure (device A). (b)
Scanning electron microscope image of the organic and aluminum layer viewing from the top of
this OLEDs. Schematic structures of the two control devices, device B (c¢) and device C
(d),respectively.

To examine the influence of PMMA-PS nano-structure substrate on the device
performance, a bottom-emitting OLEDs with structure of Glass/ PMMA-PS nano-structure/ Ag
(20 nm)/ MoO; (1 nm)/ N-N’-diphenyl-N-N"-bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine
(NPB) (60 nm)/ tris(8-hydroxyquinoline) aluminium (Alqs) (60 nm)/LiF (1 nm)/ Al(150nm)
(Device A) was fabricated, just as shown in Fig. 2(a). Here, thin Ag film and the Al film were
used as anode and cathode respectively. The thickness of Ag film is crucial for the device
performance. On the one hand, the silver layer acts as anode for the OLEDs. Thus, enough
thickness is needed to conduct electrical current. On the other hand, strong reflection effect of
thick silver film will decrease the light outcoupling from the Ag anode side, which will harm
the device performance seriously. The optimal silver thickness in our study is around 20 nm.
NPB was used as hole transport layer, and Alq; was used as green emission layer as well as
electron transport layer. MoO; layer and LiF layer were used as hole-injection layer and
electron-injection layer respectively. The SEM image of the organic and aluminum layer
viewing from the top of this OLEDs, as shown in Fig. 2(b), demonstrates that the corrugated
morphology of PMMA-PS layer has been well preserved on each layer, which confirms the
corrugation structure of all layers. Traditionally, ITO substrate is used as anode in
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bottom-emitting OLEDs [18]. Thus, a OLEDs with structure of ITO/ NPB (60 nm)/ Algs (60
nm)/LiF (1 nm)/ Al(150nm) (Device B) was fabricated as control device, just as shown in Fig.
2(c). Besides, a strong optical microcavity will be formed in device A because both the anode
and the cathode of device A are metal. So, the photo density of stated will be redistributed and
the spontaneous emission intensity of certain wavelengths can be enhanced in a given direction
in the microcavity structure. It has been demonstrated that this microcavity effect is a important
approach for achieving high efficiency OLEDs [19]. Thus, to study the different influence
between the traditional planar microcavity and our corrugated microcavity on the performance
of OLEDs, a planar microcavity OLEDs using Ag as anode and Al as cathode was also
fabricated as control device. The structure of the planar microcavity OLEDs is Glass/ Ag (20
nm)/ MoOj3 (1 nm)/ NPB (60 nm)/ Algs (60 nm)/LiF (1 nm)/ Al(150nm) (Device C).

3. Results and discussion
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Fig. 3. Current density-voltage characteristics (a), luminance-current density characteristics (b),
current efficiency-current density characteristics (c), and external quantum efficiency (EQE)
-current density characteristics(d) of devices A, B, and C, respectively. The insert in (a) is the
energy diagram of ITO-based OLEDs and Ag-based OLEDs

As demonstrated by Koo et. al [9] and Zhu et. al [20], MoOs is an excellent modification layer
for Ag anode. The effective work function of Ag/MoO; anode is about —5.1¢V [20], which is
larger than that of ITO anode (~-4.8¢V). Thus, the hole injection barrier between Ag/MoO;
anode and NPB hole transporting layer is smaller than that between ITO and NPB, as shown in
insert of Fig. 3(a). Because of the better hole-injection property of Ag/MoO; anode, just as
shown in Fig. 3(a) and 3(b), both of the planar and corrugated microcavity OLEDs (devices A
and C) exhibit lower driven voltage as well as higher luminance than the ITO-based OLEDs
(device B) at the same current density. The current efficiency-current density characteristics of
devices A, B and C are shown in Fig. 3(c). At the same current density of 160 mA/cm?, the
current efficiency of device A with corrugated structure is 6.0 cd/A, while that of the device B
based on ITO anode and device C based on planar microcavity are 3.6 cd/A and 5.3cd/A
respectively. Compared with the control device B and C, the current efficiency of device A is
enhanced by 67% and 11% respectively. The external quantum efficiency (EQE) of these
devices are shown in Fig. 3(d). The EQE of device A with PMMA-PS nano-structure reaches
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1.76%, which is 1.57 times and 1.41 times as high as that of the device B with ITO anode and
the device C with planar microcavity respectively.
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Fig. 4. (a) The normalized electroluminescence spectra of device A (solid line), device B (dot
line), and device C (dot and dash line) from normal direction respectively. (b) Enhancement
ratio of intensity by corrugated structure as a function of wavelength. (¢c) 2D AFM image of
PMMA-PS film, inset image is the FFT pattern. (d) The power spectrum from FTT as a function
of grating period.

Figure 4(a) shows the EL spectra of the device A with corrugated microcavity, device B
using ITO anode, and device C with planar microcavity in normal direction at the same current
density of 100 mA/cm” respectively. As show in Fig. 4(a), the full-width at half-maximum
(FWHM) of EL spectra for devices A, B, and C at 0° are 64 nm, 104 nm, and 44 nm
respectively. The wavelength dependent enhancement ratio of emission for the device A with
the corrugated microcavity is calculated by dividing the spectrum at the normal direction of
device A by that of the device C with the planar microcavity to show the influence of the
corrugated structure on the Ag anode —Al cathode microcavity. The calculated results are
shown in Fig. 4(b). Two significant peaks of enhancement ratios at short wavelength (~470
nm)and long wavelength (~650 nm) of device A can be observed, which will benefit the broad
emission spectra and the higher EQE of the device A with corrugated microcavity. In
traditional planar microcavity OLEDs, just like device C, performance enhancement is always
wavelength dependency and angle dependency because of the confinement of the resonance
mode in microcavity, and most of the generated light is trapped in the organic layer and
substrate in form of waveguide modes or losted in the organic/ metal electrode interface as SPP
modes [21]. So, the use of corrugated structure in the planer microcavity OLEDs, just like the
device A, is expected to be a useful way to recover the trapped light [6, 7, 9]. The AFM picture
of PMMA-PS film is shown in Fig. 4(c).The characteristic wavelength of the quasi-periodic
structure could be obtained from the Fast Fourier Transform (FFT) pattern, as shown in the
insert of Fig. 4(c). The zonal distribution features of the FFT pattern indicates the
quasi-periodic nature of the corrugated structure. The power spectral density (PSD) spectrum
of the PMMA-PS AFM image reveals quasi-periodic surface features of the corrugated
structure, which is plotted in Fig. 4(d) as a function of the period of the grating. The PSD
spectrum in Fig. 4(d) exhibits a peak value at grating period at ~600nm and a broad distribution
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from grating period at 300 nm to grating period at 1200 nm. Typically, the trapped light can be
extracted in air by introducing a Bragg grating with a subwavelength periodic structure, which
satisfies momentum conservation in the waveguide plane [22],

k,sind =k, £nG €]

wg —

where, k, denotes the and the wave vector wave vector in free space, of the in-plane guided
mode k,, is the wave vector of the in-plane guided mode, & is the angle of emitted light,
G is the Bragg vector of the grating and » is an integer. In our corrugated structure, as show
in the Fig. 4(c) and 4(d), the Bragg vector of the grating (G ) distributed in a broad range and

over all azimuthal directions, which is expected to recover not only the waveguide mode in
organic layers but also the power lost to SPP in the organic layer/metal interface.
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Fig. 5. (a)-(d) FEM simulated steady-state Ez field intensity distribution of TE mode for planar
device at source wavelength of 470 nm (a) and 650 nm (c), for corrugated device with grating
period of 600 nm at wavelength of 470 nm (b) and 650 nm (d), respectively. (e)-(h) FEM
simulated steady-state Hz field intensity distribution of TM mode for planar device at
wavelength of 470 nm (e) and 650 nm (g), for corrugated device with grating period of 600 nm at
wavelength of 470 nm (f) and 650 nm (h), respectively.
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Fig. 6. Electroluminescence spectra of the device C with planar microcavity (a) and device A
with corrugated microcavity (b) at viewing angles of 0°,30°nd 60°respectively.The
electroluminescence of device B with ITO as anode at viewing angles of 0°is also shown as an
reference in (a) and (b). Emission pattern of devices A, B, and C are also exhibited (normalized
to the intensity at 0°), and the Lambertian pattern is used as reference (c).

To further understand the outcoupling enhancement induced by the corrugated structure,
the field intensity distribution in the corrugated device was analyzed based on Finite Element
Method (FEM). Since the simulation of real quasi-periodic corrugated structure is quite
complicated, a corrugated structure with a constant grating period of 600 nm, which
corresponds to the peak value of grating period distribution of PMMA-PS film, was selected as
a model for preliminary study. Because the SPP mode can only be excited by transverse
magnetic (TM) mode, two different polarized light source with TM mode and transverse
electric (TE) mode was simulated respectively. The wavelength of light source was set as 470
nm and 650 nm respectively to simulate the circumstances of the two enhancement ratio peaks
of device A, just as shown in Fig. 4(b). The refractive indices of Al, Ag,NPB, Alqs, and Glass
are 1.04 +6.571,0.16 +2.261, 1.85 + 0.021, 1.75 + 0.021, and 1.55 respectively. Period boundary
conditions and perfectly matched layers were set along the x direction and y direction,
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respectively. Device with planar structure was also simulated for comparison. The simulation
results are shown in Fig. 5. Here, the steady-state Ez field intensity and the steady-state Hz field
intensity are used to characterize the field intensity distribution of TE mode and TM mode
respectively. The field intensity distribution of TE mode for planar device and corrugated
device are shown in Fig. 5(a)-5(b). As shown in Fig. 5(a), for planar device with source
wavelength of 470 nm, the light is strongly trapped as the waveguide mode in NPB layer. When
the corrugated structure is added, as shown in Fig. 5(b), the waveguide mode in NPB layer is
outcoupled into the glass substrate obviously. For planar device with source wavelength of 650
nm, as shown in Fig. 5(c), the light is strongly trapped in the PMMA layer. When the
corrugated structure is added, as shown in Fig. 5(d), only partial waveguide mode in PMMA
layer is outcoupled into the glass substrate, which indicates that, in TE mode, the outcoupling
enhancement of the corrugated structure with grating period of 600 nm at source wavelength of
650 nm is not so strong as that at 470 nm. The field intensity distribution of TM mode for planar
device and corrugated device are shown in Fig. 5(e)-5(h). For planar device with source
wavelength of 470 nm, as shown in Fig. 5(e), the light is strongly trapped as the SPP mode at
Al/Alq; interface. When the corrugated structure is added, as shown in Fig. 5(f), the trapped
SPP mode at Al/Alqs interface is partially decrease. However, SPP mode that trapped in the
thin Ag layer is increased. For planar device with source wavelength of 650 nm, as shown in
Fig. 5(g), strong SPP mode at Al/Alq; interface can be observed. When the corrugated structure
is added, just as shown in Fig. 5(h), light that is outcoupled to the glass substrate and the SPP
mode at the thin Ag film are all increased. The SPP mode at Al/Alqs interface, however, almost
disappears in corrugated device. Our simulation results reveal that the corrugated structure is an
effective way to extract light that once trapped in planar device as waveguide mode and SPP
mode. Furthermore, in the circumstances with source wavelength of 470 nm, the strong
outcoupling of waveguide mode at NPB layer dominates the light outcoupling enhancement. In
the circumstances with source wavelength of 650 nm, however, the outcoupling of SPP mode at
Al/Alq; interface dominates the light outcoupling enhancement.

Figure 6 shows the angular dependence of the emission for the microcavity OLEDs with
(device A) and without (device C) corrugated structure at viewing angles of 0°,30°,and 60°,
compared with electroluminescence spectra of conventional ITO anode OLEDs (device B) at
0°. As shown in Fig. 6(a) and 6(b), with the increase of viewing angle, the EL peak value of
device C with planar microcavity decreases quickly compared with that of the device A with
corrugated microcavity. Furthermore, the FWHM of device A is broader than that of device C
at the same viewing angle. Thus, device A exhibits a nearly Lambertian emission pattern, just
as show in Fig. 6(c). In conventional corrugated OLEDs that fabricated on a periodic substrate,
strong angular dependence are observed [13, 24]. For example, Fujita et al. found that the
angular dependence property of OLEDs strongly depends on the grating period [24]. In our
corrugated OLEDs, a distinct difference from one- or two-directional grating structure or
photonic crystals structure is that our PS-PMMA corrugated structure having random
orientation and broad periodicity. Thus, the outcoupled emission is equivalent to a stack of a
series of outcoupled emission pattern from periodically corrugated OLEDs with different
grating period, which makes the outcoupled emission concentrate into the normal direction.
Thus, the angular dependence phenomenon is suppressed, resulting in the Lambertian emission
pattern, which will benefit the light application of OLEDs.

4. Conclusions

In summary, we introduced an easy-fabricated and low cost corrugated microcavity into
OLEDs and achieved large efficiency, broad spectra and Lambertian angular emission.
Compared with the traditional bottom-emitting OLEDs and the planar microcavity OLEDs, our
device exhibits better performance, about 57% and 41% enhancement for EQE was achieved
respectively. The efficiency enhancement and the better emission features results from the
Bragg diffraction effect of the quasi-periodic nature of the corrugated microcavity. Our work
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provides a new approach to recover the trapped light OLEDs which will benefit the low cost
fabrication OLEDs.
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