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Abstract: We propose an optimal outcoupling structure of a quantum-dot light-emitting diode
(QLED) and present material properties based on numerical calculations via the ray-tracing
method, in which light extraction properties are obtained according to the surface wrinkles on a
substrate. After analyzing the designed microstructure elements, the optimal model was derived
and applied to the QLEDs; consequently, the outcoupling efficiency enhanced by 31%. The
liquid crystalline polymer forming the random surface wrinkles not only achieves an excellent
light extraction through plasma crosslinking but also facilitates large-area processes. We propose
an optical design rule for high-efficiency QLED design by analyzing the electro-optical efficiency,
emission spectrum, and angular radiation pattern of the optical device.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Quantum-dot light emitting diodes (QLEDs) are self-luminous light sources that have garnered
significant attention as next-generation displays and light sources following organic light emitting
diodes (OLEDs). QLEDs have been commercialized in recent years for its superior advantage of
excellent color purity [1–5]. However, the low light extraction efficiency of QLEDs remains a
crucial issue, and researchers are still attempting to develop a system that improves light coupling
efficiency [3,6]. Owing to layered thin films possessing refractive indices, photons generated
inside them are consumed in the waveguide mode, substrate mode, surface plasmon-polariton
mode, etc., resulting in an approximately 18% out-coupling efficiency [7]. In particular, the
light efficiency of QLED devices is expected to improve significantly by increasing the external
extraction of light lost inside them. The approach of nanoparticle scattering layer is achieved to
enhance the light extraction efficiency of organic light emitting diodes [8–10]. In many previous
studies, the surface roughness of QLED devices was controlled to enhance the light extraction
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efficiency, and the effect has been reported [11–15]. Most light extraction efficiency technologies
for surface roughening use expensive equipment because etching is required, the process is
relatively complicated, and the manufacturing efficiency is low. In addition, those technologies
are challenging to apply to the last step of QLED device processing owing to issues concerning
device degradation [16,17].
Moreover, it is noteworthy that the emitted light is combined with surrounding materials

and free space. The light extraction efficiency of QLEDs has been investigated theoretically
or experimentally [18–20]. In the reported theoretical analysis, various models were used,
from classical ray optics to the combination of classical and quantum mechanical microcavities.
However, it was difficult to establish a model for the shape, size, and electro-optical properties of
the surface structure.

Herein, we propose a design rule and optimal outcoupling structure obtained using a ray-tracing
method for light extraction enhancement according to the geometries and material properties of
the surface wrinkles on a substrate. The QLED outcoupling efficiency was obtained by verifying
the optimal model through numerical analysis. In addition, the method of manufacturing the
surface wrinkles using liquid crystalline polymers (LCPs) proposed herein can be easily applied
to large areas. Because it can yield obtain excellent light extraction characteristics, it is expected
to be utilized for the development of high-efficiency QLEDs.

2. Experimental method

2.1. Surface wrinkles of a liquid crystalline polymer

Liquid crystalline solution RMS03-001C (Merck, Darmstadt, Germany) with mesogenic groups
was used in the periodic wrinkling process. The commercial material of RMS03-001C is a
photo-polymerizable mixture for the preparation of+A optical symmetry birefringent polymer
films in optics and display fields [21,22]. It is composed of four different acrylate-based
monomers, including 4-(6-acryloyloxyhexyloxy)-benzoic acid (4-cyanophenyl ester), 4-(3-
acryloyloxypropyloxy)-benzoic acid 2-methyl-1,4-phenylene ester, 4-(6-acryloyloxyhexyloxy)-
benzoic acid-(4-methoxyphenylester), and 2-methyl-1,4-phenylene-bis[4-(6-acyloyloxyhexyloxy)
benzoate], and it is dissolved in propylene glycol monomethyl ether acetate. This solution was
spin-coated on the substrate at a rate of 3000 rpm for 30 s. Samples were exposed to oxygen
plasma at a Radio Frequency (RF) power of 50 W for 1 min, where 20 and 7 sccm of O2
and Ar was used as the reactive and carrier gases, respectively. Note that the stability of the
microstructure is maintained. However, due to the properties of the LCP s, it is not resistant to
external mechanical impact, especially scratch, and material improvement is required.

2.2. Fabrication of QLED device

Green QLEDs were fabricated to evaluate the wrinkle structure as an optical engineering layer.
The device comprised a low refractive cathode (ITO, 150 nm), an electron transport layer (ZnO,
25 nm), a quantum-dot emissive layer (CdSe/ZnS core/shell, 35 nm), a hole transport layer
(4,4’,4’’-Tris(carbazol-9-yl)-triphenylamine, TcTa, 40 nm), a hole injection layer (MoOx, 10 nm),
and an anode (Ag, 120 nm). The ZnO and quantum-dot emissive layers were spin-coated on
the substrate, whereas the other layers were deposited via vacuum thermal evaporation. ZnO
nanoparticles were prepared by a solution-precipitation method using zinc acetate dihydrate and
lithium hydroxide monohydrate as precursors.

2.3. Measurements

The topological features, such as the width, pitch, height, and aspect ratio of the wrinkles and the
morphologies were characterized using scanning electron microscopy (SEM, Sirion 400 FEI)
and atomic force microscopy (AFM, XE-100 Park Systems), respectively. The transmittance was
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measured using a UV-Vis-NIR spectrophotometer (Lambda 950, Perkin Elmer), and the diffuse
transmittance was distinguished.

To investigate the electrical properties of the devices and the effect of the optical engineering
layer on the QLEDs, the current density-voltage-luminance (J-V-L) characteristics and angular
luminance distribution were measured using a spectroradiometer (CS-2000, Minolta) with a
current-voltage source meter (Keithley 238). EQE values were calibrated based on the integrating
sphere in the J-V-L.

3. Results and discussion

A schematic of the QLED cross-section with surface wrinkles is shown in Fig. 1(a). The
QLED exhibits a multiplayer thin film structure and is composed of glass (0.7mm)/ITO
(150 nm)/ZnO (∼25 nm)/QD (∼35 nm)/TcTa (40 nm)/MoO3 (10 nm)/Ag (120 nm). To improve
the light extraction efficiency, the wrinkles were formed randomly on the outer surface of the
glass substrate, as shown in the inset of Fig. 1(a) of the SEM image. Note that random wrinkles
are used instead of periodic microstructures because unintended optical interference patterns can
be recognized when using regular structures. We verified the optical properties according to the
wrinkling structure on the glass substrate; we observed that the wrinkles were relatively blurry
but brighter, which is a result of improved light extraction due to the wrinkle structure. And
the intensity profile against the distance from the center of the pixel of the QLEDs is obtained
from the Fig. 1(b) pixel image. (see Supplement 1, Fig. S1). More details are described below.
It is noteworthy that conventional QLEDs without wrinkles but with the same structure were
fabricated under the same conditions for comparison.

Fig. 1. QLEDs light extraction enhancement: (a) Schematic diagram of QLEDs struc-
ture including glass (0.7mm)/ITO (150 nm)/ZnO (∼25 nm)/quantum dots (∼35 nm)/TcTa
(40 nm)/MoO3 (10 nm)/Ag (120 nm). SEM image (inset) of randomly formed surface
wrinkles on the top glass substrate. (b) Light emission according to surface wrinkles of
liquid crystalline polymer (LCP).

Many previous light extraction enhancement studies have empirically approached optical
properties through experiments based on the surface structure andmaterial modification [6,23–25].

https://doi.org/10.6084/m9.figshare.12813419
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However, it is difficult to obtain all the variables experimentally using the conventional method.
Figure 2(a) shows a model of the surface structure for optical simulation; a regular structure is
formed on the glass substrate, width (w), height (h), period (p), and refractive index (nrm) of the
proposed surface wrinkles. The simulation was performed repeatedly to redefine each parameter.

Fig. 2. Analysis ofmicrostructured surface through optical simulation: (a) Simulation design
model, surface microstructure design, and ray tracking on the surface. (b) Light extraction
with viewing angle in cases of microstructured surface (w= 20 µm, h= 10 µm, p= 40 µm,
and nrm= 1.6). (c) Total power of extracted light according to period of microstructures
(w= 4, 20 µm, h= 10 µm, and nrm= 1.6). (d) Total power of extracted light according to
aspect ratio of microstructures (w= 20 µm, p= 40 µm, and nrm = 1.6). (e) Total collected
power and efficiency according to refractive index of surface microstructures (w= 20 µm,
h= 10 µm, and p= 40 µm).

In the conventional flattened surface, light transmittance varies according to the incident angle
of rays, as confirmed in previous studies [11–17]; this is caused by total reflection due to the
difference in refractive index between the substrate and air. When a structure appears on the
substrate surface, the total reflection with the outside air is reduced by the decrease in the incident
angle, thereby improving the light extraction efficiency. The reflection due to the difference
in refractive index between the microstructure and substrate should be considered. However,
because the refractive index of the microstructure is generally more significant than that of air,
the overall reflection is reduced, and the light extraction efficiency is improved.
In this study, our goal is to obtain the optimal conditions for improving the light extraction

efficiency using the w, h, p, and nrm of the surface microstructure. The simulation tool used
was Synopsys’ Lighttools 8.7, and a method was designed to increase the QLED efficiency by
tracking the ray path of the light source through the glass substrate.
In the numerical calculation model, the glass substrate was designed to a size measuring

7.5mm × 7.5mm × 1mm using NBK7 (refractive index, transmittance). A three-dimensional
texture was created on top of the glass to mimic wrinkles. As a light source, a surface light source
emitting, which is 7.5mm × 7.5mm rectangular light source having an angular distribution of
Lambertian and 1 W power, was used, and the relative light extraction efficiency was calculated
according to the shape of the surface structure.
First, to observe the optical properties of our simulation model with surface microstructures,

the light emitted from the light source was passed through the device, as shown in Fig. 2(b). The
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width (w= 0.02mm), height (h= 0.01mm), period (p= 0.04mm), and refractive index (nrm= 1.6)
of the surface microstructure were constant. The extracted light intensity obtained was equal to
or greater than the reference value at all angles (no surface microstructure (wrinkles)), and it
increased by 21% in general. It improved significantly in a specific section as lost light because
the total reflection at angles above the critical angle was extracted owing to the delicate surface
structure. In particular, the maximum efficiency was obtained from± 30° to± 40° compared with
the case without wrinkles. It is noteworthy that the angle at which the maximum efficiency is
obtained depends on the geometry of the surface microstructure, and that the maximum efficiency
angle shifts to the center (0°) as the aspect ratio increases (see Supplement 1 Fig. S2) [26].

Next, the simulation of the light extraction according to the p of the wrinkles was performed,
where the values of the other microstructure variables were maintained constant (w= 20 and
400 µm, h= 10 µm, and nrm = 1.6). In previous studies, the surface structures improved light
efficiency; however, only a few studies have investigated the spacing or period of surface
microstructures [11,17]. As shown in Fig. 2(c), when w/p was approximately zero, the period
was comparable to the width of the wrinkles; hence, the total extraction power (∼33%) was
similar to the reference, which had no wrinkles. As w/p increased, the microstructures formed
densely on the surface of the substrate and exhibited the maximum total power when w/p ∼0.25.
The relationship between the period of the wrinkles and light extraction was nonlinear. When
the period of the wrinkles was short, refraction (or reflection) was additionally performed by
adjacent structures rather than light extraction by the microstructure. An efficiency improvement
of approximately 40% or more can be expected compared with the case without wrinkles (see
Supplement 1, Fig. S3). Although the surface microstructures were of different sizes, it was
confirmed experimentally that their light extraction efficiencies were similar when the periods
were the same. It might be because the few micrometers of the surface structure were much
larger than the diffraction limit for the visible range [27].
In addition, a simulation was performed based on the aspect ratio of the microstructure, as

shown in Fig. 2(d). The light extraction efficiency according to the change in h of the wrinkles was
observed, and the other variables were fixed, i.e., the width (w= 0.02mm), period (p= 0.04mm),
and refractive index (nrm= 1.6). To increase the light guide effect, a high aspect ratio would be
advantageous [28]; furthermore, the light extraction efficiency improved as h/w increased. It was
confirmed through simulation results that the light extraction efficiency increased significantly
until h/w was ∼0.5; subsequently, the change rate was relatively low. Increasing the light
extraction efficiency by modifying the aspect ratio is an easy approach; however, the application
of this method to an actual sample is limited by fabrication compatibility [29–31]. Therefore, the
appropriate h/w must be determined.
Next, the correlation between the refractive index of the microstructure and light extraction

was analyzed. Theoretically, if the optical properties of the substrate and the surface structure
are the same, no reflection interface exists between the substrate and microstructure. As shown
in previous studies [14,15], etching or patterning the glass substrate is the appropriate method
albeit a difficult or inefficient one. Figure 2(e) shows the simulation result based on specifying
the refractive index of the surface microstructures (nrm) as a variable. When the refractive index
of the glass (nglass) and nrm are index-matched as 1.5, the maximum extraction efficiency can be
obtained in terms of the interface reflection. In the case of nrm = 1.1 to 1.4, the total reflection
increased at the interface of the glass with a relatively low refractive index, and the light extraction
efficiency decreased. Moreover, when the refractive index was higher (nrm= 1.6. 2.0) than that of
glass, the light extraction decreased by mismatching the refractive index. Therefore, to fabricate
the actual surface microstructure, it is ideal to use a material that is refractive-index matched to
the substrate; alternatively, it is reasonable to use a material with a refractive index (n) ranging
from 1.4 to 1.5 (see Supplement 1, Fig. S4).

https://doi.org/10.6084/m9.figshare.12813419
https://doi.org/10.6084/m9.figshare.12813419
https://doi.org/10.6084/m9.figshare.12813419
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To summarize the results of the optical simulation conducted, the light extraction efficiency
of the QLED increased by more than 20% when the surface contained structures (wrinkles).
Moreover, it was confirmed that the refractive index affected the efficiency, and that index
matching between the substrate and microstructure improved the extraction efficiency. The aspect
ratio guaranteed an excellent light extraction, but the manufacturable range should be considered.
Based on the simulation results discussed above, we next analyze the optical characteristics

of the QLED device. Figure 3(a) shows the wrinkle formation process on a bare QLED. A
liquid crystalline monomer solution with a reactive mesogenic group (RM) was coated on the
glass substrate by spin coating at 3000 rpm for 30 s, and plasma was treated for 5 min to form
surface wrinkles via RM cross-linking. A vacuum chamber base plasma equipment (Cute, Femto
Science) was used, where Ar and O2 were used as the carrier and reactive gases, respectively (Ar
flow rate= 7 sccm, O2 flow rate= 20 sccm, and power= 100 W). The RM used in the experiment
was RMS03-001C (Merck Ltd., Darmstadt, Germany), which has refractive indices of ne = 1.529
and no = 1.684 [22,32].

Fig. 3. Surface wrinkles of liquid crystalline polymer (LCP): (a) Fabrication procedure of
surface microstructuring on bare QLEDs. Wrinkle formation by spin coating and plasma
treatment. Morphologies of wrinkles on glass substrate observed via (b) AFM and (c)
SEM. The width (w), period (p), height (h), and aspect ratio (A) measured 3.5± 0.5 µm,
5 µm, 0.9 µm, and 0.3, respectively. (d) Reflectance according to microwrinkles on the glass
substrate.

We used AFM (XE-100; Park Systems) to observe the formed surface wrinkles, as shown
in Fig. 3(b). The microwrinkles were randomly created, the period of the wrinkles formed (p)
was ∼5 µm, the width of the wrinkles (w) was ∼ 3 µm, and the height of the wrinkles (h) was
∼ 0.9 um, wherein the aspect ratio was 0.3. The geometry of the wrinkles varied based on the
coating condition of the RM and the plasma curing conditions, which can be modified [33,34].
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Figure 3(c) shows the surface wrinkles observed through SEM (Sirion 400, Philips/FEI). As
shown, random wrinkles were formed in an island shape on the surface. It is noteworthy that
regular surface microstructures can also be formed on the substrate, but additional patterning
processes are required. In addition, the light extraction efficiency in the random case did not
exhibit any significant difference (see Supplement 1, Fig. S5).
As the surface wrinkles can improve the light extraction efficiency, which is significantly

affected by the interface reflectivity, the reflectance of each wavelength according to the refractive
index of the microwrinkle forming material is as shown in Fig. 3(d). In the absence of wrinkles,
the average reflectance in the visible range was 8.78% [35]. In a microwrinkled material having
a roughness of ∼ 1.6, the average reflectance in the visible region was 7.9%, and the reflectance
was reduced by approximately 10% compared with the case without microsurface wrinkles. In
addition, when nrm ∼ 1.5, the average reflectance in the visible light region was 6.79%, indicating
that the reflectance reduced by approximately 22% compared with the case without wrinkles.
Hence, it can be concluded that light extraction increased as the refractive index-matched those
of the wrinkles.
To evaluate the optical properties of QLEDs with surface wrinkles, the transmittance and

haze values were investigated. Figure 4 depicts the UV-Vis spectra and photographs of the
substrate with and without wrinkles, respectively. The detailed numerical values are listed in
Table 1. The substrate without wrinkles was penetrated by approximately 90.93% in the direction
parallel to the visible region. Consequently, the proportion of diffusion transmittance was low,
i.e., approximately 0.45%. Meanwhile, the diffusion transmittance of the substrate with wrinkles
was 72.52%. It implies that the wrinkle structure efficiently deflected the light path [36]. In other
words, the wrinkle structure resulted in a high haze value of 79.58%. Because the haze value is
regarded as a measure of light scattering or deflecting capacity, the surface wrinkle structure
would be beneficial in altering the incident angle to a value less than the critical angle. This
feature contributes to light extraction by suppressing the waveguide mode.

Fig. 4. Optical properties of the device with wrinkles: (a) Transmittance of parallel and
diffuse substrates with and without wrinkles. (b) Photograph of substrates with and without
wrinkles.

Table 1. Total transmittance (T.T), parallel transmittance (P.T), diffuse transmittance (D.T), and haze
characteristics of QLED device in terms of surface microwrinkles

T.T(%) P.T(%) D.T(%) HAZE(%)

w/o wrinkle 91.38 90.93 0.45 0.49

w/ wrinkle 91.12 18.60 72.52 79.58

Figure 5(a) shows the energy level diagram of the inverted QLEDs fabricated in this study.
The ZnO for the electron transporting layer and the quantum dot for the green-emitting layer
were fabricated by spin coating; additionally, TcTa, MoOx, and Ag layers were deposited via

https://doi.org/10.6084/m9.figshare.12813419
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vacuum thermal deposition. Before verifying the light extraction effect of the wrinkle structure,
the deterioration probability of the QLEDs was investigated during plasma treatment for wrinkle
formation. As shown in Fig. 5(b), the J–V–L characteristics exhibited almost similar trends
without any significant changes. Figure 5(c) illustrates the normalized electroluminescence (EL)
spectra of the QLEDs before and after plasma treatment. They demonstrated almost the same
EL characteristics. The reference device had a λmax of 519 nm and full width half maximum
(FWHM) of 34 nm, whereas the device with plasma treatment had a λmax of 518 nm and an
FWHM of 34 nm. The photoluminescence and absorbance spectra originating from green
CdSe/ZnS quantum dots are shown in Fig. S6 of Supplement 1. Therefore, it was confirmed
that the fabrication process of the wrinkles using plasma treatment did not affect the electrical
properties of the QLEDs.

Fig. 5. (a) Energy level diagram of fabricated QLEDs. (b) Current-
density–voltage–luminance characteristics and (c) normalized EL spectra of QLEDs before
and after a plasma treatment.

To evaluate the wrinkle structure as a light extraction layer, the J–V–L characteristics of the
fabricated QLEDs with and without wrinkle structures were investigated, as shown in Fig. 6(a).
The characteristics indicate the inherent optical and electrical properties of the devices. The
L values of the QLEDs with wrinkles were higher than those of the QLEDs without wrinkles
at the same voltage. The J–V–L curves for the devices with and without wrinkles indicate
that the improvement was due to the optical effect of the wrinkles’ morphological features,
rather than by the electrical property variations of the devices. Figure 6(b) shows the current-
efficiency–luminance–EQE results, which can effectively describe the performances of the
devices. At approximately 1000 nits, the current efficiency of the device with wrinkles increased
by 1.2-fold (the QLEDs without wrinkles was 2.28 cd/A @ 911.56 cd/m2, and that with wrinkles
was 2.74 cd/A @ 1170.8 cd/m2). The current efficiency of the QLEDs with wrinkles was higher
than that without wrinkles over the entire luminance range (see Supplement 1, Fig. S7 and
Table S1). These results suggest that the device with wrinkles redistributed light propagation.
Therefore, this phenomenon is equivalent to the improvement in light outcoupling owing to the
decrease in the waveguide mode at the glass/air interface. The angular luminance distribution at a
constant current of 2.5mA of the devices is illustrated in Fig. 6(c). The emission intensity profile
demonstrates that the wrinkles did not affect the inherent emission pattern (see Supplement 1,

https://doi.org/10.6084/m9.figshare.12813419
https://doi.org/10.6084/m9.figshare.12813419
https://doi.org/10.6084/m9.figshare.12813419
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Figs. S8 and S9). Furthermore, the luminance increased by 26.43% (from 4034.3 to 5100.9
cd/m2) at a standard direction of 0°. The increase at 20° was the highest (from 3877.9 to 5048.2
cd/m2, 30.17%), and the improvement was determined overall measured angles. The detailed
numerical values are listed in Table 2. Therefore, it is confirmed that a randomly corrugated
structure can extract confined light over a wide range of viewing angles by altering the incident
light to less than the critical angle. Figure 6(d) shows the 1931 Commission International de
L’Eclairage (CIE) color coordinates of QLEDs as a function of viewing angle. The standard
deviations of the CIE values were 0.0039 and 0.0009 for CIEx and CIEy without wrinkles,
respectively; and 0.0024 and 0.0012 for CIEx and CIEy with wrinkles, respectively. Because of
the random light scattering effect, the angular color dependence was suppressed. Figure 6(e)
illustrates the EL spectra of the QLEDs with and without wrinkle structures. Compared with
the two QLEDs, they exhibited almost the same EL peak wavelength at 518 nm. However, the
FWHMs of the wrinkled and unwrinkled QLEDs were 33.80 and 34.58 nm, respectively. As
shown in Fig. 6(f), our QLEDs with wrinkles exhibit saturated and pure colors compared with
NTSC 1987 and BT2020 color spaces.

Fig. 6. Optoelectric properties of QLEDs: (a) Current-density–voltage–luminance char-
acteristics and (b) current-efficiency–luminance–EQE characteristics of QLEDs with and
without wrinkles. (c) Luminance angular distribution at constant current. (d) Commission
Internationale de L’Eclariage (CIE) values as a function of viewing angle. (e) Normalized
EL spectra in standard direction. (f) CIE chromaticity diagram with NTSC 1987 and BT2020
color spaces compared with our green QLEDs.
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Table 2. QLED luminance intensity as a function of viewing angle @ 62.5 mA/cm2

w/o wrinkle (cd/m2) w/ wrinkle (cd/m2) Enhancement rate (%)

60 ° 3417.4 4283.1 25.33

50 ° 4082.3 4992.6 22.29

40 ° 4040.4 5078.4 25.69

30 ° 3992 4988.4 24.96

20 ° 3877.9 5048.2 30.17

10 ° 3915.7 4958.8 26.63

0 ° 4034.3 5100.9 26.43

4. Conclusion

We designed an optical simulation model that incorporated surface wrinkles to analyze the
light outcoupling and optical properties enhancement factors of QLEDs. The simulation model
confirmed that not only the refractive-index matching of the surface structure but also the spacing
between the microstructures and the aspect ratio of the structure significantly affected the light
extraction efficiency. By analyzing the designed microstructure elements, the optimal model
was derived and applied to actual QLEDs having a random microwrinkles; consequently, the
outcoupling efficiency increased by 31%. In addition, we proposed an optical design rule for
high-efficiency QLED design by analyzing the electro-optical efficiency, emission spectrum, and
angular radiation pattern of the device.
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