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Angle-Independent Top-Emitting Quantum-Dot
Light-Emitting Diodes Using a Solution-Processed
Subwavelength Scattering–Capping Layer

Taesoo Lee, Minhyung Lee, Kyuho Kim, Hyunkoo Lee, Suk-Young Yoon, Heesun Yang,
Sunkyu Yu, and Jeonghun Kwak*

Owing to the excellent optoelectronic properties of colloidal quantum dots
(QDs), light-emitting diodes based on QDs (QLEDs) have been considered
one of the most promising electroluminescence (EL) devices for full-color
displays with a wide color gamut. Particularly, top-emission device
architecture has been of interest to both academia and industry, because of
the advantages in light outcoupling, aperture ratios, and integration with
conventional backplanes. In this structure, however, angle-dependent color
shifts originating from a variation in microcavity length are a critical issue that
needs to be resolved. Here, a solution-processed dual-functional
scattering–capping layer (SCPL) using ZnO nanoparticles on top-emitting
QLEDs with ZnSeTe/ZnSe/ZnS QDs to modulate the optical interference is
presented. By precisely controlling the thickness of the SCPL, the EL intensity
and spectrum can be redistributed to produce a uniform color from any
viewing angle. It is discovered that, unlike conventional CPLs, the formation
of random nanocracks and nanoclusters in the SCPL adds subwavelength
light-scattering capabilities, which promotes light extraction. The QLEDs with
the solution-processed SCPL exhibit a 44% increase in the maximum external
quantum efficiency, with completely imperceptible angle-dependent spectral
shifts. The SCPL is expected to be applied to the development of
high-performance and next-generation QLED displays.

1. Introduction

Colloidal quantum dots (QDs) are spotlighted as one of the most
promising emitting materials for optoelectronic devices owing to
their advantages, such as high photoluminescence (PL) quantum
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yield (QY),[1–3] narrow emission
bandwidth,[4,5] and the capability of the
solution process.[6,7] In addition to these
outstanding properties of QDs, continuous
efforts in device engineering have made
QD-based light-emitting diodes (QLEDs)
exhibit highly pure, efficient, and intense
light emission.[8–12] For instance, the top-
emission device architecture, which emits
light through the top semi-transparent
metal electrode, has been adopted to maxi-
mize the outcoupling efficiency of QLEDs
by virtue of the microcavity effect between
two reflective electrodes.[13–17] As a result,
top-emission QLEDs generally show im-
proved optoelectronic performance, such
as higher luminance (L) and narrower full-
width at half-maximum (FWHM) of the
electroluminescence (EL) spectrum, which
are required to achieve wide color gamut
(WCG) displays. Moreover, top-emission
QLEDs have benefits in their practical
application to active-matrix display devices,
because of the high aperture ratios and easy
integration with conventional backplane
technologies.[18] Despite these positive

prospects, large color-shifts (i.e., changes in both light intensity
and spectrum) depending on the viewing angle is one of the ma-
jor challenges that need to be solved.[19,20]

To surmount the issue, in case of top-emission organic light-
emitting diodes (OLEDs), a thin organic dielectric capping layer
(CPL) has been often deposited by thermal evaporation over the
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semi-transparent top metal electrode.[21,22] The well-known ef-
fects and advantages of using a CPL are that it enables to modu-
late the optical interference in the cavity structure by tuning the
CPL thickness.[23] When optimized, the light extraction to the
normal direction can be enhanced and the FWHM can be nar-
rowed down. Also, the angle-dependent color shift can be mit-
igated through optimization.[22] Nevertheless, there is a strong
trade-off relationship between the device efficiency and the an-
gular spectral shifts in top-emission devices, mainly due to the
intense microcavity resonance.[19,20] In 2017, Tan et al. developed
a multi-object algorithm that helps to precisely tune the opti-
mal CPL conditions for lower spectral shifts, higher device ef-
ficiency, and wider color gamut,[24] resulting in broad applica-
tion to top-emitting OLEDs. However, the effects of using the
CPL in top-emitting QLEDs have rarely been investigated. A
few researchers utilized a thermally-evaporated CPL on solution-
processed QLEDs in the same way as that used in the top-
emitting OLEDs, and reported improved light extraction.[18,19,25]

Although thermal evaporation is a reasonable method to pre-
cisely control the CPL thickness, it is a costly process requiring a
high vacuum chamber and fine metal shadow masks. For this
reason, it is hard to deposit the CPLs in different thicknesses
that are optimal for each of the red, green, and blue subpixels—
even in commercial full-color OLEDs, only a single-thick CPL is
formed to cover all the red, green, and blue pixels, which may
be an optimum thickness only for a certain color. However, de-
pending on the emission wavelength of top-emitting devices, the
thickness of the CPL has a significant influence on their opti-
cal properties. Therefore, it is imperative to develop a novel CPL
that can be finely tuned in its thickness with the solution-process
compatibility in a simpler method.

Another way to enhance light extraction from light-emitting
devices is to employ an additional light-scattering layer
(SCL).[26–29] The SCL incorporates a microstructure, such as
micro-lens arrays or random scattering (sub-)microparticles, to
redirect light propagation and reduce total internal reflection
(TIR) loss within the device.[20,30] However, fabrication of the
SCL microstructure requires complicated microprocesses (e.g.,
photolithography, UV-exposure, and etching) which can damage
the fabricated light-emitting devices. Also, consecutive depo-
sition of the CPL and SCL adds complexity to the fabrication
process. Above all, the thickness of the SCLs and the size of
the constituents—ranging from hundreds of nanometers to
several micrometers—is likely to increase haze and cause pixel
crosstalk, hindering the practical use of SCLs. Moreover, these
types of SCLs are unable to simultaneously function as CPLs
because the scattering particles are usually on the wavelength
scale. This size limitation makes it difficult to precisely tune the
electromagnetic interferences which requires subwavelength
thickness tuning to optimize the CPL. Therefore, as QLEDs
are integrated into ultra-high-resolution displays with smaller
pixels, especially for augmented reality (AR)/virtual reality (VR)
displays which are emerging rapidly, thinner SCLs and smaller
scattering particles are necessarily required to eliminate the
aforementioned undesirable effects.

In this work, we introduce a novel dual-functional scattering–
capping layer (SCPL) for the color-stable and efficient top-
emitting QLEDs, comprised of a thin layer of ZnO nanopar-
ticles (NPs), which is solution-processable and thickness tun-

able in a simple manner. To clearly verify the effects of the
SCPL, we adopted the blue-emitting QLEDs with heavy metal-
free ZnSeTe/ZnSe/ZnS QDs, and compared the device perfor-
mance with the devices using a conventional CPL consisting of a
thermal-evaporated organic layer. Interestingly, the top-emitting
QLEDs with the SCPL exhibited superior light extraction proper-
ties compared to that with the conventional organic CPL under
all experimental conditions, with up to 44% higher outcoupling
efficiency than the device without a CPL. To reveal the origin of
the superior optical properties of the SCPL, we performed an in-
depth light-scattering simulation based on the meticulous inves-
tigation of the morphology of the ZnO thin-film, and found that
it simultaneously functions as both the CPL and the SCL due to
the naturally agglomerated ZnO NPs during the solution-based
thin-film formation. More importantly, the QLEDs with the dual
functional thin SCPL exhibit high color stability with nearly con-
stant EL spectra across the entire viewing angle, while with no
significant blurring that can cause pixel crosstalk. These features
are becoming increasingly significant in forthcoming display de-
vices due to the growing demand for higher resolution micro-
display applications requiring complex optical designs, including
AR/VR devices. In line with these requirements, our top-emitting
QLED structure with the SCPL based on the subwavelength-scale
agglomeration of ZnO NPs not only represents a promising strat-
egy for achieving high optical properties, but also offers the pos-
sibility of fabricating fine-patterned SCPLs for each of the red,
green, and blue subpixels in a simple solution-based process.

2. Results

2.1. Device Architecture and optimization

By closely observing the simulation results in Figure S1 (Support-
ing Information), the microcavity structure with blue-emitting
QDs theoretically exhibited lower outcoupling efficiency than
those with other visible colors (i.e., green–red) when the cavity
lengths and the CPL thicknesses were individually optimized.
This is practically unfavorable as it necessitates applying higher
current densities (J) exclusively to blue-emitting pixels, which can
accelerate their degradation compared to red/green pixels. More-
over, the blue color spectrum with a shorter wavelength (𝜆) is
known to be more sensitive to the light scattering effect. There-
fore, we focused on blue-emitting devices in this work to clearly
observe the effects of the CPL/SCL, which is significantly im-
portant for reducing the efficiency gap between red/green and
blue subpixels. A schematic device structure of the inverted top-
emission QLED is illustrated in Figure 1a, which consists of
Ag (100 nm, cathode)/ZnO NPs (25 nm)/[ZnSeTe/ZnSe/ZnS]
QDs (15 nm)/9-(4-tert-butylphenyl)−3,6-bis(triphenylsilyl)−9H-
carbazole (CzSi, 3 nm)/tris(4-carbazoyl-9-ylphenyl)amine (TCTA,
22 nm)/MoOx (8 nm)/Ag (12 nm, anode). To compare the ef-
fects of the CPL on the QLED performance, we prepared the
same structured devices with the conventional CPL and the SCPL
of various thicknesses, and without a CPL. The cross-sectional
transmission electron microscopy (TEM) images of the devices
with the conventional CPL and the SCPL are shown in Figure 1b,
along with the atomic force microscopy (AFM) images of the
CPL surface. For the conventional CPL, we deposited 1,1-bis[(di-
4-tolylamino)phenyl]cyclohexane (TAPC), an organic material
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Figure 1. a) Schematic illustration of the top-emitting ZnSeTe/ZnSe/ZnS QLEDs without a CPL, with the conventional CPL and the SCPL. b) Cross-
sectional TEM image of the top-emitting QLEDs with the conventional CPL (left) or the SCPL (right), and the AFM images showing their surface
morphology. c) Absorbance and normalized PL spectrum of blue-emitting ZnSeTe/ZnSe/ZnS QDs, and d) their TEM image with dimensional informa-
tion. e) Simulated EQE and f) L of the top-emitting blue QLEDs varying the thickness of the HTL and the ETL. Blue markers represent the experimental
conditions of our devices.

having a refractive index (n) of 1.71 at 𝜆= 450 nm, by thermal vac-
uum evaporation. For the SCPL, on the other hand, we deposited
ZnO NPs by spin-coating, of which n is 1.64 at 𝜆 = 450 nm. Con-
sidering that n of the conventional CPL is slightly higher than
that of the SCPL, the thicknesses of both CPLs were precisely ad-
justed to have a similar optical thickness (i.e., physical thickness

divided by n). In addition, unlike the conventional CPL, the SCPL
deposition requires the underlying layers of the QLED to be re-
sistant to the deposition of ZnO NPs dispersed in 1-butanol. The
cross-sectional TEM images show that both devices are almost
identical in their initial thickness, indicating that the deposition
of SCPLs causes no significant damage to the underlying layers.
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Figure 2. a) J–V and b) L–J characteristics, and c) the EQE and CE of the QLEDs with the SCPL thicknesses of 0, 30, 55, 80, 115, or 150 nm. d) Normalized
EQE, and e) the normalized L, of the QLEDs with the organic CPL (orange) and the SCPL (blue). The dashed lines represent the simulated results and
the markers indicate the experimental data measured when J = 0.05 A cm−2. f) Simulated (dashed lines) and experimental (markers) angle-dependent
EL intensity profiles of the QLEDs without a CPL (gray) and with the conventional CPL (orange) or the SCPL (blue).

Meanwhile, the AFM images comparatively show the morpho-
logical difference between the conventional CPL and the SCPL
(Figure 1b; Figure S2, Supporting Information). In detail, the sur-
face of the TAPC-based CPL presents a neat and highly uniform
film morphology, whereas the ZnO NPs in the SCPL seem to
agglomerate into larger clusters, which will be discussed later.
For the emissive material, we employed heavy-metal-free, blue-
emitting ZnSeTe/ZnSe/ZnS QDs with an average diameter of
11.4 nm, PL QY of 65%, peak wavelength (𝜆max) at 452 nm, and a
spectral FWHM of 23 nm. The absorption–emission spectra and
a TEM image of the QDs are available in Figure 1c,d. Also, the
TEM images of the QDs in each synthesis procedure are shown
in Figure S3 (Supporting Information). The ZnO NPs and TCTA
layers were adopted as the electron transport layer (ETL) and hole
transport layer (HTL), respectively. The CzSi interlayer was in-
serted to optimize the charge balance, as we previously reported
on its role.[14]

The distance between two reflective metal electrodes also plays
a critical role in maximizing the light extraction. Before deposit-
ing the CPL or the SCPL, therefore, we optimized the first-order
microcavity in our top-emission blue QLEDs by changing the
HTL/ETL thickness based on optical simulations using a com-
mercial optical simulation tool for thin-film devices (FLUXiM
Setfos) to achieve superior performance in both EQE and L, as
shown in Figure 1e,f. In our optimized device conditions (i.e.,
ETL 25 nm, HTL 25 nm), both factors reach 0.24 and 632 in arbi-

trary units, respectively, which are close to the theoretical maxi-
mum values (i.e., 0.26 for EQE and 697 for L). On this optimized
device architecture, we finally deposited organic CPLs or ZnO
NP-based SCPLs with different thicknesses, to study the effects
and performance of the CPLs.

2.2. Performance of QLEDs with CPL

To investigate the effects of the CPLs, we first characterized the
optoelectrical properties of the devices in detail by varying the
thickness of the CPLs. In Figure 2a, the J–voltage (V) curves of
the QLEDs with the SCPL are provided. Because the deposition of
the SCPL hardly affects the underlying layers, the devices exhibit
nearly identical J–V curves regardless of the SCPL thickness.
Meanwhile, the L of the QLEDs with the SCPL was significantly
improved, as shown in Figure 2b. When the SCPL thickness was
80 nm, the maximum L (Lmax) increases to ≈29 000 cd m−2, even
though the EL spectrum changes from 457 to 455 nm, where
human eye sensitivity decreases. The FWHM of the spectrum
is narrowed down from 26.5 to 24.2 nm, as the SCPLs facilitate
the microcavity effect due to the interference modulation (see
Table 1; Figure S4, Supporting Information). Furthermore, the
maximum EQE and current efficiency (CE) are also improved by
≈ 1.44-fold, from 3.4% to 4.9% and from 1.8 to 2.6 cd A−1, re-
spectively, as shown in Figure 2c and Table 1. Considering that
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Table 1. Performance of the blue top-emitting QLEDs with various thicknesses of the SCPL.

SCPL thickness [nm] EL 𝜆max [nm] FWHM [nm] Max. CE [cd A−1] EQE [%] L at J = 1 A cm−2 [cd m−2] Lmax [cd m−2]

0 457 26.5 1.8 3.4 16 820 25 138

30 456 26.2 2.0 4.1 19 947 25 473

55 455 24.7 1.8 3.8 17 629 23 809

80 455 24.5 2.6 4.9 24 367 28 932

115 455 22.9 2.5 3.7 22 245 25 469

150 455 22.7 2.3 4.0 23 411 27 940

the EQE is expressed as the multiplication of the outcoupling ef-
ficiency and the internal quantum efficiency (IQE), it is notewor-
thy that these significant improvements are mainly attributed to
the enhancement of the light outcoupling rather than the IQE,
which can break the theoretical limit of the blue cavity structure
(Figure S1c, Supporting Information). Table S1 (Supporting In-
formation) provides an overview of diverse strategies employed
to boost the performance of ZnSeTe-based QLEDs, offering ad-
ditional insights that supplement the findings presented in this
study. In the same way, we characterized the optoelectrical prop-
erties of the QLEDs with a conventional organic CPL. As shown
in Figure S5 (Supporting Information), the Lmax, EQE, and CE
were fluctuated along with the CPL thickness due to the wave
interference. The highest performance was obtained when the
organic CPL thickness was 120 nm, where the Lmax and CE were
increased by ≈ 1.09 and 1.08-fold, respectively, compared with the
device without a CPL. However, the enhancement was less than
that of the devices with SCPLs, as summarized in Table S2 (the
Supporting Information). As compared in Figure 2d–f, a large
difference in optical performance (in terms of EQE, L, and angle-
dependent EL intensity profiles) is observed between the devices
with the SCPL and those with the conventional CPL. Although
the refractive indices of the two CPLs are slightly different, such
a large difference in light extraction properties was not intuitively
understandable.

To unravel the cause of the above results, we performed optical
simulations based on the effective medium theory (EMT) from
which theoretical optical properties can be derived, and the re-
sults are plotted as dashed lines against the experimental results
in Figure 2d–f. For more accurate simulations, the n and the ex-
tinction coefficient (k) of each layer are measured as a function of
𝜆 using an ellipsometer as the input parameters (Figure S6, Sup-
porting Information). Since we first assumed that all the layers of
the QLEDs including both types of the CPLs, are homogeneous
media, the light-scattering effect was excluded at this stage. The
experimental results of the devices without a CPL and with a con-
ventional CPL showed a strong correlation with the EMT simu-
lation results, demonstrating the reliability of the simulation for
the devices with a TAPC-based CPL that were homogeneously
deposited by thermal evaporation. On the contrary, the experi-
mental performance of the SCPL devices was significantly higher
than the EMT-based simulation results over the entire thickness
range. This implies that there are additional factors other than
the microcavity interference beyond the assumption of material
homogeneity. Our speculation can be further supported by the
fact that the angle-dependent EL spectra of the QLEDs with a
SCPL are different from the simulated spectra, while those of

the devices with a conventional CPL show a high similarity to the
simulated data (see Figure S7, Supporting Information). This im-
plies that the SCPL may additionally have a light-scattering abil-
ity. Therefore, verification considering the scattering effect of the
SCPL was required.

2.3. Light-Scattering Effects of SCPL

Along with the cross-TEM and the AFM images shown in
Figure 1b, we observed the morphologies of SCPLs using scan-
ning electron microscopy (SEM) in Figure 3a, for all the thickness
ranges (see Figure S8, Supporting Information). In the SEM im-
ages, we found that the SCPL film has a large number of ran-
dom nanocracks with the size of ≈100 nm and nanoclusters,
which originated from the agglomeration of ZnO NPs during the
solution-based thin-film formation. According to the “multiple
scattering theory” and the experimental results in Figure 2d–f,
we speculate that the characteristic lengths of the ZnO NP nan-
oclusters and/or nanocracks exceed the limit of the first-order
Born approximation which is the minimum size for the sub-
wavelength light-scattering effect between densely distributed
clusters/cracks.[31] This implies that multiple light-scattering
should not be neglected in the QLEDs with SCPLs, and thus the
SCPL should not be treated as a homogeneous medium as in the
EMT simulation.

To elucidate the discrepancy between the theoretical predic-
tions using the EMT and the empirical device performance, we
performed a two-dimensional full-wave electromagnetic simula-
tion for the scattering from the irregularly arranged ZnO nan-
oclusters with nanocracks. To reflect the actual morphologies of
the SCPL, we modeled a simulation as illustrated in Figure 3b. In
the simulation, the distribution of ZnO nanoclusters within the
SCPL was defined by the distribution factor 𝜌, which represents
the number of randomly arranged cluster centers at (xc, yc) with
a diameter of 10 nm, allowing for the overlap of each cluster area.
The diameter was determined from the cross-TEM image of the
SCPL. The scattering effect of the conventional organic CPL was
also calculated by considering it as a homogeneous layer in the
same model. Details of this simulation modeling are described
in the Experimental section and in Figure S9 (Supporting Infor-
mation). This optical simulation presents that the 90-nm-thick
organic CPL results in the reduced light intensity by the factor of
≈0.95, indicating no evidence of light scattering. Meanwhile, the
light-scattering intensity of the 80-nm-thick SCPL varies along
with 𝜌 as plotted in Figure 3c, due to the change in the density of
the ZnO nanoclusters and nanocracks. When 𝜌 is 0.5, the light

Adv. Optical Mater. 2024, 2302509 © 2024 Wiley-VCH GmbH2302509 (5 of 10)

 21951071, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202302509 by Sookm
yung W

om
ens U

niversity, W
iley O

nline L
ibrary on [13/02/2024]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

Figure 3. a) SEM image of the 80 nm-thick SCPL surface. A few of the naturally formed nanocracks are marked with dashed circles. b) Schematic
illustration of the light-scattering simulation. The monochromatic waves (𝜆 = 455 nm) were emitted from the port, passed through the randomly
distributed ZnO nanocluster layer, and the light intensities were measured at the monitor. The cross-TEM image of the SCPL shows the diameter of each
cluster. c) Relative scattering intensity of the QLEDs with the 80-nm-thick SCPL to the device without a CPL, as a function of 𝜌. Error bars are the standard
deviations of the results from 20 realizations. The dashed lines are the scattering intensities of QLEDs without a CPL (gray) and with the conventional
CPL (90 nm, orange). d) Haze of the Ag, Ag/conventional CPL, and Ag/SCPL films. The inset photograph compares the edges of each pixel.

scattering can be enhanced by ≈1.3 times, demonstrating the su-
perior light-scattering property of the SCPL over the conventional
organic CPL. The simulation results show that the nanoscale ag-
glomeration of ZnO NPs and the resulting random nanocracks
within the SCPL can induce additional light scattering, which can
help explain the unexpected changes in the angular EL distribu-
tion and the EQE enhancement. Our simulation modeling also
implies that the material candidates for the SCPL are not limited
to ZnO NPs, but can be expanded to various NPs, such as TiO2,
SiO2, and NiO, if these kinds of NPs have appropriate proper-
ties (e.g., transparency, refractive index, and size-tunability) and
aggregate into subwavelength-scale nanoclusters in film. Com-
prehensively, the main mechanisms by which the SCPLs can en-
hance the optical properties of QLEDs can be summarized as
twofold. First, by controlling the thickness of the SCPL, the op-
tical interference can be optimized, and the angular EL spectra
and intensity can be redistributed. Second, the naturally formed
subwavelength-scale ZnO clusters and nanocracks in the SCPL

can induce multiple light scattering to further enhance the light
extraction. In addition, slightly higher haze of the SCPL com-
pared to that of conventional CPLs, as shown in Figure 3d, can
scatter light more in lateral directions, which clearly explains
the broadened angular distribution of EL spectra in Figure 2f. It
should be noted that higher haze is not necessarily desirable as
it can cause blurring problems, but the inset in Figure 3d obvi-
ously shows that our SCPL has clear pixel edges and almost no
blurring due to its thinness.

2.4. Angle-Dependent Emission Characteristics in QLEDs

In the case of top-emission QLEDs, it is a concern that the EL
spectrum differs depending on the viewing angle as the cav-
ity length varies. When the devices are tilted, the EL emission
tends to be slightly blue-shifted,[32] which is a major hurdle for
top-emitting QLEDs to present a uniform color. To solve this
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Figure 4. a) Angle-dependent EL spectra of QLEDs when the thickness of the SCPL was varied to 0, 30, 55, 80, 115, or 150 nm. During the measurement,
the viewing angle was gradually tilted from 0° to 80° with an interval of 10°. b) Changes in 𝜆max (top) and FWHM (bottom), and c) the changes in CIE
1976 coordinates of the EL spectrum (Δu”v”) as a function of the viewing angle. The reference point of Δu”v” was set when the viewing angle was 0°. The
dashed lines represent the JNCD. d) CIE 1976 coordinates (u’, v’) of the EL spectrum of the QLEDs without a CPL (gray markers), with the 80-nm-thick
SCPL (green markers), and with the other thickness of SCPLs (inset), along with the sRGB (dashed lines) and BT.2020 (solid lines) color spaces. The
measurement angles for the EL spectrum are 0° for circle markers and 60° for triangle markers.

problem, it has been reported that the angle-dependent color
shift can be mitigated by incorporating an appropriate thickness
of a CPL to modulate the Fabry-Perot resonance factor.[33] How-
ever, previous CPLs had limitations due to the vacuum evapo-
ration process of the CPLs, that is, the material availability is
mostly limited to the small molecules, and controlling the thick-
ness based on the emitting color adds complexity to the process
steps. An additional SCL has been used to mitigate angular color
shifts,[20,26] but the micron-scale scattering materials are highly
likely to cause pixel crosstalk in a high-resolution pixel array.
Moreover, stacking solution-processed SCLs on top of organic
CPLs further complicates processability.

With the introduction of the SCPL, we could completely elim-
inate the angular shifts of the EL emission, while perfectly ad-
dressing the limitations of the previous studies owing to the dual-
functionality of CPLs and SCLs. Figure 4a shows the EL spectra of
the QLEDs with various thicknesses of the SCPL when the view-
ing angle is changed from 0° to 80°, of which the peak wavelength
and FWHM are plotted in Figure 4b. The EL spectra of the QLED
without a CPL exhibit blue-shifts in 𝜆max with increasing view-
ing angle. On the contrary, as the SCPL is covered, the shift of
𝜆max gradually decreases and almost disappears when the SCPL
thickness is 80 nm, and increased again thereafter. Moreover, the
changes in the FWHM of the devices also exhibited a similar be-
havior, which was minimized at the SCPL thickness of 80 nm.
To quantify the degree of color shifts, we calculated the changes
in the Commission internationale de l’éclairage (CIE) 1976 color
coordinates (Δu′v′) as the viewing angle was tilted from 0° to 80°

(see Figure 4c), which is defined as,[34,35]

Δu′v′ (𝜃) =
√(

u′
𝜃
− u′

0

)2 +
(
v′
𝜃
− v′0

)2
(1)

where (u′
𝜃
, v′

𝜃
) is the color coordinate of the emission spectrum

measured at a viewing angle 𝜃, and (u′
0, v′0) is the reference point,

where 𝜃 is 0°. When evaluating color reproducibility, there is a
standard that is mainly used in the display industry—just no-
ticeable color difference (JNCD).[32] This means that the human
eye can perceive the color difference of adjacent pixels when
Δu′v′ = 0.004. Thus, when Δu′v′ becomes larger than 0.004, a
color change can be detected in a situation where one needs to
see pixels from various angles simultaneously, such as flexible,
foldable, or AR/VR displays. Additionally, the color difference in
different spaces or timestamps can be noticed whenΔu′v′ = 0.02.
As plotted in Figure 4c, Δu′v′ of the QLED without a CPL ex-
ceeds the JNCD (i.e., 0.02) from the viewing angle of 40°, and
reaches almost 0.05 at 80° which is far beyond the human percep-
tion limit. However, when the 80-nm-thick SCPL is introduced,
Δu′v′ is below 0.004 even up to the viewing angle of 60°, and it
is still below 0.02 at 80°. This means that the angle-dependent
color shift becomes unrecognizable with the SCPLs, which is
highly advantageous for our top-emitting QLEDs to be applica-
ble to a wide range of displays with various form factors. Fur-
thermore, the device with the 80-nm-thick SCPL can contribute
to covering a wide color gamut with imperceptible color shifts,
as shown by the changes marked in Figure 4d compared to the
sRGB and the BT.2020 color spaces.[36] On the other hand, it can
be seen that the QD device without a CPL deviates significantly
from the blue color coordinate of BT.2020 as the viewing angle in-
creases. Figure S10 (Supporting Information) shows that adopt-
ing an appropriate thickness of the conventional CPL can also
reduce the angle-dependent color shifts; however, the optimal de-
vice still exhibitsΔu′v′ higher than the JNCD at the viewing angle
of 80°, which means that the optical performance of the SCPL
surpasses that of the conventional organic CPL. Therefore, we
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believe that the introduction of the new SCPL would contribute
to the development of color-stable WCG display devices based on
top-emitting structured light-emitting diodes, including QLEDs,
OLEDs, and perovskite LEDs, in a simple solution process.

3. Conclusion and Discussion

In this work, we demonstrate viewing angle-independent, top-
emitting blue QLEDs with enhanced light outcoupling properties
by introducing a solution-processed, dual-functional SCPL using
subwavelength-scale ZnO NPs. Compared with conventional
CPLs, our SCPL exhibits much higher optical performance in
both color shifts and light scattering, which is attributed to the
naturally formed ZnO nanoclusters and random nanocracks. We
think that the introduction of the SCPL is even more promising
in practice because of the following advantages. First, the SCPL
based on solution-processed ZnO NPs performs the functions
of both CPLs and SCLs simultaneously, reducing fabrication
steps and costs. Second, solution-based patterning enables SCPL
thickness to be optimized separately for each primary color, as
shown in Figure S1 (Supporting Information). While the SCPL
in this study was spin-coated on QLEDs to form non-pixelated
blue devices, the final stage of commercialization will involve a
patterning method, and the optimization for each color can be
different. Unlike the conventional CPLs, which require compli-
cated vacuum thermal evaporation processes and three different
fine metal masks for each color, SCPLs can be more easily
patterned by various solution processes, such as inkjet printing
and transfer printing methods. By using various SCPL materials,
more sophisticated optimizations for individual subpixels can
be conducted, including the thickness control for cavity tuning
and nanoparticle size control for scattering optimization. Finally,
the use of a thin film (≈100 nm) from the extremely small-sized
nanoparticles (≈3 nm) overcome most of the adverse effects
that can be seen in high-resolution display arrays with small
subpixels. Therefore, we strongly believe that the SCPL based
on ZnO NPs would be a promising novel type of CPL for a wide
range of top-emitting LEDs, such as polymer LEDs, perovskite
LEDs as well as QLEDs, to enhance their optical properties.
Furthermore, the subwavelength tunability of NP clustering
with nanocracks would provide promising insights not only to
the community for the development of color-stable and efficient
display products, but also to the field of metamaterials and disor-
dered photonics, such as the design of isotropic effective material
parameters.

4. Experimental Section
Materials: Zinc acetate dihydrate (Zn(CH3CO2)2∙2H2O, ≥ 98%),

potassium hydroxide (KOH, reagent grade, 90%), butylamine (99.5%),
sulfur (99.998%, metal basis), tellurium (99.8%, powder), oleic acid
(OA, 90%), 1-octadecene (ODE, 90%), trioctylamine (TOA, 98%), and
1-hexadecylamine (HAD, 98%) were purchased from Sigma–Aldrich.
Zinc acetate (Zn(CH3CO2)2, ≥ 99.9%) and selenium (99.999%, pow-
der) were purchased from Alfa Aesar. Diphenylphosphine (DPP, >

98%) and trioctylphosphine (TOP, ≥ 99%) were obtained from Lake
Materials.

Synthesis of ZnO NPs: In a three-necked round-bottomed flask, 2.0 g
of Zn(CH3CO2)2∙2H2O and 80 mL of methanol were mixed for reaction
under N2 condition at 60 °C. While stirring, 0.93 g of KOH dissolved in

methanol (40 mL) was quickly injected into the Zn(CH3CO2)2∙2H2O so-
lution. After reacting for 145 min, the synthesized ZnO NPs were stabilized
overnight. Finally, the product was precipitated, centrifuged with methanol
for purification, and redispersed in 1-butanol with addition of butylamine
(1 vol%) for stabilization.

Synthesis of Blue ZnSeTe/ZnSe/ZnS QDs: For the synthesis of the
ZnSeTe QD core, 2 mmol of Zn(CH3CO2)2 was placed in a three-necked
flask with 2 mL OA and 20 mL of ODE. The cation mixture was degassed
by heating to 120°C for 30 min and then it was heated to 210°C under
N2 purge. Then, a Se-DPP stock solution (1.0 mmol of Se dissolved in
0.5 mL of DPP) and a Te-TOP stock solution (0.029 mmol of Te dissolved
in 0.6 mL of TOP) were co-injected into the mixture. For the growth of
ZnSeTe cores, the reaction was maintained at 210°C for 30 min, followed
by the reaction at 300°C for 1 h. For the formation of the ZnSe inner
shell, a Zn(OA)2 stock solution (15 mmol of Zn(CH3CO2)2 dissolved in
10 mL of OA, 5 mL of TOA and 5 mL of TOP) and a Se stock solution
(6 mmol of Se dissolved in 5 mL of TOP) were slowly added at a rate of
25 mL min−1 for 1 h, and the reaction was maintained at 300°C for 1 h.
The reactor was then cooled down to room temperature, and the result-
ing ZnSeTe/ZnSe QDs were precipitated with ethanol and redispersed in
6 mL of hexane. Subsequently, to grow the ZnS outer shell, 6 mmol of
Zn(CH3CO2)2, 12 mmol of HAD, 6 mL of OA, and 60 mL of TOA were
mixed in a three-necked flask with degassing at 120°C for 30 min. The 6 mL
of the purified ZnSeTe/ZnSe QDs in hexane were injected into the reactor
and degassed at 150°C for 10 min. After heating the reactor to 330°C un-
der N2 atmosphere, 18 mL of the Zn(OA)2 stock solution and a S stock
solution (5.6 mmol of S dissolved in 4.5 mL of TOP) were slowly added at
a rate of 22.5 mL min−1 for 1 h and the reaction was maintained at 330°C
for 1 h. As-synthesized ZnSeTe/ZnSe/ZnS QDs were repeatedly purified
with hexane–ethanol-mixed solvent by centrifugation (9000 rpm, 10 min),
and redispersed in hexane.

Device Fabrication: Glass substrates were ultrasonically cleaned with
acetone, isopropyl alcohol, and deionized water for 15 min each. Af-
ter drying in an oven at 120°C overnight, Ag was deposited by thermal
evaporation through the cathode-patterned metal mask. Then, ZnO NPs
(13 mg mL−1 dissolved in 1-butanol) were spin-coated at 2000 rpm for
40 s and annealed at 100°C for 30 min in an N2-filled oven. After that, the
ZnSeTe/ZnSe/ZnS QDs (4 mg mL−1 dissolved in hexane) were deposited
by spin-coating at 4000 rpm for 30 s, and annealed at 60°C for 10 min
in an Ar atmosphere. On the QD film, CzSi, TCTA, MoOx, and Ag were
thermally evaporated to form the hole transport layer, hole injection layer,
and anodes, respectively. After fabricating the top-emitting QLEDs, vari-
ous thicknesses of CPLs were deposited either by spin-coating the ZnO
NPs or by thermal evaporation of TAPC. The ZnO NPs (15, 30, 45, 60, or
75 mg mL−1 dissolved in 1-butanol) were spin-coated at 2000 rpm for 40 s
in an Ar-filled glove box to form SCPL, while TAPC was thermally evapo-
rated to form the conventional CPL.

Characterization: The J−V−L characteristics of the QLEDs were mea-
sured using a Keithley 236 source–measurement unit, a Keithley 2000 mul-
timeter, and a calibrated Si photodiode (Hamamatsu S5227-1010BQ). The
EL spectra were measured using a spectroradiometer (Konica–Minolta
CS-2000). The angle-dependent EL intensities and spectra were also mea-
sured using the spectroradiometer, while the samples were gradually ro-
tated. The surface morphology was measured by AFM (Park Systems NX-
10) and SEM (ZEISS GeminiSEM 560), and the cross-sectional image of
the QLEDs was obtained by a high-resolution scanning transmission elec-
tron microscope (STEM, JEOL JEM-ARM200F). To obtain the input param-
eters for the optical simulation, the n and k of each layer were measured us-
ing an ellipsometer (Ellipsotechnology Elli-SE-UaM8). The absorption and
PL emission spectra of the QDs were obtained using a UV/Vis spectrom-
eter (Cary 5000, Varian) and a fluorescence spectrophotometer (F-2500,
Hitachi), respectively. The haze of the CPL was obtained using a hazeme-
ter (Nippon Denshoku NDH-2000) equipped with a D65 standard light
source.

Simulation Methods: To simulate the wave interference throughout
the CPL, a commercial thin-film device optical simulation tool, Setfos
(FLUXiM, Switzerland), was used. All the consisting layers of the QLEDs,
including the SCPL, were considered homogeneous in the simulation.
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To simulate the light-scattering effect of the SCPL, two-dimensional
finite element modeling was performed using COMSOL Multiphysics, as
shown in Figure S9 (Supporting Information). The simulated structure
was TCTA (perfectly matched layer)/light-emitting port (white line)/TCTA
(25 nm)/MoOx (8 nm)/Ag (12 nm)/SCPL (80 nm)/air/air (perfectly
matched layer) (Figure S9a, Supporting Information). At the port, the
monochromatic waves (𝜆 = 455 nm) were randomly emitted at each
viewing angle while monitoring the light intensity in air. The n of the SCPL
was measured to be 1.64 by an ellipsometer at 𝜆 = 455 nm. However, the
n of the single ZnO NP is expected to be higher considering that the SCPL
possesses numerous air gaps inside the layer. The n of the single ZnO
NP was assumed to be the same as that of a crystalline ZnO film, which
was previously reported to be n = 2.1 at the wavelength of 450 nm.[37]

Moreover, considering that ZnO clusters are composed of closely-packed
ZnO NPs with a few air gaps, n of each cluster was set to be 1.8. To realize
the inhomogeneous morphology of the SCPL, the film was modeled as
follows (see Figure S9b, Supporting Information). The density of ZnO
NP clusters within the SCPL was defined by the distribution factor 𝜌 =
N(AZnO/ASCPL), where AZnO and ASCPL are the areas of a cluster and
the entire SCPL, respectively, and N is the number of ZnO NP clusters
determined by 𝜌. The position of the cluster center (xc, yc) was determined
by the uniform random distribution, allowing for their overlap. The radius
of the ZnO NP clusters was set to be 5 nm based on the cross-TEM image
of SCPL, which was reasonably consistent with the study in which the hy-
drodynamic diameter of aggregated ZnO NPs dissolved in 1-butanol was
measured to be ≈ 10 nm.[38] Despite their overlap, n of the entire areas
filled with ZnO clusters was assumed to be 1.8. The scattering efficiency
was averaged over 20 random realizations to provide an ensemble average
of the realizations, as illustrated in Figure S9c (Supporting Information).
The scattering effect of the conventional CPL based on the identical
model, consisting of TCTA (perfectly matched layer)/light-emitting port
(white line)/TCTA (25 nm)/MoOx (8 nm)/Ag (12 nm)/organic CPL
(TAPC, 90 nm)/air/air (perfectly matched layer) was simulated. The
conventional CPL was considered as a homogeneous layer with the n
of 1.71.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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