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Low-temperature monolithic integration
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With the increasing demand for hyper-realistic displays, significant advancements have been reported
in high-resolution quantum dot–organic light-emitting diode (QD-OLED) technology owing to its wide
color gamut and improved color purity. However, achieving both high color purity and light extraction
remains a critical challenge due to significant blue light leakage in high resolution QD-OLED. Here, we
overcome these limitations by demonstrating a damage-free, low-temperature ( < 100 °C) monolithic
integration of patterned distributed Bragg reflectors (DBRs) directly onto a QD-OLED stack to
effectively suppress blue leakage and enhance conversion efficiency. DBRs fabricated from SiNx and
SiOx using low-temperature ( < 100 °C) plasma-enhanced chemical vapor deposition demonstrate
high reflectance of 95.9% at 455 nm while effectively suppressing reflectance in the red and green
regions. A high-precision, one-step fluorine-based dry etching process achieved a 4 μm pattern size
with a near-vertical taper angle of 89°, supporting pixel densities up to 3175 ppi. Compared to the
device without DBR, the monolithically integrated architecture exhibits a photon recycling effect,
enhancing red and green emission intensities by 19.7% and 10.7%, respectively, while reducing blue
leakage by approximately 90%. Furthermore, the integrated device achieved a color gamut of 120.5%
relative to the sRGB standard. These findings confirm that monolithically integrated DBRs serve as a
robust and scalable solution for next-generation high-resolution QD-OLED displays.

The increased interest in hyper-realistic displays has resulted in extensive
research on next-generation displays with high resolution and a wide color
gamut1–3. To achieve superior color performance, quantumdots (QDs) have
emerged as promising materials owing to their excellent optical properties,
such as high quantum efficiency, narrow emission spectra, and easy
wavelength control4–6. These QD down-conversion layers are widely inte-
grated with solid-state blue excitation sources to realize full-color micro-
displays. Recently, displays based on III-nitridemicro-light-emitting diodes
(μLEDs) have developed rapidly, serving as high-efficiency, robust, and
ultra-high-brightness optical sources7,8. On the other hand, QD-OLED
displays, which convert the blue light emitted by theOLED into red or green

light via the down-conversion of quantum dots, have been commercialized
and represent another key platform for high-performance displays9–11.
These displays inherit the advantages of conventional OLEDs while pro-
viding a wider color gamut owing to the narrow emission spectra of QDs.

However, some technical challenges should be addressed to realize
high-resolutionQD-OLEDs. BecauseQD-OLEDsabsorbblue light through
theQDcolor conversion layer, any unabsorbed blue lightmay leak from the
device, thereby reducing the conversion efficiency and color purity12–15; this
issue is exacerbated as the QD layer becomes thinner. The increase in the
resolution of QD-OLEDs decreases the size of each pixel, requiring smaller
and thinnerQD layers. Inotherwords, the thickness of theQD layermust be
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decreased to achieve high-resolution QD-OLEDs, resulting in a reduced
conversion efficiency and color gamut. Therefore, researchers have focused
on enhancing the color conversion properties of QDs by adding scattering
particles to address the aforementioned problems16–18. These scattering
particles refract and scatter the incident blue light from OLEDs, increasing
the optical path and the amount of light absorbed by QDs, which in turn
increases the converted light. Additionally, red and green color filters (CFs)
can be applied to the QD layer to prevent blue light leakage10,12. CFs selec-
tively transmit specific wavelengths while absorbing others, effectively
reducing blue light leakage and increasing the color gamut.However, as CFs
do not achieve 100% transmittance, they absorb a part of the red or green
light, reducing the conversion efficiency.

Distributed Bragg reflectors (DBRs) have been used to overcome the
limitations of conventionalCFs19–22.DBRs are dichroicmirrors composedof
alternating layers of materials with different refractive indices, enabling the
adjustment of reflection wavelength regions and reflectance based on the
thickness and period of each layer. Applying a DBR that selectively reflects
blue wavelengths over the QD layer can not only block leaked blue light but
also recycle it by reabsorbing the reflected blue light into the QD layer,
thereby enhancing conversion efficiency. Because DBRs reflect blue light, a
patterning process should be implemented to remove DBR from the blue
pixel region (Fig. 1).However, only a fewstudieshavebeen reportedonDBR
patterning owing to the difficulty of multilayer patterning23. Crucially,
standard dielectric deposition processes often exceed the thermal budget of
organic materials, causing irreversible degradation to the underlying
OLEDs. Consequently, a monolithic integration strategy operating strictly
under low-temperature conditions is notmerely advantageous but essential
for manufacturing high-yield QD-OLED microdisplays. In thermally eva-
porated DBR structures based on MoO3/LiF or WO3/LiF materials24,25,
high-resolution patterning cannot be achieved because the materials

dissolve in water, rendering it impossible to apply photolithography pro-
cesses. Although SiO2-based DBR structures can be processed using pho-
tolithography, wet etching for DBR patterning is challenging because of the
varying etching rates of high- and low-refractive-index materials. Even in
the case of dry etching, the lowetching rate and selectivity of high-refractive-
index dielectrics, such as Nb2O5, TiO2, and Al2O3, result in low pattern
resolution and poor etch profiles23,26. Several studies have investigated the
dry etching ofDBRusing ITOorCr hardmasks27,28; however, the additional
process of hard mask removal or the high processing temperatures have
rendered this approach unsuitable for OLED applications.

In this study,we developeda low-temperature-processedDBR that can
be applied to high-resolutionQD-OLEDs. TheDBRwas fabricated via low-
temperature plasma-enhanced chemical vapor deposition (PECVD),
enabling direct deposition onto the QD layers without causing thermal
degradation to the underlying OLED. Furthermore, the DBR consists of
SiNx/SiOx materials, which facilitate a high-precision, one-step fluorine-
based dry etching process for ultra-high-resolution patterning. The optimal
thickness and period of the DBRwere designed using an optical simulation
tool to achieve high reflectance in the blue wavelength region and low
reflectance in the red and green wavelength regions. The optical and elec-
trical properties of the fabricated DBR and the QD-OLED with the DBR
were evaluated, confirming that the DBR effectively reduces blue light
leakage without light loss. Finally, we demonstrated the monolithic inte-
gration of the patterned DBRwith QD-OLEDs to experimentally verify the
photon recycling effect and its impact on enhancing color purity and con-
version efficiency. The resulting color gamut performance and patterning
resolution were assessed to confirm the feasibility of this integrated
approach for next-generation high-resolution QD-OLEDs.

Results
Structural design of DBR and optical properties
To suppress blue-light leakage in QD-OLEDs, we designed a DBR that
exhibits spectrally selective high reflectance in the blue wavelength region.
SiNx and SiOx were used as the high-and low-refractive-index materials,
respectively, and their refractive indices and extinction coefficients are
shown in Fig. S1. The reflectance of the DBR (RDBR) is expressed as

29

RDBR ¼ nH
� �2P � n0=ns

� �
× nL
� �2P

nH
� �2P þ n0=ns

� �
× nL
� �2P

" #2

; ð1Þ

wherenH ,nL,n0, andns denote the refractive indices of thehigh-index layer,
low-index layer, incident medium, and substrate, respectively, and P is the
number of periods. For a target wavelength of 455 nm, quarter-wave
thicknesses (λ=4n) of 58 nm and 77 nm were selected for SiNx and SiOx,
respectively.

Transfer-matrix calculations were performed to evaluate the reflec-
tance spectra for the selected SiNₓ/SiOₓ thicknesses (Fig. S2). As the number
of DBR pairs increased from 2 to 10, the reflectance in the blue wavelength
region increased markedly, and the stopband edge became progressively
steeper. This behavior is attributed to enhancedmultiple-beam interference
in the periodic multilayer. In particular, the reflectance at 455 nm increased
from 14.2 to 97.7%, indicating that increasing the number of periods
strengthens the blue reflection and improves spectral selectivity.Despite this
improvement, appreciable residual reflection remained at longer wave-
lengths. For the 10-pair DBR, the reflectance reached 32% (546 nm) and
15.6% (630 nm) at the emission peak wavelengths of green and red QDs,
respectively. These long-wavelength ripples arise from constructive inter-
ference induced by higher-order resonance modes inherent to the periodic
DBR structure30.

To clarify the physical origin of this residual reflection, an optical-
admittance-based analysis was performed. Figure 2a, b depict the conven-
tional DBR structure and the corresponding admittance trajectories at 546
and630 nm in the complexadmittanceplane. The reflectivity is governedby
thedistancebetween the terminal admittance of themultilayer stack (Y) and

Fig. 1 | Schematic illustration of a patterned distributed Bragg reflector (DBR)
integrated into a quantum dot–organic light-emitting diode (QD-OLED) pixel
architecture. The QD-OLED consists of a bottom blue OLED backlight layer, an
Al2O3 encapsulation layer, and patterned red and green quantum dot (QD) sub-
pixels alongside a transparent blue sub-pixel region. Upward blue arrows indicate
excitation light emitted from the blue OLED layer. The DBR stack is selectively
patterned over the red and green QD sub-pixels, while being completely removed
from the blue sub-pixel region to permit blue light transmission. Over the red and
green sub-pixels, the DBR selectively reflects transmitted blue light downward back
into the QD layers (downward blue arrows) for photon recycling and enhanced
optical absorption, while allowing converted red and green light (indicated by
upward red and green arrows, respectively) to propagate outward.
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the glass admittance (Y0), where perfect impedance matching corresponds
to zero distance. The admittance trajectory of the conventional DBR ter-
minates far from Y0, with distances of 1.574 and 0.873 at 546 and 630 nm,
respectively, indicating incomplete impedance matching at the DBR/glass
interface. To reduce this mismatch, the boundary layers were optimized
sequentially. The SiNₓ and SiOₓ thicknesses at the glass-substrate side were
first varied (Fig. S3). This suggests that substrate-side tuning preserves high
blue reflectance while modifying the stopband edge and redistributing the
long-wavelength spectral characteristics. Based on these results, the glass-
side SiNₓ and SiOₓ thicknesses were selected to 38 nm and 57 nm,
respectively.

With this glass-side condition fixed, the SiNₓ and SiOₓ thicknesses at
the air interface were optimized using the admittance-distance maps in
Fig. S4. The contour plots of Y � Y0

�� �� at 546 and 630 nm exhibit distinct

minimum regions, indicating that air-side tuning directly governs the
terminal admittance condition. To reduce reflectance at both 546 and
630 nm, the air-side SiNₓ and SiOₓ thicknesses were selected as 10 and
40 nm, respectively.ThemodifiedDBRwas thendesignedby combining the
optimized asymmetric glass-side and air-side boundary layers, as illustrated
inFig. 2c, d.As a result, the admittance trajectorywas substantially reshaped,
and the terminal point (Y) shifted closer toY0. The correspondingdistances
decreased to0.224and0.465at 546and630 nm, respectively.This improved
impedance matching suppresses the higher-order resonance modes
responsible for the long-wavelength ripples.

As shown in Fig. 2e, the calculated reflectance values of the modified
DBR are 98.1%, 5.6%, and 6.5% at 455, 546, and 630 nm, respectively,
highlighting that the high blue reflectance is preserved while the undesired
reflection in the green and red wavelength regions is strongly reduced.

Fig. 2 | Admittance trajectory analysis and optical response of the DBRs.
a Schematic layer sequence of the conventional 10-pair SiOx/SiNx DBR stack on a
glass substrate. b Optical admittance trajectories of the conventional DBR in the
complex admittance plane at wavelengths of 546 and 630 nm, showing terminal
admittance points (Y,magenta stars) located at distances of 1.574 and 0.873 from the
glass admittance (Y0, red dots), respectively. c Schematic illustration of the modified
DBR featuring optimized asymmetric boundary layers at both the glass substrate
interface (38 nm SiNx / 57 nm SiOx) and air interface (10 nm SiNx / 40 nm SiOx).
dOptical admittance trajectories of themodifiedDBR, showing thatY shifts closer to
Y0 with reduced distances of 0.224 at 546 nm and 0.465 at 630 nm, effectively sup-
pressing higher-order resonance modes. e Simulated reflectance spectra of the

conventional DBR (black solid line) and modified DBR (red solid line), demon-
strating that high blue reflectance at 455 nm is preserved while unwanted reflections
at 546 nm and 630 nm are reduced. Vertical gray dashed lines indicate the target
wavelengths. f Simulated (red solid line) andmeasured (blue solid line) reflectance of
the modified DBR, exhibiting slightly lower reflectance in the blue region compared
to simulation while maintaining comparable levels in the green and red regions.
g Cross-sectional transmission electron microscopy (TEM) image of the DBR fab-
ricated via the low-temperature-processed plasma-enhanced chemical vapor
deposition (PECVD), showing 10 pairs of SiOx/SiNx layers on glass alongwithminor
interfacial roughness and thickness variations. Scale bar, 200 nm.
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Figure 2f compares the simulated and measured reflectance spectra of the
modifiedDBR.Themeasured reflectance values at 455, 546, and 630 nmare
97.7%, 4.8%, and 6.2%, respectively. Compared with the simulated spec-
trum, the fabricated DBR exhibits slightly lower reflectance in the blue
region while maintaining comparable suppression in the green and red
wavelength regions. Furthermore, to verify whether the DBR design opti-
mized on the glass remains effective when directly integrated onto the QD
film, additional optical simulationswere performed.As illustrated in Fig. S5,
the calculated reflectance spectrum at the QD film/modified DBR interface
showed a similar overall trend to that obtained for the glass/modified DBR
configuration, owing to the comparable refractive indices of theQDfilmand
the glass substrate. This indicates that the optimizedDBRcanmaintain high
reflectance in the blue region while effectively suppressing unwanted
reflections in the green and red regions, even after integration with the
QD film.

Figure 2g presents a cross-sectional transmission electron microscopy
(TEM) imageof the fabricatedDBR,wherein 10pairs of SiOx/SiNx layers are
well deposited, yet minor roughness and thickness variations are observed.
These morphological imperfections potentially reduced the overall reflec-
tance by decoupling the constructive interference.Notably, thefinal 10-nm-
thick SiNx layer appears inconspicuous in the cross-section, possibly due to
its ultra-thin profile. Importantly, simulation results in Fig. S6 demonstrate
that the reflectance spectrum remains substantially unchanged regardless of
the presence of this 10-nm SiNx layer, confirming that its minimal visibility
does not compromise the intended optical performance.

Color conversion characteristics of QD with DBR
Figure 3 illustrates the color conversion characteristics of the QD-OLED
with DBR. Owing to the application of DBR, the electroluminescent (EL)
intensities decreased from 5.01 × 10−2 and 9.42 × 10−2 to 2.29 × 10−3 and
4.58 × 10−3 for red and greenQDs at 455 nm, respectively. For a quantitative
study, the blue light leakage and output/input (OPIP) rates from the QD
color conversion characteristics were calculated as follows31:

blue light leakage ¼ IBL=IIN ; ð2Þ

OPIP ¼ IQD=IIN ; ð3Þ

where IBL denotes the EL intensity of blue light after color conversion, IIN
indicates the EL intensity of blue light, and IQD represents the EL intensity of
the converted QD light. As indicated in Fig.3, the emission spectra of the

blue OLED and red QD are well separated; however, the spectrum of the
green QD overlaps with that of the blue OLED. The EL intensity was
deconvoluted using a multi-peak Gaussian fitting to separate the green QD
spectrum from the blue OLED spectrum (Fig. S7); the detailed parameters
are listed inTable S1. In the case of greenQDfitting, the peak positionswere
set to 455 and 472 nm, corresponding to themain and shoulder peaks of the
OLED, respectively, and the position at 546 nm represented the emission
peak of the green QD. However, in the case of green QD with DBR fitting,
achieving an accurate fit was challenging because of the interference caused
by the reflectance of the DBR. Therefore, the peak positions at 455 and
546 nmweremaintained constant, whereas the remaining parameters were
retained as free variables to optimize the peak positions and minimize the
fitting error. As indicated in Fig. S7, the EL spectra of the greenQDwith and
without DBR matched well with the fitting function. The deconvolution
spectra confirmed that the calculated blue light leakages of the red and green
QDs decreased from 26.3% and 41.1% to 4.6% and 5.2%, respectively,
indicating that approximately 95%of the blue light was blocked by applying
DBR. Moreover, a primary peak of blue light leakage was observed at
504 nm, corresponding to the band edge of DBR. This suggests that blue
light leakage can be further reduced by suppressing the long-wavelength
vibronic peaks of the blueOLEDby employing a strong cavity structure1,3 or
materials with a narrower emission spectrum32–34. The OPIP rates were
calculated to be 21.4%, 22.5%, 15.5%, and 15.3% for the red QD, red QD
with DBR, green QD, and green QDwith DBR, respectively. The blue light
leakage and OPIP rates for all conditions are summarized in Table 1. The
OPIP rates remained similar after applying DBR, indicating that DBR can
effectively reduce blue light leakage without compromising QD emissions.

Theoretically, the DBR is expected to enhance the OPIP rate by
reflecting the transmitted blue light back into the QD layer, thereby pro-
moting photon recycling. However, the observed OPIP rates remained
similar even after applying the DBR. This is likely owing to the current
measurement configuration, in which the DBR glass and the QD-OLED

Fig. 3 | Color conversion characteristics of QD-OLED with the DBR.
aElectroluminescence (EL) spectra of the reference blueOLED (black solid line), red
QD layer without DBR (pink solid line), and red QD layer with DBR (red solid line).
Without the DBR, unabsorbed blue light leaks through the red QD layer. Upon
incorporating the DBR, the residual blue light leakage is suppressed, while the
converted red QD emission intensity is maintained. b EL spectra of the reference

blue OLED (black solid line), green QD layer without DBR (cyan solid line), and
green QD layer with DBR (olive green solid line). Similarly, the application of the
DBR reduces the transmitted blue light leakage while preserving the green QD
emission intensity, indicating that the DBR reduces unabsorbed blue light without
degrading the color-conversion performance of both sub-pixels.

Table 1 | Blue light leakage and OPIP rates of the QD-OLED
with DBR

Red QD Green QD

w/o DBR w/ DBR w/o DBR w/ DBR

Blue light leakage (%) 26.3 4.6 41.1 5.2

OPIP rate (%) 21.4 22.5 15.5 15.3
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were fabricated independently and characterized in a stacked assembly. This
assembly inevitably introduces an interfacial air gap between the DBR and
the QD layer which could potentially limit efficient photon re-absorption
and subsequent recycling. In this regard, adopting an integrated structure
that eliminates the air gap would be beneficial in clarifying the contribution
of photon recycling to the overall device performance.

For practical applications, evaluating the operational durability of the
QD conversion layer is an important consideration. In our proposed
structure, the QD layer is passivated by the overlying inorganic DBR stack,
which helps shield the layer from environmental moisture and oxygen.
Under such passivated conditions, the overall durability of the color-
conversion layer is closely related to its intrinsic photostability against
continuous blue light excitation. To assess this factor, the photostability of
encapsulated red and green QD thin films was evaluated under continuous
450 nm blue light irradiation (Fig. S8). The red and green QD films main-
tained 91.8% and 88.9% of their initial PL peak intensity after 1000 h,
respectively. These results indicate that combining inorganic DBR passi-
vation with photostable QD formulations contributes favorably to the
operational durability of the QD color-conversion architecture.

Fine patterning of DBR for high-resolution QD-OLED displays
A high-precision fine-patterning process was developed for the DBR to
verify the feasibility of implementing high-resolution QD-OLED displays.
Since theDBR is designed to reflect blue light, its selective removal from the
designated blue pixel regions is essential to ensure high extraction efficiency
for the primary blue emission. The primary technical challenge in pat-
terning multi-layered dielectric stacks lies in maintaining a consistent etch
rate and anisotropy across chemically distinct layers. In particular, TiO2,
commonly utilized as the high-refractive-index material in conventional
DBRs, is notoriously difficult to dry etch due to the low volatility of its
reaction byproducts (e.g., TiFx or TiClx). This often necessitates high-power
plasma conditions or complex chlorine-based chemistries (Cl2/BCl3), which
can lead to mask erosion and a degraded taper angle35,36.

The SiNx/SiOxmaterial systemprovides a significant tactical advantage
in fabrication over conventional SiO2/TiO2-based DBRs. The silicon-based
DBR architecture enables a streamlined, single-step dry etching process
using a unified fluorine-based gas chemistry. Unlike TiO2-based systems
that often require chlorine-based chemistries, this fluorine-based approach
allowed for the rapid patterning of the entire 20-layer stack (10 pairs) in a
single 380-second session without periodic gas switching. The relatively
highArflow rate facilitateddirectional ion bombardment,which, combined
with the chemical etching of CF4, maintained high anisotropy even at a
moderate pressure of 70 mTorr.

Figure 4a depicts a cross-sectional image of the patterned DBR, which
exhibits a nearly vertical etch profile with a smooth sidewall morphology.
Notably, the taper angle reached approximately 89°, significantly higher
than values typically reported for dry-etched dielectric stacks using photo-
resist mask23,26. This highly anisotropic profile demonstrates the excellent
directional control of the developed process, which is essential for max-
imizing the effective aperture ratio andminimizing unintended lateral light
leakage at the pixel boundaries. As shown in Fig. 4b, a pattern size of
approximately 4 μm was achieved, which corresponds to a pixel density of
3175 pixels per inch (ppi). These results underscore the potential of the
developed DBR architecture for integration into ultra-high-resolution
microdisplays, providing a robust and scalable solution for augmented and
virtual reality (AR/VR) applications.

Monolithically integrated QD-OLEDs with patterned DBR
To experimentally verify the photon recycling effect and address the lim-
itations of the stacked configuration, amonolithically integratedQD-OLED
architecture was realized as illustrated in Fig. 5a. The device was fabricated
on a silicon substrate integrated with pixel electrodes and address lines,
upon which a top-emission blue OLED was deposited as the primary light
source. A thin-film encapsulation (TFE) layer was applied over the OLED
stack for protection, followed by the patterning of a pixel defining layer

(PDL) and QD color conversion layers via photolithography. To prevent
thermal degradation of the underlying OLED, both the PDL and QD pro-
cesses were limited to temperatures below 100 °C. The PDL, patterned from
a transparent photoresist, serves a dual structural role: it acts as a protective
barrier over the blue sub-pixels and simultaneously forms recessed wells to
define the red and green QD deposition regions. Following the QD/PDL
formation, an Al2O3 buffer layer was deposited to provide QD protection
and serve as an etch-stop layer for the subsequent DBR patterning. Finally,
the multi-layered DBR was monolithically integrated and selectively pat-
terned to reside exclusively over the green and red QD pixels. The devel-
opment of this low-temperature PECVD DBR process enabled the
monolithic integration of the entire architecture, providing a robust plat-
form to suppress blue light leakage and enhance the photon recycling effect,
which is particularly beneficial for high-resolution displays where the QD
thickness is inherently limited.

The practical implementation of the proposedmonolithic architecture
was successfully demonstrated on a 6-inch wafer, as shown in Fig. 5b. The
wafer clearly distinguishes between regions with and without the DBR. The
DBR-integrated region on the left exhibits a distinctive bluish tint, which is
attributed to the selective reflection of blue light by the DBR, whereas the
right portion displays the area without the DBR. A magnified image in
Fig. 5b shows a single 20mm× 20mmdevice chip extracted from thewafer.
Each chip contains 16 distinct 2 mm× 2mm patterned QD arrays, con-
firming that the high-resolution patterning process is consistent across
multiple devices. Figure 5c shows optical microscopy (OM) image of the
pixel arrays,whichverify the successful formationof the200-ppi pixel layout
with a sub-pixel size of 60 μm. The OM images confirm that the DBR is
precisely aligned over the red and green pixels while being entirely removed
from the blue pixel regions to allow for blue emission.

Figure 5d presents the cross-sectional SEM image of the monolithic
integration of the QD-OLED with a patterned DBR. The QD layer and the
transparent PDL exhibited well-controlled thicknesses of approximately
7 μm and 6 μm, respectively. The cross-sectional view reveals that the DBR
stack is selectively patternedon top of theQD sub-pixel, confinedwithin the
boundaries of the PDL matrix. The magnified SEM image clearly reveals a
well-defined monolithic stack consisting of the OLED, TFE, QD/PDL, and
DBR layers.

To further investigate the morphological characteristics of the pat-
ternedDBRstack on the integrated sub-pixel array, top-view and tilted-view
SEM analyses were performed (Fig. S9). As shown in the top-view SEM
images (Fig. S9a and c), our optimized dry-etching recipe maintains good
pattern fidelity and edge definition across the sub-pixel array. On a flat
control substrate (Fig. 4), the uniform photoresist thickness and flat
underlying topography enable directional, highly anisotropic ion bom-
bardment, yielding a near-vertical DBR sidewall profile. In contrast, for the
fully integrated panel, when the QD photoresist is filled within the pixel-
defining layer (PDL) matrix, capillary forces and solvent evaporation
inherently cause the QD film to adopt a slightly concave surface profile
(Fig. S9b). Additionally, a minor step height exists between the PDL bank
and the filled QD layer, resulting in a complex non-planar topography
across the pixel boundaries. As a result, the taper angle on the integrated
device can be less vertical than that achieved on a flat test substrate.
Nevertheless, as evidenced by the top-view and tilted-view SEM analyses
(Fig. S9a–d), despite these challenging topographical variations, the DBR
stack is fairly well patterned with distinct boundary definition and uniform
pixel isolation across the array.

In terms of optical characteristics at the sub-pixel boundaries, the
slanted sidewall profile reduces the effective top footprint of the DBR stack
relative to theunderlyingQDsub-pixel.Consequently, theDBRcannot fully
cover the entire top surface of the QD pixel, leaving exposed edge regions
where blue photons escape without being reflected. As display resolution
increases and sub-pixel dimensions shrink, the perimeter-to-area ratio
inherently increases, exacerbating this localized edge leakage effect. At our
current sub-pixel dimension (60 μm), this localized edge leakage remains
minor and does not induce severe inter-pixel color crosstalk. However, as
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pixel dimensions shrink further, this localized edge leakage could become a
potential limitation for optical purity. Therefore, our findings suggest that
eliminating surface non-planarity to achieve ideal vertical coverage becomes
increasingly essential for ultra-high-resolution display applications, which
could be effectively addressed through an additional planarization step.

As observed in the SEM analyses (Fig. S9), the QD-PR layer exhibits
noticeable surface roughness and non-planar topography. To quantitatively
verify the surface quality, atomic force microscopy (AFM) analysis of the
QD-PR films was performed (Fig. S10). The red and green QD-PR films
exhibited root-mean-square roughness (Rq) values of 1.70 nm and 2.46 nm,

and peak-to-valley roughness (Rpv) values of 23.3 nm and 22.0 nm,
respectively. Although the overall Rq remains relatively low, the localized
peak-to-valley roughness ( ~ 23 nm) indicates the presence of nanoscale
topographical variations and isolated nano-aggregates within the matrix.
Because themultilayer DBR stack was deposited directly onto the patterned
QD-PR layer without a separate planarization step, this underlying surface
roughness conformally propagates into the overlying SiOx/SiNx dielectric
interfaces. While the DBR stack maintains physical structural integrity, the
propagated interfacial roughness and isolated nano-aggregates can induce

Fig. 4 | Scanning electron microscopy (SEM) images of the patterned DBR.
a Cross-sectional SEM image of the dry-etched SiOx/SiNx DBR stack on a silicon
substrate, showing a nearly vertical sidewall profile. Scale bar, 1 μm. b Top-view

SEM image of the patterned DBR array with a pattern size of approximately 4 μm,
corresponding to a pixel density of 3175 pixels per inch (ppi). Scale bar, 5 μm.

Fig. 5 | Monolithic integration of the QD-OLED with a patterned DBR.
a Schematic illustration of the monolithically integrated top-emission QD-OLED
structure with a selectively patterned DBR layer, depicting the layer stack consisting
of a silicon substrate, top-emission blue OLED, TFE protection layer, QD color-
conversion layers confinedwithin PDLwells, and selectively patternedDBR residing
over red and green sub-pixels. b Photographs of the fabricated device on a 6-inch
wafer scale, showing regions with (DBRO) andwithout (DBRX) the DBR (left), and
amagnified image of a single 20 mm × 20mm device chip (right). Scale bars, 20 mm
(left) and 5 mm (right). c Optical microscopy images of the pixel arrays after QD

formation (left) and subsequent selective DBR patterning (right), showing a 60 μm
sub-pixel size with theDBRaligned over red and green pixels and removed fromblue
pixel regions. Scale bar, 100 μm. dCross-sectional SEM images of themonolithically
integrated QD-OLED, showing the overall layer profile confined within the pixel
defining layer matrix (left; scale bar, 20 μm) and a magnified view of the integrated
stack consisting of the substrate, OLED/electrode, TFE, QD layer, and DBR stack
(right; scale bar, 1 μm). The author designed Fig. 5a in Microsoft PowerPoint and
used Google Gemini only to improve its visual quality. No third-party copyrighted
materials, external sources, or stock images were used or adapted.
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localized changes in interference conditions and light scattering, con-
tributing to increased blue light leakage.

The electroluminescence of the monolithically integrated QD-OLED
was evaluated to quantify the individual and combined effects of the pat-
terned DBR and CF (transmittance shown in Fig. S11) on color purity and
efficiency. Figure 6a, b presents the EL spectra for the red and green pixels,
respectively, under four different configurations: QD only, QD/DBR, QD/
CF, and QD/DBR/CF. For the red pixels, the integration of the DBR (Red
QD/DBR) resulted in a significant reduction in blue leakage at 455 nm,
decreasing the intensity from 1.36 × 10–2 to 1.22 × 10–3 ( ~ 91% reduction).
Simultaneously, the primary red emission at 630 nm increased from
5.47 × 10–3 to 6.55 × 10–3, representing a 19.7% enhancement in emission
intensity attributable to the photon recycling effect. In contrast,QDwith the
CF only (Red QD/CF) suppressed blue leakage through absorption but
yielded a lower redpeak intensity compared to theDBR-integratedpixel due
to the absence of photon recycling.When theCFwas added to theQD/DBR
structure (Red QD/DBR/CF), the blue leakage was further suppressed to a
negligible level of 0.0001. A similar trend was observed for the green pixels.
The blue leakage at 455 nm dropped from 1.54 × 10–2 to 1.67 × 10–3 after
DBR integration ( ~ 89% reduction), while the green emission peak at

546 nm exhibited a clear enhancement from 6.14 × 10–3 to 6.80 × 10–3

(10.7% increase). The CF-only configuration (Green QD/CF) suppressed
blue leakage through absorption but exhibited lower peak intensity. These
results provide direct experimental evidence that the patterned DBR
effectively reflects thenon-absorbedblue light back into theQDlayer,where
it is re-absorbed and converted into primary color photons.

To further examine the electrical andoverall optical performanceof the
device, the current density–voltage–luminance (J–V–L) characteristics and
current efficiency (CE) curves for each configuration are provided in
Fig. S12. As shown in Fig. S12, the J–V behaviors are consistent across all
configurations, confirming thatmonolithic integrationdoes not degrade the
electrical properties of the underlying blue OLED. In contrast, the lumi-
nance varies depending on the emission wavelength and optical stack
configuration due to spectral conversion and filtering effects. Furthermore,
the CE decreases upon CF integration, because the CF suppresses the
dominant blue leakage while partially absorbing the target QD emission. In
addition, the QD/DBR/CF structure exhibits a slightly higher total CE than
the QD/CF configuration despite lower blue leakage, confirming that the
patterned DBR enhances QD emission through photon recycling.

Fig. 6 | Electroluminescence (EL) spectra, emission photographs, and color
gamut characteristics across different optical configurations. a EL spectra of red
QD-OLEDs comparing four configurations: bare red QD (pink solid line), red QD/
DBR (red solid line), red QD/CF (orange solid line), and red QD/DBR/CF (red
dashed line). TheDBR integration suppresses blue light leakage while enhancing red
QD emission via photon recycling, and the combined DBR/CF structure eliminates
residual blue leakage. b EL spectra of green QD-OLEDs comparing four config-
urations: bare green QD (cyan solid line), green QD/DBR (olive green solid line),
green QD/CF (blue solid line), and green QD/DBR/CF (green dashed line). Simi-
larly, the DBR reduces blue leakage and increases green emission, whereas the dual
DBR/CF filter effectively suppresses blue light leakage. c Electroluminescence

photographs of operating red and green QD-OLED pixel arrays for each optical
configuration, showing that applying either DBR or CF improves color purity,
whereas the combinedQD/DBR/CF architecture considerably enhances color purity
toward primary red and green emissions. d Commission Internationale de l’Éclai-
rage (CIE) 1931 chromaticity diagram comparing color gamuts for QD (orange
line), QD/CF (green line), QD/DBR (blue line), and QD/DBR/CF (red line) against
standard sRGB (black dashed line) and Rec. 2020 (BT.2020, black dash-dotted line)
boundaries, demonstrating that single-component integration (DBRorCF) expands
the color gamut, while the combined QD/DBR/CF configuration achieves a sig-
nificant gamut expansion.
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While the standaloneDBR stack evaluated in an ex-situ setup exhibited
a high reflectance of 95.9% at 455 nm, the blue light reduction in the
monolithically integrated device was measured at approximately 90%,
which is lower than the theoretical expectation. This performance difference
can be attributed to the structural transition froman ex-situ stacked setup to
monolithic direct deposition on a micro-patterned film. To further inves-
tigate this discrepancy and the spatial distribution of the residual blue
leakage, 2D spectroradiometric analysis was performed as shown in Fig-
ure. S13. The intensity mappings at 455 nm (Fig. S13b and e) demonstrate
that the leakage is not spatially uniform; rather, it is concentrated at the pixel
boundaries and in proximity to scattering agents within the QD matrix.
Point-wise spectral analysis in Figure. S13c and f provides a detailed com-
parison of the emission characteristics across different pixel regions. Point 1
identifies a bright spot within the pixel center where blue leakage is locally
high, which may be attributed to propagated interfacial roughness and
localized light scattering potentially stemming from embedded scattering
particles and surface non-uniformities as observed in Figs. S9 and S10. In
contrast, point 2 represents anormal regionwhere theblue light is effectively
suppressed by the DBR. Unlike the ex-situ setup where an air interface
decouples the DBR from the QDmatrix, direct deposition in the integrated
panel allows photons scattered by internal scattering particles or localized
surface roughness to propagate directly into the overlying dielectric multi-
layers without an air-gap buffer. Blue leakage is also observed at the pixel
edges (Point 3). As shown in Fig. S9, the QD pattern was formed slightly
larger than the overlying DBR stack at the sub-pixel boundaries, leaving the
peripheral edges of theQD layerpartially uncoveredby theDBR.As a result,
a small fraction of blue light bypassed the dielectric filter and leaked directly
through these exposed QDmargins. Collectively, these patterning-induced
edge leakage effects and direct-contact interfacial roughness and scattering
dynamics can account for the slight degradation in blue light filtering per-
formance observed in the macroscopic spectra.

Figure 6c shows the emission photographs of the red and green QD-
OLEDs across four distinct optical configurations.Without the DBR or CF,
the red and green pixels appear purple and sky-blue, respectively, indicating
that blue light leakage significantly reduced colorpurity. The introductionof
either aDBRorCF improves color purity, whereas the combinedQD/DBR/
CF structure approaches primary red and green colors more closely than
either DBR or CF alone. Notably, subtle differences in color are observed
between the single-component configurations (QD/DBR vs. QD/CF). For
the red pixels, the QD/CF structure exhibits a more reddish hue than the
QD/DBR structure. This is attributed to the absorption profile of the redCF,
which more effectively eliminates the blue emission shoulder near 500 nm,
whereas the DBR exhibits partial transmission near its long-wavelength
cutoff edge. Conversely, for the green pixels, theQD/DBR structure exhibits
a more greenish hue than the QD/CF structure. While both the green CF
and DBR exhibit similar suppression near 500 nm, the QD/CF structure
suffers from a lower green QD peak intensity due to the absence of photon
recycling, resulting in a reduced green purity relative to QD/DBR.

Figure 6d illustrates the Commission Internationale de l’Éclairage
(CIE) 1931 color coordinates across the four optical configurations, with the
corresponding relative color gamut summarized in Table 2. Due to the
substantial blue leakage, the bare QD-OLED achieves an extremely low
color gamut of 4.8% relative to standard red, green, blue (sRGB) color space

(2.5% for Rec. 2020). Integrating the CF alone improves the color gamut to
59.9% of sRGB (31.7% for Rec. 2020), whereas implementing the patterned
DBR alone expands the gamut to 45.9% of sRGB (24.3% for Rec. 2020), and
combining both theDBR andCF achieves a color gamut of 120.5% of sRGB
(63.7% for Rec. 2020).

Toward the Rec. 2020 standard, the color gamut achieved in this study
is still insufficient. This is primarily due to the long-wavelength emission tail
of the blue OLED source near 500 nm and the low absorption coefficient of
the eco-friendly InP-basedQDs within the thin photoresist layer. However,
the architecture developed in this study establishes a highly promising
framework that enhances conversion efficiency through photon recycling
within a limited film thickness. As high-absorbance eco-friendly QDs and
blueOLEDswith narrower full-width at half-maximum (FWHM) continue
to advance, this platform will offer a viable pathway to approach the Rec.
2020 standardevenat a thicknessof only a fewmicrons.Therefore, thiswork
provides a highly effective and versatile strategy for realizing high-
performance QD-OLED microdisplays with superior color purity and
efficiency.

Discussion
In this study, we successfully demonstrated the monolithic integration of
DBRs into QD-OLEDs to achieve superior color purity and enhanced
efficiency. TheDBR, composed of SiNx and SiOx layers and fabricated using
a low-temperature PECVD process, was optimized to provide a high
reflectance of 95.9% at the target blue wavelength (455 nm)while effectively
suppressing reflection in the red and green regions. The development of a
high-precision, one-step fluorine-based dry-etching process enabled the
formation of fine DBR patterns with a feature size of 4 μm and a near-
vertical taper angle of 89°, supporting pixel densities up to 3175 ppi. By
monolithically integrating these robust, high-resolutionDBRs into theQD-
OLED architecture, we achieved QD emission enhancements of 19.7% for
red pixels and 10.7% for green pixels, while simultaneously reducing blue
light leakage by approximately 90%.With the addition of a color filter (CF),
the integrated device achieved a color gamut of 120.5% relative to the sRGB
standard. These findings confirm that monolithically integrated, low-
temperature-processed DBRs offer a robust and scalable solution for the
next generation of high-performance displays, providing both high reso-
lution and improved color quality in QD-OLED technology.

Nevertheless, several technical challenges must be addressed to realize
full ultra-high ppi active microdisplays for AR/VR applications. The low
optical absorbance of current eco-friendlyQDs requires relatively thickQD-
PR layers, yielding high aspect ratios that hinder high-resolution patterning.
Although internal scattering particles enhance absorption, they cause UV
scattering during photolithography—compromising patterning fidelity and
increasing surface roughness—which dictates the need for high-absorbance
QDs that eliminate scattering agents. Furthermore, shrinking pixel pitch
exacerbates lateral blue leakage and optical crosstalk. While a black matrix
canmitigate sidewall leakage, high aspect ratio structures suffer from severe
light loss; simultaneously, scattering particles induce backscattering at the
TFE/QD interface into adjacent sub-pixels. Finally, high-precision multi-
layerDBRpatterning requires strict surface planarization,which is hindered
by QD surface roughness and step heights from PDLs. Despite these tech-
nical integration challenges, our study validates the direct integration of
DBR stacks and identifies key process bottlenecks. Coupled with ongoing
advances in QD materials and structural designs, these findings serve as a
vital stepping stone toward future ultra-high-ppi QD-OLEDmicrodisplays.

Methods
DBR simulation, fabrication, and characterization
The reflectance of the DBR structures was evaluated using the transfer
matrix method under normal-incidence conditions. For each layer j, the
optical characteristics were described by its complex refractive index,
en ¼ n� ik, and the corresponding characteristic matrix. The total transfer
matrix of the multilayer stack was obtained by sequential multiplication of
the characteristic matrices of all layers, calculating the effective input

Table 2 | Comparison of relative color gamut (sRGB and Rec.
2020 standards) for QD-OLED devices across four different
optical configurations

Optical Configuration sRGB (%) Rec. 2020 (%)

QD-OLED (without DBR and CF) 4.8 2.5

QD-OLED with CF only (without DBR) 59.9 31.7

QD-OLED with DBR only (without CF) 45.9 24.3

QD-OLED with both DBR and CF 120.5 63.7
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admittance and reflectance. Furthermore, admittance trajectory diagrams
were constructed in the complex admittance plane, tracing the evolution of
the effective admittance through the stack. The refractive indices and
extinction coefficients were measured using a spectroscopic ellipsometer
(M-2000D; J. A. Woollam). The DBR was fabricated via low-temperature-
processed PECVD at 100 °C. The reflectance of DBR was measured using
theUV/Vis/NIRspectrophotometer (Lambda1050,PerkinElmer)basedon
the Universal Reflectance Accessory with an incidence angle of 8°. Cross-
sectional images of the DBR were obtained using a precision ion-polishing
system (PIPS 691; Gatan) and a transmission electron microscope (JEM-
2100F; JEOL).

QD-OLED fabrication and characterization
Initially, ITO (5 nm)/Ag (100 nm)/ITO (5 nm) electrodes patterned on a
20mm× 20mm glass substrate were sequentially cleaned with acetone,
isopropyl alcohol, and deionizedwater for 15min. The substrates were then
dried in a vacuum oven at 80 °C. Subsequently, 1,4,5,8,9,11-hexaaza-
triphenylene-hexacarbanitrile (HAT-CN; 10 nm), hole transport layer
(150 nm), emission layer (EML; 20 nm), electron transport layer (40 nm),
Mg:LiF(1:1; 1 nm), Mg:Ag(1:9; 15 nm), capping layer (80 nm), and LiF
(50 nm)were thermally deposited to fabricate the blueOLED.TheEMLwas
co-deposited on the host material with the 6% fluorescent blue dopant.
Detailed information on theOLEDmaterials and design has been described
in previous studies37–39. To passivate the OLED, 60-nm-thick Al2O3 was
deposited via atomic layer deposition at 100 °C. The QD-OLED was fab-
ricated by spin-coating red and green QD photoresist (QD-PR) onto the
OLED at 500 rpm for 30 s, resulting in a QD layer thickness of 7–8 μm. The
QD-PR solution was supplied by Dongjin Semichem Co., Ltd. These mix-
tures consisted of 30 wt% InP/ZnSe/ZnS core-shell QDs, monomers, bin-
ders, photo-initiators, and TiO2 scattering agents. To ensure uniform
dispersion within the PR resin matrix, the oleic acid/oleylamine ligands on
theQDsurfaceswere substitutedwith thiol-functionalizedmoieties through
a ligand exchange process. The absorbance and photoluminescence (PL)
spectra of the red and green QD-PRs with different thicknesses are pre-
sented in Fig. S14. After spin-coating, the QD-OLED samples were soft-
baked on a hotplate at 90 °C for 100 s and then exposed to UV light with a
dose of 250 mJ/cm² under a nitrogen atmosphere. Finally, the QD-OLED
was hard-baked in an oven at 85 °C for 1 h.

The color conversion characteristics were evaluated by measuring the
J–V–L characteristics of QD-OLEDs in a dark room using a source mea-
surement unit (Keithley 238) and a spectroradiometer (CS-2000; Konica
Minolta). TheDBRwas fabricated on each substrate andmeasuredbasedon
their contact with the QD-OLEDs. The red and green CFs (Dongjin
Semichem Co., Ltd.) were prepared by spin-coating the CFs onto glass
substrates at a speed of 2000 rpm for 30 s. The samples were soft-baked on a
hotplate at 90 °C for 100 s and exposed to UV light at a dose of 100 mJ/cm²
in a nitrogen atmosphere. Finally, the samples were hard-baked in an oven
at 100 °C for 1 h. 2DELmapping images andpoint spectra ofmonolithically
integrated QD-OLEDs with patterned DBR were obtained using a 2D
spectroradiometer (SR-5000; TOPCON) combined with an optical micro-
scope (ECLIPSE LV100ND; Nikon).

To prepare samples for operational photostability testing,QD-PRwere
spin-coated onto glass substrates at 300 rpm for 30 s and subsequently
baked at 100 °C for 1 h. The resulting QD thin films were encapsulated
inside an N₂-filled glovebox using cavity glass covers. A getter was placed
inside the cavity, and a UV-curable resin was applied along the edges of the
cavity glass, followed by UV curing to ensure hermetic sealing (Glass/QD/
Glass structure). The operational photostability of the encapsulated QD
films was evaluated under continuous irradiation from a 450 nm blue LED
source (SLSNNBA825TS) at an intensity of 70W/m² for 1,000 h.During the
test, emission spectra were recorded using a spectroradiometer (CS-2000,
Konica Minolta), and the relative ratio of the QD PL peak intensity to the
blue excitation peak intensity was monitored to determine the degradation
over time.

DBR patterning process
A dry-etching process was employed to achieve high-resolution DBR pat-
terning. Initially, hexamethyldisilazane (HMDS) was spin-coated onto the
DBR substrate to enhance PR adhesion. A positive-tone PR was then spin-
coated to obtain a sample with a thickness of approximately 3 μm. Subse-
quently, the PR was soft-baked at 90 °C for 60 s. The PR-coated substrates
were selectively exposed to UV light at a dose of 350mJ/cm² using an i-line
stepper (NSR2205i11D; Nikon). After exposure, the PR was subjected to a
post-exposure bake at 110 °C for 90 s and was developed using a puddling
processwith 2.38% tetramethylammoniumhydroxide solution. TheHMDS
coating, PR coating, soft baking, post-exposure baking, and development
were performed using a track system (Mark-Vz Coater; TEL). The DBR
patterning was followed by dry etching, performed using a dry etcher
(P5000 MxP; AMAT) under the following conditions: a base pressure of
70mTorr, radio frequency power of 500W, anAr gasflow rate of 90 sccm, a
CF₄ gas flow rate of 50 sccm, and a total etching time of 380 s. The total
etching time was divided into two sessions of 190 s each to prevent PR
burning. After etching, the PR was removed using sequential plasma and
wet-strip processes.

Fabrication of fully integrated QD-OLED with patterned DBR
The device was fabricated on a silicon substrate initially deposited with a
300-nm-thick SiO2 insulation layer via PECVD. For the wiring lines, a 55-
nm-thick Mo layer was deposited by DC sputtering and subsequently
patterned. An 80-nm-thick SiO2 interlayer was then deposited via PECVD,
followed by via-hole etching to establish electrical connectivity. The pixel
electrodeswere formed by sputtering another 55-nm-thickMo layer, which
was then patterned and etched to define the pixel area. Next, a top-emission
blue OLED was deposited by thermal evaporation, where the structure was
the same as in the QD-OLED fabrication section. Following that, a hybrid
TFE was applied to protect the OLED from successive photolithography
processes. A 60-nm-thick Al2O3 layer was deposited using ALD, and was
then followed by a 1-μm-thick SiNx layer deposited via PECVD at 100 °C.
After the TFE process, a dry etching process was performed to open the
contact pads. The PDL and QD layers were sequentially patterned via
photolithography. The substrate was treatedwithHMDS, followed by spin-
coating a transparent negative-tone PR at 600 rpm for 30 s. After soft-
baking at 85 °C for 120 s, the layer was exposed using an i-line stepper (100
mJ/cm2), developed in a 2.38%TMAHsolution for 150 s, and hard-baked at
100 °C for 2 h. For the green QD layer, the QD PR was coated at 1000 rpm
for 30 s, soft-baked at 90 °C for 100 s, and exposed at 150mJ/cm2. Devel-
opment was performed using a 0.04% KOH spray for 240 s, followed by
hard-baking at 100 °C for 1 h. The red QD layer was coated at 2000 rpm for
30 s, soft-baked at 90 °C for 100 s, and exposed at 100mJ/cm2. It was
developed with 0.04% KOH spray for 180 s and hard-baked at 100 °C for
1 h. After PDL/QD formation, a 30-nm-thick Al2O3 buffer layer was
deposited via ALD to provideQDprotection and serve as an etch-stop layer
for the subsequentDBRpatterning. After forming the 20-layerDBR stack, a
3-μm-thick PRmask was patterned. TheDBRwas then selectively removed
from the blue pixel regions using the aforementioneddry etching conditions
for a total of 380 s. Finally, the PR mask was stripped to complete the
monolithic integration.

Use of artificial intelligence (AI)
During the preparation of thismanuscript, the authors usedGoogleGemini
to assist in refining the schematic illustration in Fig. 5a. All AI-assisted
outputs were carefully reviewed, verified, and edited by the authors. The
authors take full responsibility for the final content, integrity, and scholarly
evaluation presented in this publication, in compliance with Springer
Nature AI policy.

Data availability
The datasets generated and/or analyzed during the current study are not
publicly available because the datasets are still being used for subsequent
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related research, but are available from the corresponding author on rea-
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