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ABSTRACT High-resolution microdisplays that offer superior picture quality are pivotal display compo-
nents in immersive augmented reality (AR) and virtual reality (VR) systems. For AR and VR applications,
the microdisplays must satisfy major requirements such as high resolution, exceptional brightness, and a
broad color gamut to ensure clear and vivid picture quality. Quantum-dot light-emitting diodes (QD-LEDs)
are emerging light sources due to their outstanding color purity and controllability. Rapid advancements in
QD materials and device technologies suggest the potential industrialization of QD-LED displays in the
near future. Moreover, recent innovation in the process technology of patterning QD layers enables the
formation of ultrahigh-resolution QD-LED pixels for microdisplays, promising immersive and brighter visual
experiences in AR and VR applications. In this study, we review the latest QD-LED technologies from QD
material advancements and device architecture optimization to the pixelization process and integration of
full-color display systems. Advancements in QD-LED display technology will enable the realization of high
picture quality QD-LED microdisplays for extremely immersive AR and VR display systems.

INDEX TERMS Immersive displays, augmented reality, virtual reality, quantum-dot light-emitting diodes,

1

I

micro displays, high resolution, pixelization technologies.

I. INTRODUCTION
Recently, owing to the rapid growth in demand for interac-
tion with the real world to provide natural and immersive
user experiences, there has been extensive research on im-
mersive displays that effectively deliver object-oriented or
sight-integrated information [1], [2], [3], [4]. Immersive dis-
plays project stereoscopic 3D images to the left and right
eyes through augmented reality (AR) or virtual reality (VR)
display optical systems, revolutionizing a wide range of fields
including but not limited to healthcare, medicine, communica-
tions, entertainment, gaming, education, product design, and
manufacturing [5], [6], [7], [8], [9], [10], [11], [12].

VR display systems project a virtual image by eye-piece
lenses that magnify the images on the display, effectively

blocking out the surrounding environment to create an immer-
sive experience within a virtual world such as the Metaverse
concept. On the other hand, AR display systems project virtual
images into the real world by see-through optics equipped
with appropriate optical combiners, enhancing the user’s per-
ception of the real world [13]. The general requirements for
AR/VR display systems include a wide field of view (FOV)
to fully cover the user’s eyesight, a high-resolution and bright
image for clear vision, a wide color gamut for natural color
representation, minimal motion artifacts, and a lightweight
and compact form factor suitable for wearable applications
[14], [15]. While the picture quality is influenced by the pro-
jection optics, the display performance significantly impacts
most of the requirements for immersive displays. The major
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requirements for displays used in AR and VR systems include
high resolution, high brightness, wide color gamut, high con-
trast ratio, and high-speed response to meet the demands for
superior image quality.

Apple Inc. announced to launch the Vision Pro equipped
with a 23 million pixel organic light-emitting diode (OLED)
display in 2024 [16]. Sony Corp. launched the PlayStation
VR2 equipped with OLED displays having 2000 x 2040 pix-
els [17]. Recently, Sony Semiconductor Solutions announced
the upcoming release of a 1.3-inch OLED micro display with
3552 x 3840 pixels, offering a resolution of 4000 pixels per
inch (PPI) for AR and VR systems [18]. There are several
candidate pixel architectures for ultrahigh-resolution displays
such as i) blue emissive pixel arrays with red and green
quantum-dot color conversion (QDCC) layers, ii) white emis-
sive OLED pixel arrays with red, green, and blue color filter
(CF) layers, iii) red, green, and blue independent micro-LED
or OLED pixel arrays, and iv) red, green, and blue inde-
pendent electrically driven quantum-dot light-emitting diode
(QD-LED) pixel arrays [19], [20], [21]. Among these tech-
nologies, due to the fabrication process issue, white OLEDs
with a CF layer architecture are currently viable for the com-
mercialization of ultrahigh-resolution displays for AR and VR
applications. Nevertheless, to display extremely vivid images
for a more immersive experience with AR and VR systems,
achieving a high-picture quality display with enhanced color
purity and brightness is essential.

Due to the size-dependent color controllability of quan-
tum dots (QDs) and high color purity resulting from their
sharp emission bandwidth, QD-LEDs offer an exceptionally
wide color gamut compared to other types of display de-
vices, such as liquid crystal displays (LCDs), OLEDs, and
gallium-nitride light-emitting diodes (GaN-LEDs) [22], [23].
Furthermore, owing to their high photoluminescence quantum
yield (PLQY) and external quantum efficiency (EQE), QD-
LEDs exhibit extremely high brightness [24]. Additionally,
owing to their self-emissive device structure, they offer a high
contrast ratio, enabling the implementation of a high dynamic
range. Naturally, because of the electron-involved dynamics
in photon generation across the device, QD-LEDs show a
fast response time that minimizes motion blur artifacts. Re-
cently, advances in pixelization technologies have enabled the
fine patterns of QDs for high-resolution displays [25], [26].
Therefore, the QD-LED device is the strongest candidate for
next-generation AR/VR immersive display systems [20].

To date, RGB full-color active-matrix (AM) QD-LED dis-
play systems have been developed with limited resolution
on a thin-film transistor (TFT) backplane [27]. However, to
achieve a full-color ultrahigh-resolution AM QD-LED dis-
play with super-high brightness, significant advancements and
optimizations are needed in various aspects, including materi-
als, devices, processes, and display systems. In this article,
we review the fundamental concepts of QD-LEDs and the
current progress in the development of QD materials, opti-
mized device architectures, innovative fabrication processes,
and recent development of QD-LED displays for immersive
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FIGURE 1. Optical configuration of immersive display systems. (a) VR and
(b) AR display systems.

AR and VR display systems. First, the basic concept of an
immersive AR/VR display system and the display require-
ments for the AR and VR systems will be discussed. Next,
the properties of the QD nanoparticles including recent re-
search highlights for high PLQY will be explored. Then, the
operational principle of QD-LED devices and the state-of-
the-art device engineering technologies for QD-LEDs will be
discussed. The evolution of fabrication technologies, espe-
cially for precise QD patterning processes will be investigated.
Finally, by summarizing the state-of-the-art development of
full-color AM QD-LED display systems, the possibility of
QD-LEDs for the application of immersive AR and VR sys-
tems will be discussed.

Il. REQUIREMENTS OF DISPLAY FOR IMMERSIVE
SYSTEMS

Fig. 1 shows the optical configuration of the typical AR and
VR display systems in the form of near-eye displays (NEDs).
In general, VR systems consist of a magnifying eye-piece
lens in front of the eyes at a distance E and a small display
engine located at a distance S, from the magnifying lens
with focal length f (Fig. 1(a)). The eye-piece lens magnifies
the displayed image to form a virtual image at a distance
D from the eye. Meanwhile, AR systems employ a similar
magnifying optical configuration but with a transparent op-
tical combiner to merge the displayed image with the real
world (Fig. 1(b)). Various types of optical configurations are
used for VR systems, including magnifying aspherical lenses,
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Fresnel lenses, catadioptric pancake optics, and pin-light op-
tics with microdisplays [3], [28]. The optical configurations
for AR systems include birds-bath optics, freeform combin-
ers, holographic optical element (HOE)-based combiners, and
waveguide-type couplers with microdisplays [15], [29].

The general requirements for the AR/VR display systems
include: i) a wide FOV to fully cover the eye-sight, ii) ap-
propriate image distance to avoid vergence-accommodation
conflict (VAC) that can lead to eye fatigue and discomfort,
iii) high display resolution for crystal-clear vision, iv) high
dynamic range with high contrast ratio and high brightness for
vivid image, v) a wide color gamut to accurately represent nat-
ural colors, vi) minimized motion artifacts achieved through a
high refresh rate and fast response time of the display, and vii)
a lightweight and compact form factor suitable for eye-wear
applications.

The size and resolution requirements of the display are
determined by the magnification factor and FOV of the AR or
VR optics. The perceptual limit of resolution for visual acuity
of 20/20 is 1 arc minute, which is equivalent to 60 pixels per
degree (PPD). Therefore, to exceed human perception, the res-
olution of the projected image should be greater than FOV x
60 PPD. Since the monocular horizontal FOV is 160°, and the
vertical FOV is approximately 100° [21], [30], to fully cover
the FOV while surpassing perceptual resolution, 9600 x 6000
pixels are needed in the horizontal and vertical directions. In
terms of the display size, if we choose a vertical size of 1.5
inches as an example, 6000 pixels should be integrated within
the size; hence, a resolution of 4000 PPI is needed. Assuming
a 1:1 pixel aspect ratio, the horizontal display size should be
2.4 inches, and the pixel size should not exceed 6.35 um x
6.35 pm.

Meanwhile, the luminance requirements for display in AR
and VR applications can be determined by the ambient con-
trast ratio (ACR) defined in (1) [2].

ACR = Lon + Lamp - T (1)
Lot + Lamb - T

Here, Lo, and Logr represent the luminance in the on and off
states of the display, Lymp denotes the luminance for the ambi-
ent brightness, and T signifies the transmittance of the AR or
VR system. In the case of VR systems, to facilitate an immer-
sive experience, the surrounding environment is completely
blocked out; hence, T can be considered to be zero. Conse-
quently, the ACR of VR systems closely matches the contrast
ratio of the display. Therefore, the current display brightness
level of 300 cd/m? is sufficient for use in VR systems. How-
ever, for AR systems, a much higher display brightness is
needed for use in daylight conditions. For instance, an am-
bient brightness B of 10* lux for daylight corresponds to a
luminance Layp of 3183 cd/m? (Lamp = B/ for Lambertian
distribution). Assuming an ambient transmittance of 80%, a
display brightness of 10185 cd/m? or 22918 cd/m? is needed
to achieve a 5:1 or 10:1 ACR in an AR system.

Based on the above calculations, achieving extremely high-
performance displays with ultrahigh pixel resolution and
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ultrahigh brightness is necessary for AR and VR applications
to provide fully immersive experiences beyond human per-
ception. In the following section, we will explore QD-LED
display technologies, including QD nanomaterials, device ar-
chitectures, fabrication processes, and QD-LED displays as
potential candidates for achieving these requirements for im-
mersive AR and VR display systems.

11l. QD MATERIAL DESIGN AND SYNTHESIS

Fig. 2(a) shows the material structure of the QD nanoparti-
cles. A QD is composed of i) a core nanocrystal, ii) a shell
layer, and iii) a surface-binding ligand [23], [31], [32], [33],
[34], [35]. The core nanocrystal generates light through a
radiative recombination process of excitons confined in the
core region. Commonly used core nanocrystal materials in-
clude cadmium selenide (CdSe), indium phosphide (InP) and
zinc telluride selenide (ZnTeSe). The shell layer provides
a quantum confinement effect with a high energy barrier
height for the electrons and holes (Fig. 2(b)) [36], [37], [38].
Common materials used for the shell layer include cadmium
sulfide (CdS), zinc sulfide (ZnS), and zinc selenide sulfide
(ZnSeS) depending on the composition of the core materials.
The surface-binding ligand passivates the shell layer of the
QD nanoparticles from oxygen and moisture to prevent the
degradation of particles. It also increases colloidal stability by
inhibiting the aggregation of QDs in a selective solvent [39],
[40]. Commonly used materials for surface-binding ligands
include oleic acid and oleylamine. A snapshot of the QD
nanoparticles captured by transmission electron microscopy
(TEM) is shown in Fig. 2(c).

The wavelength of the emitted light Is determined by the
optical bandgap, which is controlled by the size and material
composition of the core nanocrystals (Fig. 2(d) and (e)). For
typical red, green, and blue light emissions with peak wave-
lengths of 630 nm, 530 nm, and 450 nm, the diameters of
CdSe QD cores are 7.0 nm, 4.6 nm, and 3.6 nm, respectively,
while those of InP QD cores are 3.7 nm, 3.4 nm, and 3.2 nm
(Fig. 2(f)), respectively. The size-dependent color controlla-
bility of QDs can be utilized in a wavelength-selective optical
system, such as an HOE combiner, to create a new type of AR
and VR platform. The photoluminescence of solution-state
QDs is shown in Fig. 2(g) and (h) under both natural light
and UV light. Red, green, cyan, and blue lights are emitted
when they absorb UV light energy exceeding their respective
optical bandgaps. Emission properties are characterized by the
peak emission wavelength and the full width at half maximum
(FWHM) of the emission spectrum. The material efficiency
of QDs is quantified by the PLQY, which is measured by the
ratio between the absorbed light energy S, and the emitted
light energy Se (Fig. 2(1)).

The lifetime of the QD-LED device is directly influenced
by the stability of the QDs, which is degraded by the reaction
with oxygen, water, and other factors such as heat and UV
light [17]. One way to enhance device lifetime is to optimize
the material and the structure of the shell and ligand [39], [41].
Depending on the thickness of the shell and the length of the
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FIGURE 2. QD nanoparticles and their optical properties. (a) Structure and (b) energy-level configuration of a single QD nanoparticle. (c) TEM image of
QD nanoparticles. Size dependencies of (d) energy band levels and optical bandgap and (e) their emission spectra. f) Optical bandgap with respect to the
core size. (g) QDs in solution under natural light and (h) photoluminescence of QDs under UV stimulus. (i) PLQY measurement of QDs.

surface-binding ligand, a trade-off relationship exists between
colloidal stability in the solution and charge transport in the
QD-LED device [42], [43]. Therefore, careful attention to the
shell layer and surface-binding ligand is needed to optimize
the material composition and architecture of the QD nanopar-
ticles.

Considerable advancements have been achieved in the
development of QDs to attain high PLQY, uniform size dis-
tribution and material stability. Cd-based QDs have served
as a primary platform material and have been extensively
utilized to optimize nanoparticle architecture by incorporating
engineered shell and surface-binding ligands. By fine-tuning
the materials and thicknesses of the shell layers, lattice mis-
matches between the core and shell were minimized, resulting
in enhanced PLQY values. To secure material stability, a con-
cept involving electrochemically stable surface-binding ligand
exchange has been introduced, reducing the degradation of
QD nanoparticles from surface oxidation and ionization. Re-
cent achievements with Cd-based QDs include PLQY values
exceeding 97% for red [44], 90% for green [45], and 87% for
blue [46]. Commercially available QD nanoparticles exhibit
more than 90% PLQY based on Cd-based QD materials with
FWHM less than 30 nm [47].

Although most of the literature reporting the highest per-
formance relies on Cd-based QDs [45], [48], [49], [50],
there is an urgent demand for Cd-free QDs due to envi-
ronmental concerns. High-performance red, green, and blue
InP-based QDs have been reported with impressive PLQY
values of 98%, 95% and 80%, respectively, through a process
involving hydrogen fluoride (HF)-based surface etching, the
introduction of Zn-oxo complex, and gallium (Ga) alloying
into the InP core [24], [51], [52]. In addition to InP-based
QD materials, ZnTeSe has also been employed as the emis-
sive core material for blue QDs. Utilizing a ZnS/ZnTeSe/ZnS
(core/mid-layer/shell) structured QD, a remarkable PLQY of
85% was achieved [53]. More recently, blue QDs based on
ZnTeSe with almost 100% PLQY have been developed by
incorporating HF acid and zinc chloride as additives during
the QD synthesis process [54].

IV. QD-LED DEVICE ARCHITECTURE

To fully utilize the superior electro-optical properties of QD
nanoparticles, extensive research has been dedicated to the
development of QD-LED device architectures [55], [56], [57],
[58]. Fig. 3 outlines the architectures and operational princi-
ples of the QD-LED device. QD-LEDs consist of a stack of
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FIGURE 3. Device architecture and the charge transport mechanism of QD-LEDs. (a) Bottom emission structure. (b) Top emission structure. (c) Charge
transport mechanism in the vicinity of the QD layer. (d) Example of a flat-band energy-level diagram across the device. (e) Examples of current (J) -
voltage (V) - luminance (L) curves for red, green, and blue QD-LEDs. (f) Examples of EQE curves for red, green, and blue QD-LEDs with inset snapshots of

red, green, and blue devices.

multiple semiconductor layers, which include a hole injection
layer (HIL), a hole transport layer (HTL), an emissive layer
(EML), and an electron transport layer (ETL). This stack is
then sandwiched between the anode and cathode electrodes,
as depicted in Fig. 3(a) and (b). There are two primary types
of QD-LED device architectures: the conventional structure
(Fig. 3(a)) and the inverted structure (Fig. 3(b)). The choice
of device architecture depends on the specific application and
operation condition of the QD-LEDs. The conventional struc-
ture is widely used for bottom emission QD-LEDs, where
light is emitted through the transparent bottom indium tin
oxide (ITO)/glass substrate [48], [59], [60]. However, for
AR/VR applications, top emission device architectures that
are formed on top of the transistor array are suitable due
to the lack of the aperture ratio caused by the compact in-
tegrity of transistor circuits in each pixel. This conventional
structure is also reconfigured for top-emission QD-LEDs by
utilizing an AI/ITO double electrode for the anode and a
silver-magnesium (AgMg) thin electrode for the transparent
cathode. On the other hand, inverted QD-LEDs are preferred
for AR/VR applications as they are top emission structures
when an n-type channel oxide TFT is used for the AM ad-
dressing, owing to their bottom cathode structure [60], [61],
[62], [63].

The commonly used materials for the anode and cathode
electrodes are ITO and aluminum (Al), respectively. Poly
(34-ethylene dioxythiophene)-poly(styrene sulfonate) (PE-
DOT:PSS) is a common material for the HIL. Commonly used
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materials for the HTL include poly[(99-dioctylfluorenyl-27-
diyl)-co-(44'-(N-(4-sec-butyl phenyl)diphenylamine)] (TFB),
poly(4-butyl-phenyldiphenyl-amine) (Poly-TPD) and/or poly-
N-vinyl carbazole (PVK). Zinc oxide (ZnO) nanoparticles
are widely used as ETL materials [64]. The EML, which is
composed of QD nanoparticles, plays a crucial role in light
emission.

The flat-band energy diagram across the device, from the
anode to cathode electrodes, is plotted in Fig. 3(c) illustrating
the valence and conduction energy band offsets, AEy and
AEc, at the HTL/EML and EML/ETL interfaces. Under a
positive external bias voltage, holes and electrons are trans-
ported from external voltage sources, being directed into the
HTL/EML and EML/ETL interfaces and accumulating at the
surfaces of the HTL and ETL adjacent to the EML layer [22],
respectively. Subsequently, the accumulated holes and elec-
trons are injected into the EML, surmounting the band offsets
through the electric-field-dependent charge-capturing process
(Fig. 3(d)) [22], [65]. Following the injection process, holes
and electrons within the QD nanoparticles are transferred to
the neighboring QD nanoparticles via carrier exchange pro-
cess, facilitated by quantum tunneling effects [66], [67], [68].
Due to the high energy barrier between QDs and the ETL
or HTL, acting as carrier-blocking layers, respective holes
and electrons are blocked to the opposite side. Consequently,
holes and electrons accumulate in the QD layer, forming exci-
tons for radiative recombination to generate light in QD core
nanocrystals.
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The threshold voltage of the QD-LED devices is deter-
mined by device parameters such as the band offsets on the
valence band (AEy) and conduction band (AEy), the number
of QD layers M in the EML, and the work function difference
Vi between the cathode and anode electrodes with proton
charge ¢, as shown in (2) [22].

M
Vin =~ max (AEc, AEy) + Vi ©

The maximum EQE of the QD-LED device ngggrmax is
determined by the recombination process, which is influ-
enced by the core crystalline properties of QD nanoparticles,
such as the Langevin radiative recombination strength y,
Shockley-Read-Hall nonradiative recombination lifetime t,
and the Auger nonradiative recombination probability C with
the PLQY of the QD layer npyr, as shown in (3) [26].

TEXT,MAX = TJPHT M
’ y//C/T +2

The device lifetime is closely associated with the configu-
ration of layers within the QD-LED device. The main factor
contributing to performance degradation, from the device per-
spective, is the unbalanced injection of holes and electrons
into the QDs, resulting in the charging of QDs and nonra-
diative Auger recombination due to excessive charges within
the QD layer [48]. Charge injection is influenced by various
physical parameters, including carrier mobility, conduction
and valence energy levels, carrier concentration, and the in-
terface and surface morphology of the HIL, HTL, ETL and
EML. Therefore, by engineering each of the transport lay-
ers, it becomes possible to achieve charge balance, maximize
electro-optical performance and extend the device lifetime.
Many studies related to the engineering of ETL/HTL, em-
ploying various materials and fabrication methods, have been
reported. Recent studies have even achieved the theoretical
maximum EQE for QD-LED devices [24], [45], [54], while
enhancing the device lifetime remains one of the primary
challenges for the commercialization of QD-LEDs. In the
following, the most relevant reports on device optimization
aiming for higher EQE and a longer lifetime are introduced.

Shen et al. achieved high-performance Cd-based QD-LEDs
with a bottom emission device architecture showing EQEs of
21.6%, 22.9% and 8.1% for red, green and blue devices, re-
spectively. These devices exhibited impressive lifetimes, with
T50@100 cd/m? values of 1600000 hours, 1760000 hours
and 7000 hours for red, green, and blue, respectively. These
exceptional results were obtained by utilizing high PLQY
QDs and QD layers with highly qualified surface morphol-
ogy [45]. Alexandrov et al. optimized the ETL by employing
Al-doped ZnO with high electron conductivity, well-aligned
energy band levels, and smooth surface morphology [69]. Al-
doped ZnO has become a popular material for ETLs. Dai et al.
demonstrated efficient Cd-based red QD-LEDs with a thresh-
old voltage of 1.7 V, a remarkable EQE of 20.5%, and a long
lifetime (T50@100 cd/m?) exceeding 100000 hours. These
performances are achieved by introducing a hole-blocking

3)

14

layer with a very thin polymethyl methacrylate (PMMA) layer
to establish charge-balanced conditions within the device [70].

Based on the inverted device architecture (top emission),
QD-LED devices with enhanced performances have been
achieved by incorporating an interfacial modification layer
(IML) between ZnO (ETL) and QDs [49], [71]. The IML
serves to block excessive charges and passivate defect states in
ZnO. The presence of the IML suppresses exciton quenching
and improves charge balance conditions. Lee et al. demon-
strated another inverted structure, which exhibited reduced
leakage current along with enhanced device performance [49],
[71]. To break through the EQE performance, a hybrid device
architecture in a tandem structure has also been reported [30],
[43], [44], [45], [46], [47]. Zhang et al. demonstrated high-
performance tandem structure Cd-based QD-LEDs, achieving
high EQEs over 23.1%, 27.6%, and 21.4% for red, green and
blue devices, respectively. This was accomplished by serially
stacking two or more QD-LED units with an interconnect-
ing layer (ICL) [72]. Won et al. presented InP-based red
QD-LED devices with 21.4% EQE, a brightness of 100000
cd/m?, and an extremely long lifetime of 1000000 hours. They
achieved these results by engineering the shell thickness and
exchanging the ligands of QD nanoparticles to improve charge
injection [24]. Kim et al. also demonstrated ZnTeSe-based
blue QD-LED devices having an EQE of 20.2%, a brightness
of 88900 cd/m?, and a long operating lifetime of 15850 hours
at TS0@100 cd/m?. This was achieved by employing double
QD emitting layers with a gradient chloride content to facili-
tate hole transport [54].

V. QD-LED PIXELIZATION PROCESS
The most common process for fabricating a QD-LED device
is a solution-based spin-coating process [73]. The spin-
coating method provides uniform thin films with nanoscale
thickness. The thickness of the QD layer is determined by the
QD concentration in the solution and the spin speed during
the coating process. It is important to note that the electro-
optical performance and device stability of the QD-LED are
influenced by both the film thickness and the quality of the
QD layer. Given that the diameter of QD nanoparticles is
below 10 nm, it is essential to fabricate a closely packed QD
layer as thin as possible without voids to maximize the light
efficiency and device lifetime [74]. Therefore, when adapt-
ing the solution process for larger-scale display applications,
maintaining a uniform thickness and ensuring good surface
morphology become crucial for achieving high-quality QD
films. However, due to the inherent limitations of the spin-
coating process, achieving spatial separation of red, green,
and blue QD subpixels for full-color display applications with
electrically driven QD-LEDs is unfeasible with spin-coating
alone. Several techniques are employed to form QD patterns,
including inkjet printing, photolithography, and transfer print-
ing.

Inkjet printing, a non-contact, mask-free technique, is ex-
tensively utilized for pixel patterning by propelling QD ink
droplets onto specific locations. It is commonly employed
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not only for QD-LED displays but also for QDCC layers.
Moreover, inkjet printing equipment has advanced with pre-
cise control and monitoring solutions, attracting considerable
interest from the industry. Despite its large-area process fea-
sibility for QD patterning, the performance of inkjet-printed
QLEDs requires improvement to catch up with the state-
of-the-art results of spin-coated devices. Additionally, inkjet
printing faces challenges when trying to create QD pixels
smaller than a few micrometers due to difficulties in control-
ling the size of ink droplets, ink formulation-dependent coffee
ring effect, and nozzle clogging [75], [76], [77].

The photolithography technique, a well-established nano-
/micro-scale patterning process in the semiconductor indus-
try, photocopies patterns from photomasks to photosensitive
chemicals using UV light. In applying this technique to QD
patterning, QDs are typically mixed with a negative photore-
sist solution and exposed to UV light through a photomask
[78]. The unexposed parts are selectively removed by a devel-
oper and repeated to generate various QD patterns on the same
substrate. An alternative method involves separately coating
photoresist and QDs, combined with a lift-off process to
minimize residual organic content [79]. More recent research
has explored the use of ligand molecules on QD surfaces as
photosensitive chemicals for photoresist-free methods [80].
However, challenges remain in the photolithography process,
such as potential damage to QDs and charge transport layers
from organic solvents and high UV energy exposure, the risk
of cross-contamination of red, green, and blue QDs during
development [81], and interferences with charge transport due
to the presence of photoresist/organic residues, leading to the
degradation of device performance [82], [83], [84], [85], [86],
[81].

The transfer printing technique has innovated the pixeliza-
tion of the QD layer, allowing for pixel sizes down to a few
micrometers for display applications and preventing contam-
ination of the pixels during the process [25], [26], [74], [87],
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FIGURE 4. QD Pixelization process and AM EL QD-LED-based displays. (a) Transfer printing process for patterning the QD layer. (b) Stripe QD patterns of
(b) 85 xm and (c) 50 xm widths for red, green, and blue QDs. (d) 5 xm square QD patterns for PDMS stamps and red, green, and blue QDs.

[88], [89]. Fig. 4(a) depicts a schematic illustration of the
typical fabrication process flow for pixels using the transfer
printing technique. QDs of individual colors are picked up
by using a patterned polydimethylsiloxane (PDMS) stamp
from a self-assembled monolayer (SAM)-treated donor sub-
strate. These QDs are then transferred onto a preprocessed
charge transport layer using transfer printing equipment. The
micropatterns of PDMS stamps are replicated from a master
mold created by a photoresist on a silicon wafer through a
photolithography process. The shape of the individual QD
layer is duplicated by the shape of the micropatterns on the
PDMS stamps. By repeating the pick-up and transfer printing
processes for red, green, and blue QDs with precise alignment,
pixelated QD layers are formed at spatially separated loca-
tions. Fig. 4(b)—(d) display microscopy images of various red,
green, and blue QD pixel patterns, ranging from 50 um and
5 pm stripes to 5 um dot features, all fabricated through the
transfer printing process in our group.

The concept of transfer printing using a PDMS stamp was
introduced as an alternative to the solution-based wet spin-
coating process [74], [90]. Profiled PDMS stamps are used
to create red, green, and blue monolayer QD patterns for
the application of white lighting [91]. Additionally, a layer-
by-layer transfer printing technology of heterogeneous QD
stacks has been reported, allowing for reliable transfer print-
ing of QD monolayers to create a new device architecture
for white LED applications [92]. Kim et al. demonstrated
the first 4-inch AM driving electroluminescence (EL) full-
color QD display system using a transfer printing technique
to create an emissive pixel area of 46 um x 96 um [27].
The independent donor substrates with SAM treatment enable
the transfer printing of uniform monolayers of red, green,
and blue QDs onto the target substrate. The maximum EL
peaks for the printed red, green, and blue QLEDs are ob-
served at wavelengths of 615 nm, 530 nm, and 480 nm,
respectively. The corresponding maximum brightness values
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are 16380 cd/m? for red, 6425 cd/m? for green, and 423 cd/m?
for blue. The maximum brightness and luminous efficiency
of the transfer-printed QD-LED were approximately 25-52%
higher in all cases, with a remarkable 71% maximum power
efficiency improvement observed in the transfer-printed red
QLED compared to the spin-coated QLED. The reduction in
leakage current and improvement in the luminous efficiency
of the QLED can be attributed to the solvent-free dry transfer
printing process. This method enhances the charge transport
properties by facilitating the close packing of the QD film
through the pressure applied by the PDMS stamp [88] without
damaging the HTL layer.

Transfer printing techniques have advanced further to pre-
cisely fabricate QD pixel patterns for extremely high pixel
resolution. A smaller pixel size was fabricated using an in-
taglio transfer printing technique for AR and VR applications.
Choi et al. demonstrated the integration of 5 um-sized red,
green, and blue subpixels, showcasing the potential for a high
resolution of up to 2460 PPI [93], [94]. Instead of patterned
PDMS, they introduced an intaglio trench to eliminate un-
wanted areas on the QD layer of a flat PDMS. Recently, Nam
et al. created integrated red, green, and blue pixel patterns with
subpixel sizes of 50 um, 12 um, 4 um, 3 um, and 0.5 um
for VR application using thermodynamic-driven immersion
transfer printing [95]. Meng et al. achieved monochromatic
pixels of 0.5 um in size with a 0.5 um gap, resulting in a
25400 PPI monochromatic display through a transfer printing
process combined with Langmuir-Blodgett film technology
[96].

Although there have been significant advances in transfer
printing techniques in terms of high-resolution patternability,
several challenges remain for future transfer printing tech-
niques: i) compatibility with nontoxic cadmium-free QD ma-
terials, ii) scalability toward nanoscale with high throughput
for large-scale manufacturing, iii) performance comparable
to spin-coated devices after patterning, and iv) transfer print-
ing suitable for intricate structures such as a bank-structured
pixel-defining layer. Therefore, by utilizing innovative trans-
fer printing technology to form micron-sized QD pixels on
a single crystalline-based AM array, it is anticipated that ul-
trahigh pixel density can be achieved, paving the way for
realization of extremely immersive AR and VR systems.

Vi. QD-LED DISPLAY SYSTEMS

To implement a full-color AM EL QD-LED display, red,
green, and blue QD-LEDs integrated with transistors capable
of controlling individual pixels should be precisely formed at
each subpixel. Depending on the display applications, tran-
sistors for AM driving are divided into two categories: i)
TFTs with a-Si, low-temperature polysilicon (LTPS), or in-
dium gallium zinc oxide (IGZO) channel materials, and ii)
metal oxide silicon (MOS) transistors with crystalline silicon
channels. TFTs are mainly utilized by large area displays
such as mobile, notebook, monitor, or TV applications, while
MOS transistors are preferred to ultrahigh resolution displays

16

FIGURE 5. Development of QD-LED-based AM display systems.

(a) 4-inches monochromatic red QD-LED AM display using an a-Si TFT
backplane with a 320 x 240 pixel array. Reproduced with permission from
Ref. [97]. Copyright 2009, Springer Nature. (b) a full-color QD-LED display
using HIZO TFT-based AM with sequential transfer printing of RGB QDs.
Reproduced with permission from Ref. [27]. Copyright 2011, Springer
Nature.

for AR/VR applications owing to their small channel length
feature for micrometer-sized pixels.

Cho et al. presented the world’s first 4-inch monochromatic
red QD-LED AM display using an a-Si TFT backplane with
a 320 x 240 pixel array (Fig. 5(a)). The device exhibited
uniform brightness with less than 5% variation over a 4-inch
display area [97]. Kim et al. developed a full-color QD-LED
display using hafnium-indium-zinc oxide (HIZO) TFT-based
AM with sequential transfer printing of RGB QDs [27]. BOE
Technology Group Co., Ltd. demonstrated full-color AM QD-
LED displays with a 5-inch LTPS TFT and 14-inch IGZO
TFT backplanes using an all-inkjet printing process (IJP)
[98], [99]. Sharp Corp. presented a full-color AM QD-LED
display with 540 x 960 pixels for 176 PPI resolution using
photolithography and a top emission EL device architecture
based on IGZO TFTs [78], [100], [101]. Recently, Samsung
Display Co., Ltd. demonstrated a 217 PPI 6.95-inch full-color
AM Cd-free QD-LED display with an LTPS TFT array using
an inkjet process and a top emission EL device architecture
[102].
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To date, QD-LED-based ultrahigh-resolution full-color AM
displays for AR and VR applications have not yet been
reported. Given the superior color properties of QDs, AM
driving full-color EL QD-LED displays will deliver outstand-
ing image quality with an extensive color gamut. Furthermore,
the remarkable size-dependent color controllability of QDs
can also be utilized to enhance the form factor of AR and VR
systems through innovative optical designs. In summary, it is
expected that QD-LED-based full-color AM displays, coupled
with ultrafine transistor arrays, will pave the way for highly
immersive experiences in next-generation AR and VR display
applications.

VII. CONCLUSION

In this study, recent advancements in QD-LED display tech-
nologies are summarized, focusing on enhancing ultrahigh
resolution and superior picture quality in immersive AR/
VR display applications. We review the performance require-
ments of displays for AR/VR applications and explore the
latest technologies in QD material synthesis, device optimiza-
tion, and fabrication processes. Noteworthy progress has been
made in the performances of QD materials through strategic
engineering of the shell layer and surface-binding ligands,
achieving a PLQY of over 95% and an FWHM of less than 30
nm. The development of environmentally free QD core mate-
rials has further enabled the commercialization of QD-LEDs.
Moreover, through meticulous design and optimization, the
EQE of red, green, and blue QD-LED devices has exceeded
20%, with a lifetime surpassing 100000 hours. Continued
advancements, particularly in Cd-free QD-LED devices, are
anticipated. Advancements in transfer printing technologies
have enabled ultrafine patterning of red, green, and blue QD-
LED pixels in micron-sized layouts. Recent progress in the
development of QD-LED-based full-color AM displays show-
cases their potential for integration with ultrafine transistor
arrays. Combinatorial innovations in QD material synthesis,
device optimization, pixel fabrication processes, and integra-
tion with ultrafine transistor arrays enable ultrahigh-resolution
full-color QD-LED displays with a wider color gamut, thereby
facilitating high-quality AR and VR display systems for im-
mersive user experiences.
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