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Progress and Prospects of Nanoscale Emitter Technology

for AR/VR Displays
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Augmented reality (AR) and virtual reality (VR) are emerging interactive
technologies that realize the “metaverse,” leading to a totally new digital
interactive experience in daily life in various aspects. In order to provide users
with a more immersive experience, displays for AR/VR have rapidly evolved
to achieve high resolutions and a large color gamut on small panels. Recently,
nanoscale light emitters such as quantum dots (QDs) and metal halide
perovskites (MHPs) with high photoluminescence quantum efficiency and
color purity levels have garnered much attention as color conversion mate-
rials in AR/VR displays. However, the low material stability and the absence
of a high-resolution patterning process that does not impair the optical
properties of nanoscale emitters act as obstacles preventing the realization of
high-resolution AR/VR displays. Here, the state-of-the-art technologies con-
stituting current AR/VR devices are reviewed from an industrial point of view
and the recent progress in QD and MHP emitter technologies are discussed,
including their basic structural properties, synthesis strategies to enhance
the stability, advanced patterning technologies, down-conversion and light-
emitting diode applications. Based on the review, the authors’ perspective on
future research directions of nanoscale emitters for next-generation AR/VR
displays is presented.

attracting considerable amounts of atten-
tion. Because both AR and VR technolo-
gies require the successful implementation
of a virtual world and/or digital infor-
mation, the performance of the AR/VR
devices providing the information is sig-
nificant. The wearable device form factor is
preferred for AR/VR displays, with exam-
ples being head-mounted displays (HMDs)
or near-eye-displays (NEDs) (e.g., smart
glasses). Although significant improve-
ments have been made over the past ten
years with regard to AR/VR technolo-
gies,l-% challenges such as light loss in
the optical system and limited resolutions
of displays inhibit the realization of an
metaverse-based future. In order to realize
a high-definition display with a realistic
and immersive experience on a thin/light
device, efforts to break through the limits
of existing technology in terms of mate-
rials and processes should be made.

The light-emitting materials play a key
role in the development of a high-perfor-
mance display, and recently, emerging
nanoscale emitters are attracting much

1. Introduction

As metaverse will enter our daily lives in the near future in
various aspects, the realization of augmented reality (AR) and
virtual reality (VR) technologies is an emerging issue, which is

attention in this area. Particularly, colloidal quantum dots
(QDs) and metal halide perovskites (MHPs) are in the spot-
light for realizing natural colors and realistic images in such
next-generation displays, due to their high color purity (i.e.,
narrow emission spectra), high photoluminescence quantum
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Figure 1. Overview of the requirements of the material/device aspects of AR/VR displays (Bottom images: adapted with permission.[*>2#l AR and VR

devices: image courtesy of Epson and Samsung, respectively.)

yield (PLQY), strong optical absorption, and color tunability.-!
Because of the unique optical properties, QDs and MHPs
have become promising candidates for next-generation color-
conversion layersl?¥ or electroluminescence (EL) emission
layers!™l in display panels. The emission spectrum of QDs is
tunable depending on the size of QDs due to the quantum size
effect, which enables nearly 100% coverage of color volume and
thus vibrant color of QD-based displays. In fact, the QDs have
already been adopted to commercial products such as high-def-
inition large-size TVs by Samsung and Others. In the products,
QDs are incorporated in a color enhancement layer embedded
between color filters and the backlight. The QD enhancement
films composed of red/green QDs, resin and barrier films
greatly increase the color gamut of displays by down-conversion
PL; the QD enhancement film should be distinguished from
the next-generation QD color filters implemented through
QD pixel patterning, which will be discussed in the Section 5.
The MHPs have narrower emission spectra than QDs, and
thereby can realize a larger color gamut of =95% of Rec.2020
(cf., =85% of Rec.2020 for InP-based QDs).®l Also, high
absorption coefficient (higher than InP QDs), simple synthesis
process, easy color tuning with substitution of halide moiety,
and low material cost of MHPs make them a promising alter-
native to QDs.'"21 However, industrial applications of MHP
emitters (as a color conversion layer) have not been achieved
so far mainly due to their fundamentally low material stability,
which is discussed in Section 3.2.

The implementation of an immersive AR/VR display, espe-
cially for compact-size NEDs, requires a precise, high-resolu-
tion patterning of red, green, and blue (RGB) pixels; actually,
the patterning process of RGB pixels includes patterning of
a light source (e.g., blue micro light-emitting diodes (LEDs)),
color conversion materials (e.g., QDs), and thin-film transistor
(TFT) backplane. The required pixel resolution in the display
panels of AR/VR devices is several thousand pixels per inch
(PPI), where a pixel size is in the range of um units. Particu-
larly, 10000 PPI is required for AR applications. However,
many technical problems such as pattern nonuniformity
and degradation of QDs limit the high-resolution patterning
process. In this review, we briefly discuss the difficulties in
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patterning light sources and backplanes (Section 2) and mainly
focus on the recent advances in various patterning methods of
color conversion materials (Section 4).

The next-generation display type that might succeed the
QD color filter is QD/MHP EL. QD EL displays have received
great research interest for the past ten years because of their
advantages including large color volume, high efficiency, wide
viewing angle, high contrast, and thin panels.l®”? Thus far,
red and green self-emissive QD/MHP LEDs have achieved sig-
nificant improvements, reaching external quantum efficiency
(EQE) >20%,12>-2] but both emitters still have limitations with
regard to the implementation of blue LEDs. Particularly, low
operational lifetime of MHP LEDs (PeLEDs), typically shorter
than those of QD LEDs (QLEDs), demands further inten-
sive research in order for PeLED to catch up with QLEDs and
OLEDs. Although it seems obvious that QD color filter displays
will be on the market first, we believe that QD EL displays will
provide a valuable display platform for future AR/VR NEDs.
Recent advances and limitations of down-conversion PL and EL
of QD/MHP emitters are discussed in Section 5.

Herein, we review the recent research progress of emerging
nanoscale emitters as an essential requirement for realizing
immersive AR/VR displays, mainly focusing on their use as a
color conversion layer (Figure 1). In Section 2, we will review
the recent trends of AR/VR device technologies in the industry
and the key features to evaluate the performance capabilities
of AR/VR devices. The recent research progress in QD and
MHP emitter technologies is reviewed in Sections 3, 4, and 5,
including their structural and optical properties, synthesis
strategies, patterning methods, down-conversion PL, and EL
applications. Finally, summary and our perspectives on future
research directions of the QD and MHP emitters for AR/VR
applications are provided in the Section 6.

2. Progress of Near-Eye Displays for AR/VR
2.1. Recent Progress in AR/VR Technology in the Industry

Since AR and VR appeared on the Gartner Hype Cycles for
Emerging Technologies in 2006 and 2014, respectively,i?%]
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AR/VR technologies have been continuously regarded as the
next computing platforms with the potential to transform many
aspects of our modern digital lives as well as to create a rapidly
growing market. In the industry, an increasing number of tech
companies have been developing AR/VR technologies with a
variety of different strategies over the last decade.

AR technology is often defined as a set of technologies that
overlays digital visual images and contents on the real-world
scene. This concept includes smartphone-based AR, which pro-
vides the user computer-generated content overlaid on a real-
world environment tracked by a camera on the device screen.
Although numerous mobile AR apps have led to the creation of
a massive market in the past few years, aimed at e-commerce,
gaming, entertainment, and education, the user experience
remains limited as users are required to hold a device in front
of them and the physical screen diminishes reality. Such con-
straints have facilitated the advancement of AR devices in a
wearable form factor.

Smart glasses are an eyewear device capable of providing
digital information, typically 2D text and images, while allowing
the user to view the real world through semi-transparent optical
combiners. In light of the denotation of a true AR experience,
that is, the user perceives the digital graphics as if they are
seamless parts of the real world, smart glasses which simply
displays information is essentially distinguished from high-
end AR headsets. Instead, typical smart glasses provide real-
time information and data via a display accessible in the user’s
field of view (FOV) with a hands-free feature, greatly improving
workforce efficiency and worker safety. Along with Google,
which launched the first publicly available product in 2014,
technology companies such as Snap, Meta, and Vuzix are major
developers in the smart glass market.

Table 1. Comparison of commercial AR/VR NEDs.[?%]

www.advmattechnol.de

High-end AR systems require more complex hardware com-
positions for the display engine, combiner optics, and optical
sensors than smart glasses. Particularly, advanced sensor sys-
tems are a core additional building block to gather sufficient 3D
information about the surrounding environment while tracking
the relative position of the user to enable AR, including depth
scanning sensors, head-trackers supporting six-degree-of-
freedom (DOF) movement, eye trackers, and gesture sensors.
Although the aim is to shrink the form factor eventually such
that the devices can be considered as AR “glasses,” the cur-
rent direction of development uses the form of a headset (e.g.,
Microsoft Hololens 2 and Magic Leap One) due to the most
demanding cutting-edge hardware. To date, the majority of
smart glasses and AR headsets are oriented to use by enter-
prises, such as those related to construction, warehouse logis-
tics, and manufacturing, among others, while industry con-
tinues putting much effort into developing products that meet
consumer expectations.

In contrast to AR devices, the primary aim of VR technology
is to provide the user with fully immersive virtual experiences
by only showing computer-generated content while completely
blocking the real-world vision. Thus, VR devices are relevant to
indoor activities with limited mobility, and currently main use
cases are found in gaming, that is, as VR gaming systems. Early
VR headsets were used while tethered to a computer capable of
supporting high-quality rendering and synchronized with out-
side-in head-tracking sensors installed in a VR-dedicated space.
Currently, the VR headset hardware architecture has evolved
toward a standalone solution with inside-out sensors offering
6DOF VR experiences (e.g., Meta Oculus Quest 2 and HTC
Vive Focus Plus). The key display and optics specifications of
several commercial AR/VR devices are summarized in Table 1.

Form factor Name Display type Optics (imaging, combiner) FOV Resolution (per-eye) Year
Smart glasses Google Glass ICoS Prism 13° 640 x 360 2019
Enterprise Edition 2 (monocular) hori
Vuzix DLP waveguide 28° 854 x 480 2020
M4000 (monocular) diag
Oppo Monochrome microLED waveguide 28° 640 x 480 2022
Air Glass (monocular) diag
Realwear LCD N/A 20° 854 x 430 2017
HMT-1 (monocular) hori
AR headsets Microsoft LBS waveguide 52° 1440 % 936 2019
Hololens 2 (binocular) diag
Magic ICoS waveguide 40° 1280 x 960 2018
Leap One (binocular) hori
VR headsets Oculus LCD Fresnel lenses 97° 1832 %1920 2020
Quest 2 (binocular) hori
HTC LCD Fresnel lenses 16° 2448 x 2448 2021
Vive Pro 2 (binocular) hori
Sony PlayStation VR OLED Aspherical lenses 96° 960 x 1080 2016
(binocular) hori

Hori: horizontal, diag: diagonal.
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While the device architectures of smart glasses and AR/VR
headsets are designed differently depending on their core func-
tionalities, mostly in terms of the optical systems used, several
common challenges related to their similarity as NED or HMD
types of form factors must be addressed. In NEDs, the light radi-
ated from the display panel travels through intermediate optics
located in close proximity to the eyes, that is, within a few cen-
timeters. Thus, several optical factors, such as the eyebox, FOV,
angular resolution, and brightness, must carefully be taken into
account to satisfy human visual and comfort requirements. In
addition, NED devices must facilitate wearable comfort while
also being lightweight and with a balanced center of gravity,
a suitable size, good thermal management, and a socially
acceptable shape. This means that a complete paradigm shift
is required from conventional flat-panel displays such as TVs,
monitors, tablets, and smartphones when designing optical sys-
tems, and an in-depth understanding of the features of human
visual perception and optical limitations becomes crucial.

2.2. Key Optical Features of AR/VR Headsets

The FOV of NEDs is the angular extent over which a virtual
image is perceived by the viewer. Typically, the entire FOV of
the human vision system spans 220° horizontally, and the over-
lapped range of binocular vision is as wide as 120°.2% Thus,
an FOV which is sufficiently large to cover the human vision
system is required to provide a fully immersive experience.
Most state-of-the-art VR headsets, such as the Oculus Quest
2, HTC Vive Pro, and Sony PlayStation VR types, have a hori-
zontal FOV of around 100° to 110°, while a few companies such
as Pimax and StarVR announced products with a horizontal
FOV that exceeds 200°.77) On the other hand, the FOV of AR
headsets is limited to around 40° to 50° in the diagonal direc-
tion (e.g., Magic Leap One and Microsoft Hololens 2), and typ-
ical smart glasses have even smaller diagonal FOVs of around
15° to 35°.1281 The eyebox defines the spatial region in which
entire FOV of a virtual image is viewed by the eye without
vignetting. A larger eyebox can accommodate a greater range
of the interpupillary distance (IPD) from different user popu-
lations and can offer more flexibility with regard to eye move-
ment or the displacement of headsets. The angular resolution
defines the number of pixels per degree (PPD) in the virtual
image, i.e., the ratio of the pixel resolution of the display panel
to the FOV (Figure 2). In case of AR/VR displays, an optical

~~~~~
~~~~~

# of pixels
ppd = —p——
Fov

Figure 2. Schematic representation of the definition of PPD.
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system is often incorporated in front of the display panel to
expand FOV. However, according to the definition of PPD, the
FOV and the PPD are essentially in trade-off relationship, while
the PPI metric is fixed. Therefore, it is desirable to use the
PPD metric instead of PPI for NEDs to properly reflect user’s
experience. A human eye with normal visual acuity (commonly
referred to as 20/20 vision) is able to resolve a spatial pattern
separated by one arcmin, which corresponds to 60 PPD.[?l To
achieve both a high angular resolution and a large FOV, the
most straightforward approach is to increase the number of
pixels of the display panel. However, increasing the pixel reso-
lution becomes challenging, particularly for micro-displays, due
to physical limitations on the reduction of the pixel size, which
will be discussed in detail later.

In an optical system, étendue, a geometric property of light
mathematically defined as the product of the area of the light
source or entrance pupil and the solid angle into which the
light is being emitted from that area, is conserved throughout
the system. This invariant leads to compromises between the
parameters introduced above, that is, the FOV, the eyebox, the
angular resolution, and the device size. For example, if a system
is designed to expand the FOV for a given display resolution and
pixel size, the eyebox as well as the angular resolution must be
reduced, or larger optics would be required. Therefore, careful
designs of optical architectures are essential to optimize different
parameters simultaneously by managing these types of trade-offs.

For a comfortable user experience, VR/AR devices must
be designed in a compact and lightweight form factor, which
motivates researchers to attempt to make the optical system as
small as possible. For VR NEDs, as see-through properties are
not required, the optics used to transmit light from a display
panel to the eyes can be relatively simple, often consisting of
only a single lens per eye. For a thinner and lighter form factor,
Fresnel lenses have been commonly adopted in most modern
consumer VR headsets on the market. In addition to reducing
the weight and size, lens configurations have been investigated
to reduce the distance between the lens and the display without
sacrificing the FOV by, for instance, utilizing an optical folding
architecture (often called a pancake lens) with polarization-
dependent optics,3®3! a lenslet array (or microlens array),13%33l
or a combination of a lenslet array, optical folding optics, and a
Fresnel lensP¥ as summarized in Figure 3.

For AR headsets and smart glasses, given that the optics must
be able to magnify digital contents generated from the display
panel and deliver them to the eyes together with real-world
scenes, designing optics to reduce the size of the device and
increase the FOV at the same time is even more difficult. In this
sense, the optical combiner is often considered the most complex
and crucial optical element because it dictates the overall image
quality, the FOV, and the optical efficiency of the AR NEDs.

Combiners are classified into reflective and diffractive types.
Reflective combiners include a multitude of architectures,
from curved or freeform half-tone mirrors to birdbath types
(with a beam-splitter and a curved mirror), freeform prisms,
and cascaded mirrors (Figure 4a—d). Reflective combiners typi-
cally show optical efficiency of 20-50%, being balanced against
transparency and decent imaging without severe chromatic
aberrations. However, the size of the optics proportional to the
eyebox and the FOV lead to a large form factor. Recently, 2D
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Figure 3. Lens configurations for VR headsets: a) single lens, b) curved lenslet array, c) optical folding type (pancake optics), and d) optical folding
type with a lenslet array and a Fresnel lens. Reproduced with permission.l Copyright 2021, Springer Nature.

(a) : (b)

) | | : ©

Figure 4. Combiner configurations for AR headsets: a) birdbath type with a beam splitter and a half mirror, b) single freeform half mirror, c) free-
form prims, d) reflective waveguide with cascaded partial mirrors, and e) grating-based diffractive waveguide. Reproduced with permission.[2#l
Copyright 2019, Beijing Zhongke Journal Publishing Co. Ltd.
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pupil expansion reflective waveguide combiner technology that
allows high color uniformity and optical efficiency exceeding
10% with transmittance of 85% was announced.!

Diffractive combiners are typically based on waveguides inte-
grated with a pair of a diffractive grating in-coupler and an out-
coupler, and these architectures are particularly useful for AR
headsets to enlarge the system étendue without changing the
optics thickness (Figure 4e). The major diffractive coupler ele-
ments adopted in consumer products are surface relief gratings
and holographic volume gratings, where nano-gratings on the
surface and the grating patterns of a holographic photopolymer
induce the diffraction of incident light, respectively. The basic
working principle of diffractive waveguides is as follows: light
emitted from each display pixel is collimated and made inci-
dent into the in-coupler as plane waves. The incident light is
then coupled to the waveguide and trapped by total internal
reflection (TIR). This light is guided to the out-coupler, which
expands the exit pupil and decouples the light from the wave-
guide toward the user. Here, the general requirements are to
achieve a large FOV, high light output efficiency of the system,
and uniformly displayed images. To address these issues, it is
commonly required to design in-couplers such that they have
high diffraction efficiency and out-couplers to function as a 2D
exit-pupil expander for a large system étendue while ensuring
outcoupling uniformity over the expanded exit pupil. In addi-
tion, both couplers must be tuned for wide angular and spec-
tral bandwidths to provide a decent FOV over a broad spectral
range of the display light source. In practice, however, due to
the angular and wavelength selectivity of gratings and unde-
sired optical losses from multiple elements, the FOV and light
output efficiency are currently limited to around 50° and a few
percentage (typically, less than 2%), respectively.>3¢l

Given that a compact and light form factor is in strong
demand and light losses in optical systems are inevitable for
both VR and AR devices, display technologies that satisfy the
specifications for consumer products are also highly essential
to develop high-quality VR/AR headsets. In the next section,
recent progress in micro-display technologies will be discussed.
The reader is referred to more extensive reviews for a more
detailed summary in the field of optics for VR/AR headsets.!>?l

2.3. Display Technology for AR/VR Headsets

Micro-displays, typically less than one inch for AR/VR head-
sets, can be classified as projection types that require external

[ Thin Fi Encapsulation
Cathode

Electron Transport Layer
Grev
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illumination systems, such as liquid-crystal-on-silicon (LCoS),
digital light processing (DLP), and laser-beam scanning (LBS)
as well as self-emissive types, such as micro-organic light-emit-
ting diodes (OLEDs) and micro-LEDs.

LCoS is a reflective display in which the incident light is mod-
ulated depending on the polarization by controlling LC pixels that
are patterned on top of a silicone backplane. LCoS micro-displays
have been widely used in the AR/VR industry (e.g., Microsoft
HoloLens 1, Magic Leap One) due to their high brightness, good
resolution quality, and relatively low manufacturing cost. How-
ever, fundamental shortcomings include the limited dynamic
range caused by the poor dark state and low optical efficiency due
to polarization dependency. DLP controls the reflection of micro-
mirrors to modulate the light amplitude without polarization
(cf. DigiLens Design V1). Compared to LCoS, it generally exhibits
higher efficiency, as unpolarized light sources can be directly uti-
lized. One common issue associated with LCoS and DLP is that
the system size becomes bulky, particularly if LED light sources
are employed, hindering their use in compact VR/AR headsets.
The LBS system forms 2D images by scanning laser beams with
the mirrors of a microelectromechanical system (MEMS) and
modulating each pixel (cf. Microsoft HoloLens 2). LBS is often
considered to be promising largely due to its small form factor,
high contrast ratio, high light efficiency, and high DOF number.
However, as the exit pupil of scanning display systems is inher-
ently small, complex compensation optics is required, which
leads to high labor and manufacturing costs.

Self-emissive displays based on micro-OLEDs or micro-LEDs
have gained much attention mainly due to certain intrinsic com-
pactness compared to LCoS and DLP. Obviously, the key optical
parameters reviewed in Section 2.2 necessitate the common
requirements of display engines not only for the device size but
also for the brightness, resolution, contrast ratio, frame rate,
power consumption, and other considerations.

For OLEDs, despite the major examples of success in a wide
range of markets from small to large-sized displays, OLED
technologies for micro-displays are less mature. High-resolu-
tion RGB sub-pixel patterning is one of the critical issues to
consider when fabricating full-color OLED micro-displays. Gen-
erally, there are two methods of RGB patterning, one of which
is directly to deposit individual RGB emission layers in a side-
by-side manner using fine metal masks (FMMs) (Figure 5a).
The other is to make use of white OLEDs with RGB color filters
(CFs) (Figure 5b).

For direct patterning, the manufacturing precision of FMMs
and accurate alignment to define the RGB areas are extremely

(b)

Thin Film Encapsulation
| Cathode
Electron Transport Layer

| Hole Transport Layer |

__Hole Injection Layer

Figure 5. a) Illustration of an OLED stack with directly patterned individual RGB emission layers (left). An example of a directly patterned full-color
micro-OLED module and a close-up image of the pixel array (right). b) Illustration of the OLED stack of a white OLED emission layer with RGB color
filters (left). An example of the micro-OLED module of a white OLED with color filters (right). (a) Reproduced with permission.8 Copyright 2017,
Wiley-VCH GmbH. (b) Reproduced with permission.’*l Copyright 2019, Beijing Zhongke Journal Publishing Co. Ltd.
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important given that the sub-pixels must be structured in a
few micrometers. Several studies have demonstrated directly
patterned full-color OLED micro-displays with a pixel density
exceeding 2600 pixels per inch (PPI) (Figure 5a).1”3% However,
due to the technical hurdles encountered when manufacturing
FMMs, drastically scaling down the pixel size even further is
challenging.

The strategy of employing white OLEDs with CFs is capable
of producing a much higher pixel density, for example, over
5000 PPI (Figure 5b),1*) because the pixel size depends on the
area of the CFs and anode pads embedded in the CMOS back-
plane, both of which are structured by high-resolution lithog-
raphy technologies. However, the CF array absorbs theoreti-
cally >70% of the light emitted from white OLEDs, leading to
a reduction in the luminance as well as the power efficiency
of OLEDs.’’# To compensate for such optical losses, the per-
formance of the white OLED itself must be improved and/or
external optics to boost the efficiency is required (e.g., a light-
extracting nanostructure! or a microlens array!*).

To date, neither directly patterned RGB OLEDs nor white
OLEDs with CFs that achieve high-pixel density levels and high
brightness concurrently have been demonstrated. Recently, a
novel approach has been proposed based on white OLEDs with
metasurface nano-mirrors structured corresponding to RGB
sub-pixels, enabling a twofold increase in the luminescence
efficiency compared to color-filtered white OLEDs as well as an
ultrahigh pixel density of 10000 PPI (Figure 5c,d).*3] The emis-
sion color can be tuned relying on the optical resonance con-
trolled by the shift of the reflection phase of the metasurface
mirrors, consisting of nanopillar arrays. Here, the reflection
phase is adjusted by patterning the nanopillars with different
physical dimensions. To deploy this technology for mass-pro-
duction, therefore, cost-effective fabrication methods which
ensure precise nano-scale patterning yet offer high throughput
are strongly required.

In general, a maximum luminance level limited to a few
thousand nits is acceptable for direct-view VR applications,
but it is most likely not sufficient for AR NEDs, particularly for
outdoor use, which requires high luminance, unless the light
output efficiency of state-of-the-art combiners is substantially
improved. In addition, the broad emission spectrum of a typ-
ical OLED is not suitable for the diffractive waveguides of AR
devices, which exhibit strong wavelength selectivity.

Micro-LEDs, also as self-emissive devices, share proper-
ties similar to those of OLEDs, such as high contrast and fast
response time. Due to the intrinsic nature of inorganic mate-
rials, however, micro-LEDs show superior performances in term
of brightness, efficiency, and durability compared to OLEDs. In
the industry, pixelated LED-based displays have been already
adopted for ultra-large signage applications and cinema screens,
and interest in potential consumer products has grown consid-
erably over the last decade, especially since Sony introduced a
55-in., full-HD micro-LED prototype TV in 2012 and Samsung
unveiled a modular 146-in., 4K micro-LED TV in 2018.

In the meantime, micro-LEDs have attracted enormous
amounts of attention for small-size displays for wearable
devices as well, first from smart watches (e.g., Apple acquired
LuxVue in 2014) and later to AR/VR headsets (e.g., Meta
(Facebook Oculus) acquired InfiniLED in 2016 and Google
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acquired Raxium in 2022). Despite such attractive features and
the high level of interest, micro-LED technologies still face chal-
lenges in high-volume manufacturing with a high production
yield. Furthermore, micro-LEDs for micro-displays, although
they share the same nomenclature, must meet more rigorous
requirements than those for direct-view display panels in
many aspects, such as the pixel size, fabrication process, and
luminance characteristics, and it is even more challenging to
satisfy those demands for full-color display solutions. This
is well proven by the fact that only a few products have been
announced publicly, limited to smart glasses only based on
monochrome micro-LEDs, thus far (e.g., Vuzix Shield, Oppo
Air Glass). The major obstacles hindering the manufacturing
of micro-LED-based full-color micro-displays are i) efficiency
reduction when miniaturizing the micro-LEDs and ii) the inte-
gration of individual RGB micro-LED pixels with a drive circuit
backplane.

In general, for RGB pixels, green and blue LEDs are fabri-
cated based on InGaN semiconductors grown on a sapphire
substrate, in which the emission spectrum is tuned by control-
ling the composition of each element, whereas state-of-the-art
red LEDs are generally based on AlGalnP epitaxial layers on
a GaAs substrate for lattice matching. Although several strat-
egies to build an efficient InGaN-based red LED have been
introduced recently,*#! it is still challenging to achieve decent
efficiency comparable to that of blue micro-LEDs. Furthermore,
despite the fact that all RGB LEDs can be produced using the
InGaN-based chip architecture, no practically feasible tech-
nology to vary the composition of elements in quantum wells
across a wafer for full-color emission from a single substrate
has been demonstrated.*! One common issue is that as the
size of micro-LEDs shrinks, the quantum efficiency drops,
leading to low brightness and degradation of the degree of
homogeneity. This behavior is primarily attributed to surface
defects at the sidewalls acting as non-radiative recombination
centers, and the decrease in the quantum efficiency is more
severe in AlGalnP-based red LEDs due to the surface recombi-
nation velocity and carrier diffusion length being much greater
than those of InGaN.[¥8]

To transform bare micro-LED chips to display pixels, the
integration process between the micro-LEDs and the elec-
tronic driver circuits is essential. For micro-displays in which
highly accurate alignment is critical for extremely small pixels
(<10 pum), the mass transfer techniques developed for large-
scale displays with low PPI (less than a few hundreds) are not
suitable. In place of these, monolithic integration methods
have been widely investigated. Among them, fully monolithic
integration which aims to build both micro-LEDs and to drive
thin-film transistors (TFTs) on the same substrate hold great
promise with regard to future micro-displays.*~! However, the
technology is currently in its infancy and thus cannot be directly
adapted to consumer products. Compared to fully monolithic
approaches, monolithic hybrid integration is more practical.
The fundamental idea is to assemble micro-LEDs fabricated
on an LED substrate and an Si-based complementary metal-
oxide semiconductor (CMOS) backplane by flip-chip or wafer
bonding techniques**%; for flip-chip bonding (Figure 6a—d),
individual micro-LED pixels are structured on the LED sub-
strate and then bonded to corresponding TFTs on the CMOS
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Figure 6. a—d) Two-inch active-matrix micro-LED panel integrated with an oxide TFT backplane using flip-chip bonding. e) 1270 PPI active-matrix
micro-LED RGB modules packaged using wafer bonding. (a—d) Reproduced with permission.* Copyright 2018, Wiley-VCH GmbH. (e) Reproduced

with permission.l®l Copyright 2018, Society for Information Display.

backplane with pixel-wise accurate alignment.’>>* For wafer
bonding (Figure 6e), an entire LED epi-wafer is bonded to the
CMOS backplane first, after which micro-LED pixels are iso-
lated directly on the embedded TFTs via high-resolution lithog-
raphy processes, eliminating the accurate alignment issue and
thus allowing a further reduction of the pixel size (<5 pm).[>36

Although monolithic integration is promising for fabricating
micro-displays with a high pixel density, the most critical draw-
back is that it is hardly possible to support full-color architec-
tures by transferring or structuring RGB individual pixels due
to the nature of the bonding processes. Taking those two major
limitations in the efficiency and fabrication process against the
decrease in the pixel size into account, leveraging RGB micro-
LEDs individually prepared on different substrates is not practi-
cally favored for full-color micro-display panels.

Other approaches to realizing RGB full-color micro-LED dis-
plays are to utilize color conversion, that is, to down-convert
high energy excitation light (e.g., blue or ultraviolet) to light
with lower energy (e.g., red or green), by to make use of phos-
phors or colloidal semiconductor nanocrystals (NCs; including
QDs and MHPs). Phosphor-based conversion has several
advantages, including a high quantum yield, high luminous
efficacy of radiation, high thermal stability, and high chemical/
moisture resistance,”” and it has been widely used to generate
white light in applications such as LED lamps, projectors, and
LED TVs. The main obstacles when employing phosphors for
the micro-display panels of AR/VR devices are that phosphor
particles are normally larger than a few micrometers as the
light conversion efficiency is inversely proportional to the size
of the particles,*®>71 and the light scattering and broad emission
spectra from the phosphors are not preferential for diffraction-
based optics.

On the other hand, QDs and MHPs are often considered
to be promising candidates for color conversion due to the
prominent features of a high quantum yield, tunable optical
properties depending on the particle size, narrow emission

Adv. Mater. Technol. 2022, 2201070

2201070 (8 of 33)

linewidths, and strong absorption in the wavelength range of
blue light. To adopt QD (or MHPs) color conversion to full-
color micro-displays in consumer markets, it is crucial i) to
precisely structure the color conversion layers on each micron-
scale subpixel without damaging the underlying LEDs and
backplane, ii) to enhance the light conversion efficiency ideally
with no leakage of the excitation light, iii) to obtain high color
purity with no color crosstalk, iv) to improve the stability of the
QD layers for longer lifetimes, and v) to develop manufacturing
processes suitable for mass production.

In this regard, the material properties of different classes
of QDs and MHPs, cutting-edge studies and core challenges
for color conversion and EL, patterning technologies, and
future perspectives will be discussed throughout the following
chapters.

3. Emerging Nanoscale Emitters for
AR/VR Displays

In this chapter, we discuss promising candidate light-emitting
materials to improve the color reproduction range of next-gen-
eration AR/VR displays. We particularly focus on the optical
and structural properties of colloidal inorganic QDs and col-
loidal perovskite NCs as well as recent advances in their syn-
thesis methods to improve their optical properties and stability.

3.1. Colloidal Quantum Dots (QDs)

Colloidal inorganic QDs are nano-sized compound semicon-
ductor particles exhibiting discrete energy levels and a size-
dependent bandgap owing to the quantum size effect that exists
when the radius of the QDs is shorter than the exciton Bohr
radius.”#%0 As the size of the QDs decreases, the quantum size
effect is enhanced and thereby the QDs exhibit a blue-shifted
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Figure 7. a) Energy level alignment type of core—shell structured QDs. b) Schematic representation of energy alignment in CdSe QD with a multi-
shell structure of CdSe/ZnSe/ZnS. c) Schematic of the InP-based QD synthesis using (DMA);P. d) PL intensity improvement of InP-based QDs upon
HF treatment. e) Effect of Ga doping in InP-based QDs on PL emission. (a) Reproduced with permission.®3 Copyright 2020, Wiley-VCH GmbH.
(b) Reproduced with permission.[%8 Copyright 2012, American Chemical Society. (c) Reproduced with permission.l®!l Copyright 2021, Wiley-VCH GmbH.
(d) Reproduced with permission.®4 Copyright 2018, American Chemical Society. (e) Reproduced with permission.®l Copyright 2020, American Chem-

ical Society.

emission spectrum with an increased bandgap. As a result,
depending on their size and composition, QDs show a wide range
of emission wavelengths from violet to near-infrared (NIR) with a
narrow emission linewidth (typically, full width at half maximum
(FWHM) values of 20-30 nm for CdSe-based QDs[®"%2 and
=35 nm for InP-based QDs[®) and high PLQYs of 80-100%.

3.1.1. Materials’ Properties

Due to the large surface-to-volume ratio, QDs are prone to sur-
face defects, such as surface dangling bonds, which can act as
nonradiative recombination sites and thereby reduce the PLQY
and generate undesirable photophysical phenomena such as
blinking.[*4 To overcome the problems originating from these
surface defects, QDs typically possess a core/shell structure
where the surface of the shell is capped with long-chain organic
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ligands. Core-shell structures can be classified into several dif-
ferent types (e.g., type-1, type-1I, inverse type-I, and quasi type-
II) according to the alignment of the energy levels (i.e., valence
band maximum and conduction band minimum) of the core
and shell materials (Figure 7).l While the type-I structure
assists with the confinement of both electron and hole wave-
functions by shells with a wider bandgap, the type-II structure
with a staggered alignment facilitates the transport of a charge
carrier (either an electron or a hole), as one charge carrier is
confined in the core and the other is confined in the shell. Most
QDs employed as color conversion layers (in PL down-conver-
sion displays) and emission layers (in self-emissive QLEDs)
have the type-l structure (e.g., CdSe/ZnS), where radiative
recombination of holes and electrons can be enhanced.® Fur-
thermore, multishell structure is often adopted to reduce the
lattice mismatch between core and shell material, for instance,
CdSe/CdS/ZnS and CdSe/ZnSe/ZnS (Figure 7b).[768]
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The core/shell QDs are capped with surface ligands and col-
loidally dispersed in solvent media. The surface ligands not only
passivate the surface defects of the QDs (increasing the PLQY
substantially) but also provide long-term colloidal stability in
the solvent. The most common combination of a surface ligand
and a solvent is a long-chain organic ligand (e.g., alkyl car-
boxylate, alkyl amines, and alkyl phosphines) and a non-polar
solvent (e.g., hexane and toluene). In addition to surface pas-
sivation and colloidal stability, surface ligands greatly affect the
charge transport properties of the QD films The charge carrier
mobility in QD films depends strongly on the length of the
ligands, as ligands are mostly insulating.%” The energy levels of
core/shell QDs can also be shifted by surface ligands."® There-
fore, for both PL down-conversion and EL applications, surface
ligands play a crucial role in the fabrication of QD layers with
desired optical and electrical properties. Further details and a
discussion of the core/shell structure and surface ligands can
be found in the literature in other review articles.[0626571

3.1.2. Environmentally Benign InP-Based QDs

Despite the high PLQY and narrow emission linewidth, the
commercialization of CdSe-based QDs remains limited thus far
due to the toxicity of cadmium. As an alternative, environmen-
tally benign InP-based core/shell QDs have been extensively
studied owing to the direct bandgap, weak phonon coupling,
and small effective charge carrier masses.’? However, InP
QDs are associated with high susceptibility to oxidation.”!
Because both In and P are oxophilic, oxidative defects (e.g.,
InPO, or In,03) can easily form during the colloidal synthesis
step, considered to be the major cause of the inferior optical
properties (i.e., lower PLQY and broader emission spectrum)
of InP QDs compared to CdSe QDs.”*l In addition, improving
the optical properties of InP QDs often requires a high-tem-
perature synthesis step due to the high covalency of III-V
semiconductors.’+”%!

Although the PLQY and emission linewidth of InP-based
QDs were far behind those of CdSe-based QDs in the early
stage due to their high oxophilicity and high covalency, “high-
quality” (i.e., high PLQY > 90%, small FWHM < 35 nm, and a
uniform size distribution) InP-based core/shell QDs were able
to be achieved with extensive development of synthetic strate-
gies.?4737677] Such great progress of InP QDs was based on the
development of precursors, optimal shell structures, surface
ligands, and other synthetic parameters. One of the strategies
initially attempted for the synthesis of high-quality InP QDs
was to change the reactivity of the P precursor. A two-phosphine
approach which introduces highly reactive tris(trimethylsilyl)
phosphine ((TMS);P) and a less reactive triarylsilylphosphine
precursor (P(SiPhj;);) together was attempted in an effort to
control the amounts of monomers left for the growth stage.’®l
The highly reactive (TMS)3P contributes to the rapid nuclea-
tion upon injection, but a safety issue arises due to its flamma-
bility in air. Recently, tris(dimethylamino)phosphine ((DMA);P)
has been used for the synthesis of InP QDs as an alternative
phosphine precursor for better safety and cost-effectiveness,
showing a moderate reaction speed. However, InP QDs syn-
thesized with (DMA);P without compositional engineering
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of shell showed a lower PLQY of 83% with a larger FWHM
(50 nm)”?! than those of InP QDs synthesized using (TMS);P
(PLQY = 95%, FWHM = 36 nm).®% The optical properties of
InP QDs synthesized using aminophosphine precursors could
be enhanced further (PLQY = 95%) by using an inner/outer
shell structure (e.g., ZnSeS/ZnS) (Figure 7¢).B Precise control
of the size and uniformity was achieved via a two-step approach
using =1.9 nm InP QDs as seeds for larger core/shell QDs.[52
Starting from these seeds, the growth of highly monodisperse
InP QDs was achieved by the slow and continuous injection
of In-P complexes into the seeds, avoiding secondary nuclea-
tion.B2 Also, the use of Z-type ligands with strong electron-
egativity, such as metal halide salts (e.g., ZnCl,, ZnBr,, InCl;)
along with conventional long-chain X-type and L-type ligands
can enhance the PLQYs of InP QDs by passivating under-coor-
dinated chalcogenides.®’]

State-of-the-art InP/ZnSe/ZnS core/shell QDs show PLQYs
of 90-100% and FWHMs of 35-36 nm (for green).’>* For
instance, the size distribution of green InP/ZnSe/ZnS is
enhanced by forming monodisperse InP cores through con-
trol of the reactivity between the In and P precursors, which
was achieved with an injection of a phosphine precursor at the
relatively low temperature of 150 °C, with a subsequent shell-
building process at a high temperature. The resulting emission
properties resulted in a PLQY of 95% and a FWHM of 36 nm
with significantly reduced surface trap states.® The PLQY of
red InP-based QDs was enhanced by removing the surface trap
sites of the InP cores through an additional surface treatment
(Figure 7d).B4 A hydrofluoric acid treatment was implemented
to obtain an InP core without an oxidative surface, which can
act as trap sites, resulting in a PLQY of 98% at 630 nm and a
FWHM of 35 nm."?I

While red and green InP-based QDs show PLQYs that
exceeded 90%, blue InP-based QDs still exhibit relatively low
PLQYs. The small size of blue InP QDs of less than 2 nm is the
main cause of such low PLQYs, as they are more prone to surface
defects and have difficulty in synthesizing monodisperse blue
core QDs. Precise control over the small InP core size greatly
affects the PLQY of blue InP core/shell QDs. For instance, InP
QDs =1.8 nm in size were achieved by adding the ZnS com-
plex at the early stage of InP growth, suppressing the over-
growth of InP nuclei.””) With an additional Zn$S shell coating,
the InP/ZnS core/shell QDs resulted in high PLQYs of =52% at
483 nm. Recently, Ga doping was reported as an effective
strategy to realize larger pure-blue emissive InP-based QDs
with a smaller surface-to-volume ratio and a reduced lattice
mismatch of the ZnS shells.”>#] As the cation exchange pro-
cedure of InP is limited due to its strong covalency, synthesis
of In,_,Ga,P QDs typically requires high temperatures above
380 °C.”l By using a Galj-incorporating molten salt as a
medium for cation exchange, the pre-synthesized InP was suc-
cessfully converted to InGaP, finally resulting in the InGaP/
ZnSeS/ZnS structure with a reduced lattice mismatch between
the InGaP and ZnSeS (Figure 7e).5°] The synthesized QDs
exhibited a PLQY of 80% with pure-blue emission at 465nm.
However, the FWHMs of the blue InGaP QDs still exceeded
45 nm, indicating a need for further development./>#’]

The high PLQY of state-of-the-art red and green InP-based
QDs may guarantee the successful commercialization of QD
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color-conversion-based displays in the near future. However,
the blue InP QDs should be further developed in both effi-
ciency and stability. For AR devices requiring much higher
brightness levels and resolutions than cell phones and lap-
tops, further studies on improving the thermal/photo stability
and developing non-destructive high-resolution patterning
method for InP QDs are indispensable. The patterning
method of colloidal QDs will be further discussed later in
Section 4.

3.2. Metal Halide Perovskites (MHPs)

Metal halide perovskites (MHPs) are an emerging class of opto-
electronic material attracting significant attention in relation to
various applications, such as LEDs, solar cells, photodetectors,
and lasing due to their unique optical and electrical proper-
ties, featuring high PLQYs, high defect tolerance levels, tunable
emission colors in the visible light range, and exceptional color
purity and high charge carrier mobility levels.[%8¢]

As mentioned in Section 2 above, to exploit a light-emit-
ting material as a color conversion layer or emission layer in
AR/VR headsets, the displays of the AR/VR headsets should
simultaneously meet the requirements of high luminescence
efficiency, excellent color expression (i.e., wide color gamut),
high brightness, and a high resolution. Regarding the color
gamut, Rec.2020 has been used as a new standard that replaces
conventional NTSC standard since 2014, following the devel-
opment of ultra-high definition display.®”! The comparison of
Rec.2020 and other standards such as NTSC, DCI-P3 (for digital
camera) is shown in Figure 8. Considering the smaller FWHMs
(~20 nm) of the emission spectrum of MHPs compared to that
of InP-based QDs (=35 nm), MHP NCs offer great potential
with regard to realizing more immersive and realistic AR/VR
displays that could satisfy nearly 100% of Rec.2020 in the near
future.
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Figure 8. CIE graph showing color gamut standards of NTSC, Rec.2020,
DCI-P3.
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3.2.1. Material Properties

The basic structure of 3D MHPs is represented as ABXj,
mainly Cs*, methylammonium (CH;NH;*), formamidinium
(CH(NH,),") at the A-site, Pb?" at the B site, and CI-, Br-, I~
at the X site. The B-site metal cations and halide anions form
corner-sharing BXg octahedra are located at the cubic center;
together with the A-site cations, forming an ABX; ionic crystal.
The Goldschmidt’s tolerance factor (t) and the octahedral factor
(1) are two major parameters determining the phase stability
of the perovskite crystal structure. The Goldschmidt tolerance
factor (t) determines the stability and the extent of distortion of
the entire crystal structure, while the octahedral factor (1) deter-
mines the stability of the BX, octahedra. They are given as the
following equations, where ry, rz and ry represent the radii of
A, B, and X, respectively.

Tp + 1%

= 2(r +1x) a
u=" )
x

The t value greatly affects the crystal structure of MHPs,
where the cubic phase is observed when 0.9 < t < 1, the
orthorhombic/rhombohedral phase appears at 0.7 <t < 0.9, and
the hexagonal/tetragonal phase arises at t > 1.2 The BX, octa-
hedra of MHPs can be tilted due to the arrangement of A, B,
and X ions and the displacement of the ions. The perovskite
structure is considered unstable when the u value is too small
or too large. A stable perovskite structure is typically obtained
with 4 in the range of 0.442-0.895.88] Because A-site cations of
smaller sizes can scarcely maintain the BX; octahedron, with u
values of less than 0.4, it becomes impossible to implement a
stable perovskite phase regardless of the t value.l®]

MHPs exhibit a direct bandgap that can be readily tuned
by controlling the halide moiety (Figure 9a). For lead halide
perovskites, the energy level structure consists of a valence
band mainly depending on halide 5p and a conduction band
mainly determined by the spin-orbit coupling characteristic of
Pb 6p and halide 5p.%%%U Therefore, facile control of the emis-
sion color is possible by tuning the halide composition. Also,
lead halide perovskites have a very high absorption coefficient
of =10° cm™ (cf. =10* cm™ for GaAs) due to 1) the transitions
allowed given the characteristics of the direct bandgap, and
2) a high joint density of states originating from p-p transi-
tions (with a less dispersive lower conduction band compared
to GaAs).l?! The strong optical absorption of lead halide perov-
skites is very useful for color conversion, which will be revisited
and discussed in Section 5.

The defect tolerance of MHPs greatly contributes to their
exceptional optoelectronic properties. Although MHPs have a
high concentration of defects due to their low defect formation
energy (0.25-0.39 eV®2), the defects are mainly localized near
the edges of the conduction band and valence band, presenting
shallow trap energy levels (Figure 9b).°*¥l For instance, in the
case of MAPDI;, defects due to elemental vacancies are located
close to the band edges.” Although some possible defects (e.g.,
Inmas Ipp, Pb;, and Pby) exhibit deep transition levels between the
bandgaps, such defects have high formation energy, causing the
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Figure 9. a) PL emission spectrum of various MHPs. b) Defect-tolerant properties of MHPs. c) Different shape of MHP NCs synthesized by tuning
the temperature during hot injection method. (a) Reproduced with permission.l’l Copyright 2017, American Chemical Society. (b) Reproduced with
permission.l* Copyright 2017, American Chemical Society. (c) Reproduced with permission.[% Copyright 2020, American Chemical Society.

dominant defects of MAPDI; to be composed of only shallow
trap sites. As a result, the defect-tolerance properties contribute
to the significantly low nonradiative recombination rates in
bulk perovskite films with high trap site densities."!

MHP emitters can be largely divided into two types: bulk
polycrystalline films and colloidal NCs.%! The bulk thin film
and the NC types mainly differ in terms of their nucleation
and growth mechanisms. In colloidal MHP NCs, crystallization
occurs during colloidal synthesis by rapid nucleation and lim-
ited growth in a solution. Nucleation is typically initiated by an
injection of an AX precursor solution (e.g., CsBr) into a flask
(or vial) of BX, precursor solutions (e.g., PbBr,), forming col-
loidal ABX; NCs capped with organic ligands. For bulk poly-
crystalline films, crystallization occurs during the spin-coating
of an ABX; precursor solution (e.g., MABr and PbBr, precur-
sors dissolved in dimethyl sulfoxide). This indicates that crystal-
lization and deposition are separate processes in colloidal MHP
NCs but that they occur simultaneously in MHP polycrystalline
films. Among the two types, colloidal MHP NCs generally show
higher PLQYs owing to the exciton confinement effect.[”:%%!
Unlike conventional QDs, the emission wavelength and
linewidth of MHP NCs are independent of the corresponding
particle sizes, as the electronic band structure of MHP NCs is
determined only by the composition and crystal structure of
the MHPs (assuming that the size of the NC exceeds the cor-
responding exciton Bohr diameter; that is, in the absence of
a quantum size effect), while the electronic band structure of
QDs depends on their size.’>1% Thus far, all red, green, and
blue MHP NCs exhibit near-unity PLQYs and small FWHMs
(<20 nm for green and <30 nm for red) with effective defect
passivation strategies.' In contrast, MHP polycrystalline
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films typically show comparatively lower PLQYs!'02103 than
those of MHP NCs. Also, the optical and electrical properties
of MHP polycrystalline films strongly depend on the deposi-
tion process (often accompanied with an anti-solvent treatment
during the spin-coating step) and the resultant grain packing
structure,?>1% leading to large fluctuations in the optical/elec-
trical properties, especially for large-area devices. Considering
the higher PLQYs of colloidal MHP NCs and the fundamental
limitation of MHP polycrystalline films, colloidal MHP NCs are
most likely the appropriate emitter type for use as a color con-
version layer in next-generation AR/VR displays.

Regardless of the emitter type, the low stability of MHPs
limits the commercialization of MHP-based optoelectronic
devices and displays.'” In Section 3.2.2, we discuss various
strategies used to improve the stability of colloidal MHP NCs;
in this case purification, defect passivation, surface ligand con-
trol, and doping.

3.2.2. Improving the Stability of Colloidal MHP Nanocrystals

For a better understanding of stability improvement strate-
gies, first we briefly review representative synthesis methods
of colloidal MHP NCs. The synthesis methods of MHP NCs
are mainly classified into two types: hot injection and ligand-
assisted reprecipitation (LARP). The hot injection process
often includes the injection of an A-site cation precursor into
a BX, solution with non-coordinating solvents at elevated tem-
peratures. The precursor solutions used often include various
types of ligands to provide colloidal stability and control the
morphology of the NCs. The nucleation and growth process
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occurs immediately after the rapid injection of the A-site cation
precursor solution. As the reaction is completed within a short
time (typically <60 s) by a subsequent quenching process, col-
loidal MHP NCs with high uniformity are synthesized.”) Due
to the relatively low solubility of CsBr in dimethyl formamide
and dimethyl sulfoxide (commonly used solvents for perov-
skite precursors), the hot injection method is mainly used
to synthesize inorganic MHP NCs. Many researchers have
focused on improving the PLQYs and the colloidal stability of
CsPbBr; NCs and on controlling the size/shape of the NCs by
adjusting the reaction variables (e.g., reaction temperature,
duration, the type/ratio/concentration of precursors).”7106-108]
Recently, orthorhombic CsPbBr; NCs with 12 facets were syn-
thesized by utilizing o+halo ketone forming tertiary ammo-
nium ions, while six-faceted NCs have resulted from primary
ammonium ions (Figure 9¢).'%l The 12-faceted CsPbBr; NCs
show near-unity PLQYs with high colloidal and phase stability
levels. However, the hot injection method is somewhat limited
in terms of scalability given that the rapid temperature drop
at the point of the injection would be enhanced with a large
amount of precursor solution, leading to the inhomogeneous
nucleation/growth of NCs, a concomitant broad size distribu-
tion and reduced PLQYs.

In comparison with the hot injection method, the LARP
method has its advantages in terms of simplicity and scalability.
Typically, the precursor solution with AX, BX,, and ligands in
polar solvents (typically, DMF) is dropped into a non-polar sol-
vent while stirring the mixture at room temperature. Owing to
the significant change in the solubility upon the addition of the
precursor solution, colloidal MHP NCs form instantaneously.
The sizes of MHP NCs can be tuned by controlling the amount
and chain length of the organic ligands.'%%% However, an
inherent drawback of the LARP method is that the inevitable
use of DMF can decompose the MHP NCs, as MHPs are sol-
uble in DMF.

The stability of as-synthesized MHP NCs can be enhanced
by a subsequent purification process using anti-solvents.
Because the density of the ligands greatly affects the stability
and quality of the NCs, the purpose of purification is to extract
excess ligands and impurities through centrifugation. An insuf-
ficient amount of ligands will result in a MHP NC surface with
a high defect density level, while an excessive amount of ligands
will deteriorate the use of NCs in devices due to the insulating
characteristic of ligands. Effective purification will lead to the
adequate passivation of under-coordinated atoms and trap sites
at the surface, which can serve as nonradiative recombination
paths upon ligand loss. The extent of purification and surface
passivation can be tuned by varying the anti-solvent volume
ratio, the centrifuge speed, and the time. Methyl acetate, ethyl
acetate, acetone, acetonitrile, 1-butanol, and methanol can be
used as anti-solvents to precipitate MHP NCs dispersed in tol-
uene. The extent of precipitation differs according to the chain
length and polarity of the anti-solvents used.""”! Using ligands
with higher affinity can lead to better surface-passivated MHP
NCs by preventing the excessive detachment of ligands upon
purification.'

To overcome the low stability issue, various synthesis condi-
tions are adjusted to prevent the formation of surface defects,
which are critical to the overall stability of MHP NCs due to
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the high surface-volume ratio. Surface defects of MHP include
under-coordinated Pb?* and halide vacancies. The most widely
known experimental method for solving the halide vacancy
issue is synthesis under a halide-rich condition. In most MHP
NC synthesis processes, metal halide (BX,) serves as the pre-
cursor for both B-site cations and the X-site anions, which is
an obstacle in controlling the precise control of stoichiometry.
For precise control of the stoichiometry, a three-precursor
method, using different precursors for each A, B, and X ion,
was suggested as a possible strategy by which to minimize
the generation of halide vacancies.''>113] Using the three-
precursor method is advantageous in providing halide-rich
environment, which is a promising synthesis adjustment for
suppressing halide vacancies. In addition, the surface termi-
nation of halide perovskite greatly affects the stability of MHP
NCs."™ For instance, the use of N-bromosuccinimide or ben-
zoyl bromide assisted the efficient protonation of oleylamine,
resulting in MHP NCs with lead-halide-terminated surface
showing enhanced stability."> Additives can affect the
growth of the MHP crystal plane as well as the surface ter-
mination. Incorporating ZnBr, induces stable (100) surface
passivation with low formation energy, which results in highly
stable MHP NCs due to the inhibited formation of unstable
(100) surface.!]

Differing types of ligands also contribute to further improve-
ments of the stability of MHP NCs.') In MHP NCs, a ligand
not only prevents agglomeration but also serves to fill the sur-
face defects. Moreover, given that ligands are labile in a col-
loidal state, ligands that strongly bind to the surface will result
in improved stability. For instance, zwitterionic ions, sulfonate,
and phosphate ligands have been introduced for effective sur-
face passivation.!®1201 Specifically, phosphate ligands show
improved resistance against an ambient atmosphere with a
strong affinity toward Pb?* ions.?!l Branched ligands such as
polyethyleneimine can result in minimized Br vacancies along
with improved stability by providing a strong steric effect.l®!
Similar to QDs, the synthesis of core-shell MHPs is also being
studied to achieve stabilized MHP NCs. For instance, FAPbBr;
was found to retain =80% of its initial PLQY after 70 days with
an effective passivation of surface defects by epitaxially grown
CsPbBr; shell.l22123]

Metal ion doping is a strategy that can precisely tune the
properties of MHP NCs.'” Various ions, such as lantha-
nides and transition metals, are used as dopants. This doping
strategy not only increases the thermal/phase stability but
also affects optical electrical properties, such as the PLQY, the
n- and p-type properties, and the electronic band structure.!'?’!
Among various factors, the size of the dopant can increase the
phase stability by influencing the lattice structure. Nd** with
an ionic radius of 0.98 A replaces Pb%" (=1.19 A) when doped
to CsPDbBr3, resulting in increased air/thermal stability owing
to the increased tolerance factor.'2®! Moreover, vacancy for-
mation can be inhibited through doping. Ni** doping in lead
MHP leads to an increase in the formation energy of Pb and
halide vacancies, with a PLQY of more than =63% in water,
while pristine CsPbBr; undergoes complete degradation to a
colorless solution.'?”! Doping of Ni?* into pristine CsPbBr; was
also reported to increase the stability, which shows a negligible
decrease in the PL intensity upon 48 h (Figure 10a)./'??]
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Figure 10. a) Enhanced stability of CsPbBr; NCs through Ni doping. b) Evolution of the FIR spectra for SnF,-free and SnF,-containing CsSnl; samples
after exposure to an ambient condition. c) Schematic representation of self-trapped exciton emission. d) Broad PL emission spectra of lead-free double
perovskites. (a) Reproduced with permission.'?’] Copyright 2021, Wiley-VCH GmbH. (b) Reproduced with permission.[33 Copyright 2017, American
Chemical Society. (c) Reproduced with permission.¥2 Copyright 2020, American Chemical Society. (d) Reproduced with permission.*’l Copyright

2020, Wiley-VCH GmbH.

3.2.3. Environmentally Benign MHPs

The toxicity of lead is another primary obstacle to the commer-
cialization of MHP, along with the stability issue. The US EPA
stipulates that the contents of Pb?* ions in air and water should
be lower than 0.15 and 15 pg L7, respectively.'?#12] Further,
Pb waste over 5 mg L' is considered hazardous, implying the
need for controlled regulation. However, the excellent optoelec-
tronic properties of current MHP NCs are highly dependent on
lead-based MHP.[3% Although only a small amount of lead is
expected to be observed in MHP displays, continuous attempts
to replace lead with other eco-friendly elements are being
conducted. However, the properties and stability have not yet
reached those of lead-based MHPs.

In the early stage, Sn** and Ge?", with ionic radii and
charges similar to Pb?" were considered the most probable can-
didate to replace lead while preserving the 3D cubic structure of
the perovskite. In the case of Sn?*, 5s? electrons form an anti-
bonding valence band maximum and contribute to a stabilized
conduction band minimum. However, the most serious draw-
back associated with both Sn?" and Ge?" is that they are prone
to oxidization. For instance, the perovskite structure changes to
A,SnX; as Sn?* oxidizes to Sn*", resulting in a modified double-
perovskite structure. Reducing agents such as H3;PO, have
been incorporated to prevent oxidation. The H3PO, prevents a
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pathway to Sn** by inhibiting the formation of Snl,, eventually
leading to an enhancement in the PLQY, which reaches 1.35%
without being oxidized to A,SnXs.3! Naphthol sulfonic acid
has both a Lewis-base sulfonic group and a hydroxyl group,
allowing it to passivate dangling Sn?* bonds while providing a
reducing atmosphere to prevent Sn oxidation.3?l In addition,
the incorporation of excess Sn source (e.g., SnF,) is one of
the most promising strategies to prevent the oxidation, along
with suppressing the generation of under-coordinated Sn**
which is considered as a main reason for PL quenching in Sn
perovskites (Figure 10b). Unlike the A-site cation and halide
ion vacancy, under-coordinated Sn** acts as a deep trap site
and thus affects non-radiative emissions. The incorporation of
tin halides, including SnF, and Snl,, allows them to act as an
additional Sn source to compensate for the Sn vacancies while
also passivating surface halide vacancies.'*3l However, the
highest PLQY reported for Sn-based perovskite is only 18.4%
even when the synthesis step is performed under a halide-rich
condition.4

Recently, another 3D cubic perovskite candidate emerged.
With low toxicity and a similar ionic radius, bivalent lantha-
nide ions are among the most promising candidates to replace
lead without sacrificing its excellent optical properties.'*! Lan-
thanide ions were primarily introduced into perovskites as
doping agents assisting the multi-functionality of MHPs.[13¢
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Specifically, europium ions have drawn much attention by
researchers seeking to realize pure blue emission, which is
rarely reported even for lead MHPs. Europium-based perov-
skites possess deep-blue emissions of around 440 nm owing to
the 5d—4f transition. Lanthanide ions can have both 2+ and 3+,
but 2+ ions must be used to form a 3D perovskite structure.
However, due to the oxophilic nature of the 2+ ion, it is diffi-
cult to utilize the 2+ ion as a main ion which participate in the
solution-based synthesis. The highest values reported thus far
are a PLQY of =2% and a FWHM =19 nm for CsEuCl;, which
shows insufficient optical characteristics, limiting the utiliza-
tion of europium and lanthanide perovskites. 3’

Additionally, lead could be replaced by heterovalent metal
ions. Most replacement efforts with heterovalent ions result in
structural distortions, leading to perovskite-derived structures
with reduced dimensions. Among heterovalent candidates, Sb**
and Bi** are most frequently used as candidates to achieve the
A;(Sb or Bi),Xy structure, which results in a low-dimensional
perovskite including a 0D dimer phase and a 2D layered struc-
ture. In particular, Bi** exhibits a 6s26p° electronic configura-
tion identical to that of Pb?". It has a higher PLQY value than
Sn?* and Ge?*-based MHPs and also has higher thermal and
photostability due to its defect-tolerant characteristics. Never-
theless, the reported maximum PLQY is insufficient to meet
optical requirements of commercial displays. Further, the broad
PL peak (typically over 50 nm), which is a typical feature for low-
dimensional perovskites due to self-trapped excitons (STEs),
is the most significant limitation (Figure 10c).’% Although
M;Sb,ly (M = Cs*, Rb*) has shown much enhanced FWHM
of ~30 nm, the PLQY values were significantly lower than the
lead-based MHPs due to the trap sites within the bandgap.!3®!
The highest reported PLQY value for Cs;Sb,Bry is approxi-
mately 50%, which is insufficient for commercialization.*"!

Copper has been another promising material to replace lead
due to its electronic charge, low toxicity, and price advantages.
Cu was initially incorporated as a dopant for Pb-based MHPs
to stabilize the cubic phase.*¥ For typical Cu-based perovskites
with the A,CuX, structure, the narrowest FWHM reached
68 nm, with a PLQY of =51% for Cs,CuCl,. Despite the broad
FWHM and limited PLQY value, the typical Cu-based perov-
skites are advantageous in terms of stability.!] Recently, the
0D copper-based perovskite Cs;Culs NC reached a record Ts,
value of =108 h, which may be attributed to the suppressed dif-
fusion of Cu vacancies. Although the 0D Cs;Culs NC reached
an absolute PLQY of =87%, further improvement in the surface
roughness is required before being applied to actual devices.!*?!

The mixture of heterovalent ions (3+ and 1+4) typically results
in double-perovskite structures (A,(M3>*M*)X;), such as Cs,Ag-
BiClg and Cs,AgInCl; "} The double perovskite is also asso-
ciated with a large Stokes shift and greatly expanded FWHM,
typically over 100 nm, despite possessing strongly guaranteed
stability with better exciton recombinations owing to the larger
exciton binding energy levels (Figure 10d). Thus far, double
perovskites are often not appropriate for optoelectronic perfor-
mances due to the broadening of the emission peak, which is
attributed to the emission in the self-trapped state, along with
the low PLQY, peak broadening, a large bandgap, and parity-
forbidden transitions due to surface defects.'*! To overcome
such issues, doping is the most commonly used strategy to
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offset the shortcomings of double perovskites. Among them, it
has been reported that the introduction of Mn?* greatly affects
increased PLQY outcomes by, for instance, the effect of an
additional energy transfer channel. For instance, while pristine
Cs,AgBiCly NCs show a relatively low PLQY of <5% with a wide
FWHM over 100 nm,™! co-doping of Na* and Mn?* in Cs,Ag-
BiClg result in a significantly enlarged PLQY of 45% as Na*
ions assisted a higher density of state of STEs and Mn?" ions
exhibited a distinct energy transfer process to self-trapped emis-
sions.%] However, the orange shift of the emission peak due to
the doping of Mn?* is still a problem to be solved. Doping with
monovalent and trivalent ions was also reported to increase
the PLQY of double perovskites by =22% for Cs,Ag; ,Na,InClg
in Na-rich conditions as both Bi** and Ag* contributes to the
rise to localized energy levels.™! In relation to this, Na alloying
also positively contributed to the enhancement of the PLQY by
breaking the parity forbidden by the changing wavefunction
symmetry of STEs but exhibiting a broad FWHM exceeding
100 nm.["8] Recently, it has also been demonstrated that lan-
thanide ion doping for Bi:Cs,AgInCly can lead to PLQYs of
over 40% due to the extra Ln?" emission, still not rectifying the
narrow FWHM issue, however.*%]

4. Patterning Technology for Nanoscale Emitters

For an immersive AR/VR experience by users, the resolution
is one of the most important features in AR/VR displays.["
Higher pixel density levels provide better resolutions, leading
to finer details and thereby delivering a more realistic image
to users. Considering that most AR/VR devices are wearable
and have small display panel sizes (typically, 1-2 in. for smart
glasses), a small pixel size is required to achieve a high reso-
lution.'>! The pixel size of high-resolution AR/VR applications
should be reduced to a few um or less to prevent screen blur-
ring, pixelation, and the screen door effect, which may occur
at low pixel density levels (less than =500 PPI).'*>>4 Due to
the angle-dependent display hardware with a greatly shortened
viewing distance, the term ‘PPD’ is more relevant rather than
the widely used ‘PPI’ in the field of AR/VR displays.l>! Cur-
rently, the resolution required for the commercialization of
AR/VR displays is known to be 60 PPD, which is correlated
with the resolving power of 20/20 vision of human eyes.’l As
mentioned in Section 2.2, the recent trend in AR/VR device fab-
rication is to reduce the display module as small as possible
for a slim form factor, while retaining the FOV of the optical
system larger than the practical requirement (i.e., FOVyy >
100°, FOV,g > 459).

Therefore, high-resolution patterning methods of light
sources and color-converting nanomaterials must be devel-
oped to realize such high resolutions. As mentioned earlier, the
next-generation displays are most likely going to adopt display
panels incorporating colloidal QDs (or MHPs) as color filters
or EL emission layers. Because the implementation of a full-
color array with R, G, and B subpixels is necessary in both
cases, advances in patterning technology are significant.'*%l
The patterning of color-converting nanomaterials requires
optimization of various attributes, for example, the resolution,
throughput, fidelity, and uniformity, without sacrificing the
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luminescent properties of the nanomaterials.') In addition, lift-off process."”! With photolithography, a uniform high-reso-
orthogonal processing is essential to minimize the damage on  lution pattern on a large-area substrate can be easily fabricated
the underlying layers, especially considering the consecutive  with high throughput and reproducibility.’®! However, the
patterning of multi-color array devices. Conventionally used  application of photolithography has been limited in colloidal
patterning methods include photolithography, inkjet printing,  emissive NCs for the aforementioned reasons such as PLQY
and nano-imprinting. However, in order for such methods to  loss and nonuniformity.”) In addition, for MHPs, the use of
be applied to ‘solution-processable’ color-converting nanoma- PR developers, which are typically based on polar solvents, can
terials and ultimately implemented in AR/VR NEDs, there are  cause severe damage to the MHP patterns due to the MHP’s
several problems to be solved. For instance, the deposition of  ionic characteristics.
QD solutions onto pre-patterned substrates may lead to the for- Various methods have been proposed to minimize the dete-
mation of nonuniform patterns due to the capillary action.®®  rioration of the luminescence properties of the emissive layers
The pattern nonuniformity can also originate from PR swelling  during the photolithography process. The use of sacrificial pas-
and coffee-ring effect.'™ Also, the PR development process  sivation layers is one of the most promising methods to prevent
may impair the structural and optical properties of QD pat- damage to the emission layers, such as the uneven line edges
terns.’71%0 [n addition, physically transferring the patterns  which often occur during the lift-off process.'* For instance,
through elastomeric stamps may result in limited fidelity and  poly (methyl methacrylate) (PMMA) can be utilized as a pas-
throughput. Therefore, further studies on high-resolution pat-  sivation layer to prevent solvent-related damage of the MHP
terning technology for color-converting nanomaterials should layer (Figure 12a).l'%3l The degradation of emission layer during
be proceeded. development process was minimized as the PMMA protec-
In this chapter, we discuss various patterning techniques for  tion layer was etched instead of the perovskite layer, thereby
colloidal QDs and MHP NCs, focusing on recent strategies to  retaining =<70% of the initial PLQY with a clear =3 um pat-
overcome the aforementioned limitations (Figure 11). tern. On the other hand, parylene-C with low permeability to
solvents, worked as an intermediate layer which can be peeled-
off mechanically by a tweezer.2l The =2.5 um thick parylene-
4.1. Conventional Photolithography C layer deposited underneath the perovskite layer enables the
dry-lift off process, which results in the complete prevention of
Photolithography is the most widely used patterning technique  the dissolution problem. Hence, nearly 90% of PLQY was pre-
in the display industry. The basic photolithography process is  served even after multi-color patterning (Figure 12b,c).
performed using a photoresist (PR) and includes the following Providing orthogonality between the emission layers and
steps: 1) PR spin-coating on a bare substrate, 2) prebaking of PR solvents (i.e., enhancing solvent resistance of the emission
the PR, 3) alignment and exposure to a light source (e.g., deep  layers) is another effective strategy to prevent the dissolution
UV at 254 nm), 4) post-exposure baking, 5) the development of  and damage of the emissive layers during the photolithography
PR patterns, 6) the deposition of target materials, and 7) the PR process. The stability of CdSe and InP QDs can be enhanced by

Conventional photolithography Direct optical patterning
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Figure 11. Overview of the patterning processes used for the QD/MHP emitters (Conventional photolithography) Reproduced with permission.2#l

Copyright 2016, American Chemical Society. (Direct optical patterning) (Left) Reproduced with permission.[® Copyright 2022, American Association
for the Advancement of Science. (Right) Reproduced with permission.'] Copyright 2020, Wiley-VCH GmbH. (Inkjet printing methods) (Left) Repro-
duced with permission.?% Copyright 2020, American Chemical Society. (Right) Reproduced with permission.l”!l Copyright 2016, American Chemical
Society. (Transfer printing methods) Reproduced with permission.[78 Copyright 2020, Springer Nature. (Other patterning methods) Reproduced with
permission.3% Copyright 2020, American Chemical Society.
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Figure 12. a) Schematic procedure of the patterning process with a PMMA sacrificial layer. b) Multi-color MHP patterns achieved through dry lift
process. c¢) PLQY drop of green MHP after the multi-color patterning process. d) Photographs of bare QD film and DEZ-treated film. e) PL intensity
drop upon each patterning procedure. (a) Reproduced with permission.®l Copyright 2018, American Chemical Society. (b, c) Reproduced with permis-
sion.82l Copyright 2020, American Chemical Society. (d, ) Reproduced with permission.'] Copyright 2021, American Chemical Society.

atomic layer deposition of diethylzinc (DEZ), which works as
an additional capping agent for defects that are not passivated
by ligands (Figure 12d,e).l'*Y Due to the enhanced stability of
the films, a direct PR coating right on the top of the QD layer
was possible without deteriorating the emissive layer during
lift-off process. In addition, the use of a fluorinated stripper
was reported as a promising method for providing the orthogo-
nality to MHPs.'® CsPbBr; NCs were deposited on a pho-
toresist pattern upon a fluorinated polymer and subsequently
the development process was proceeded by using fluorinated
stripper, which shows minimal interaction with MHPs.1%! As a
result of the minimized dissolution and deterioration of MHP
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NCs, the emissive multi-color MHP patterns of 1,000 PPI were
demonstrated.

Although high-resolution pixels may be realized through
photolithography, advanced patterning process which is capable
of avoiding direct damage on the emitter patterns and thus
mitigating the PLQY drop should be further developed. For
instance, although the additional protection layers prevent
emitter patterns from being exposed to harsh environments
such as developers containing polar solvents, the consecutive
deposition and lift-off processes of the protection layers inevi-
tably require extra steps in the case of multi-color patterning,
which restricts throughput in mass production. In this respect,
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Figure 13. a) Schematic diagram of the pattern morphology upon inkjet printing, with and without the coffee-ring effect. b) PL microscopic and 3D mor-
phology images of mixed solvents with different volume ratios (1,2-dicholorobenzene in cyclohexylbenzene). c) Enhancement of the pattern uniformity
and PLQY by using ternary precursors. d) Schematic of inkjet printing procedure of MHP with PVP. (a) Reproduced with permission.['*°l Copyright 2020,
Wiley-VCH GmbH. (b) Reproduced with permission.”"l Copyright 2016, American Chemical Society. (c) Reproduced with permission.l72l Copyright
2022, Wiley-VCH GmbH. (d) Reproduced with permission.["”3l Copyright 2019, American Chemical Society.

the development of PR strippers with complete orthogonality
may be a promising path forward.

4.2. Inkjet Printing Methods

Inkjet printing is a non-contact patterning method that can
be applied to large-area patterning without the need of a
mask, which provides high design flexibility. Due to the drop-
on-demand feature, i.e., droplets ejected from a nozzle are
exclusively patterned on desired positions, the inkjet printing
method is widely utilized as a cost-effective patterning tech-
nology. However, the use of this method for small-sized, high-
resolution NED displays has been limited so far due to the
relatively low available resolution (approximately a few tens of
micrometers) and low pattern uniformity. Electrohydrodynamic
(EHD) printing has thus been introduced as an approach sim-
ilar to inkjet printing to overcome these limitations. In EHD
printing, tangential force is applied to the ink surface by an
electric field, in which the meniscus is transformed into a
Taylor cone shape, resulting in small-sized droplets (sub-um
scale) that form a pattern.['1%8] The EHD printing can provide
a very high resolution (ultimately up to =50 nm) with versatility
in terms of printing materials and solvent viscosity levels.[167:16]
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To generate a uniform high-resolution pattern by inkjet
printing, precise and small patterns with high reliability
should be achieved.7"! The fluid properties of the ink are the
most important factors to realize such patterns. In particular,
the viscosity, pH value, and boiling point of the solvent used
should be optimized to induce appropriate control between
the outward capillary flow and inward Marangoni flow in the
droplets. In this sense, suitable solvent selection is significant
to reduce coffee ring effect, which occurs due to the difference
in the evaporation rate inside the droplet, and thus result in a
uniform film morphology (Figure 13a).11%")

Various mixed-solvent strategies have been studied to
obtain desired solvent properties. For instance, a 20 vol%
of 1,2-dicholorobenzene in cyclohexylbenzene was used as
an ink solvent for the patterning of CdSe/ZnS/ZnS QDs
(Figure 13b).7Y Due to the reduced surface tension upon the
addition of 1,2-dicholorbenzene, the higher solvent evapora-
tion rate resulted in the suppression of the coffee-ring effect.
The mixed-solvent method can also assist the inkjet printing of
MHPs but the choice of solvents is limited. Certain solvents are
not suitable in MHP inks; polar solvents might dissolve MHPs
due to their ionic bonding nature, and the use of conventional
inkjet printing solvents (e.g., ether, ketone, and haloalkanes)
might precipitate MHP NCs. Specifically, the use of a ternary
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solvent method for MHP NCs was achieved by using naph-
thene, n-tridecane, and n-nonane as the solvents which do not
deteriorate the properties of MHPs.[72l The introduction of a
third solvent, n-nonane, which has a relatively low boiling point
(151 °C), prevented the aggregation of MHP NCs compared to
naphthene:n-tridecane dual solvents and accelerated solvent
evaporation, resulting in uniform patterns with fewer surface
defects in the final patterns (Figure 13c)."%

The precise control of the ink viscosity is important as the
coffee-ring phenomenon can be alleviated with enhanced vis-
cosity along with a weakened capillary flow. For instance, upon
the mixing of cyclohexylbenzene and nonane at a 8:2 ratio, the
optimal viscosity (=1.96 cP) of the MHP ink and the increased
contact angle of the droplet resulted in a weakened capillary
flow, leading to coffee-ring-free patterns of 306 PPLI® By
using this strategy, pixelated QLEDs (pixel size of several mil-
limeters) were also demonstrated, however, the maximum
luminance and EQE of the pixelated QLEDs were somewhat
limited (8533 cd m™2 and 0.55%, respectively). In addition,
polymer mixing is one of the most promising strategies to con-
trol the viscosity of ink, by controlling the outward capillary
flow. Recently, in situ inkjet printing was reported using long-
chain poly(vinyl pyrrolidine) (PVP) to secure high-resolution
during inkjet printing through viscosity control (Figure 13d).l3!
Along with the suppressed coffee-ring effect, the C=0 groups
in PVP ensures a uniform size distribution of CsPbBr; upon in
situ crystallization, which subsequently occurs after printing of
PVP with CsPbBr; precursors.l”3l Polymer-mixed ink with high
viscosity can also assist the uniformity of the pattern in EHD
printing. For example, the incorporation of PVP as an additive
resulted in a viscosity enhancement (from 10.39 cP to 610.33 cP),
and consequently, homogeneous coffee-ring-free patterns were
achieved as a non-uniform Marangoni flow inside the droplet
was significantly weakened.'®”] The use of PVP also prevented
the agglomeration of CsPbBr;,

Recently, the importance of the post-annealing of inkjet-
printed patterns has been highlighted.”l Post-thermal
annealing of inkjet-printed CsPbBr; layers in a vacuum oven
can affect the evaporation rate of solvent, improving uni-
formity. Compared to the annealing done in ambient atmos-
phere (with a hot plate or a convection oven), the vacuum
annealing resulted in faster evaporation of solvents at uni-
form rate, which resulted in reduced aggregation of printed
CsPbBr;.'2l However, despite the improved uniformity, the
resulting patterns showed relatively low PLQY (20%) after the
post-annealing process compared to the pristine CsPbBr; NC
ink (PLQY = 87%).

4.3. Template-Assisted Printing and Direct Laser Writing

Various template-assisted patterning methods, such as nano-
imprinting and transfer printing, have been applied to the pat-
terning of light-emitting materials. Once a template (mold) is
defined, a large number of samples can be repeatedly fabri-
cated. The template-based patterning with simple processing
step is free of using solvents and advantageous in terms of
cost, as well as its reliable precision over a large area. However,
the line-edge roughness induced by physical pattern damage
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during the template lift-off step is considered as one of the
main limitations.

The most basic form of template-based printing is contact
printing.”¥ Upon the deposition of QDs on a bare substrate,
the QD patterns are subsequently transferred to the target sub-
strate with stamps. Typically, elastomers such as polydimethyl-
siloxane (PDMS) are used to fabricate the transferring stamps.
Since the surface properties of the stamp and the QDs are
critical to achieve high-yield transfer process, interlayers can be
added to adjust the wettability between the interface of the QDs
and the substrates. The adhesion between the emissive layers
and the substrates can be adjusted by applying a self-assembled
monolayer (SAM), such as octadecyltricholorisilane (ODTS), to
reduce the surface energy of the substrates.['7>17°]

To improve line-edge roughness, additional step using
intaglio-trenched substrate was utilized.””) By ensuring light
contact of the QD layer to the intaglio trench with subsequent
slow detachment, the patterns transferred to the target sub-
strate resulted in remarkably improved line-edge roughness
levels and an =6 pum pixel size (Figure 14a,b). Although high
throughput can be achieved with a simple patterning process,
the limited reproducibility upon repeated printing remains as
a challenge. As the printing cycle is repeated, the gradual deg-
radation of the stamp topography restricts reproducibility in
defect-free pixel arrays.!"®l

Recently, the immersion transfer patterning technique mini-
mized the degradation of QD layers during the transfer pro-
cess.l”8 The patterning process requires proper selection of the
solvent, which should be compatible with both the elastomer
template and QDs. By immersing the QD layer in acetone to
remove the PMMA template, a thermodynamically driven
transfer process was enabled (Figure 14c).'”8] The immersion
transfer printing method demonstrated very high resolution
of 368 PPD (considering 2-in. viewing distance, pixel size =
3 um), although the uniformity of patterns should be further
improved. The authors also demonstrated patterned QLEDs
with sub-pixel size of several millimeters, showing the potential
of the immersion transfer printing method.

Direct laser writing has gained attention as a simple high-
resolution (sub-micrometer sized pattern) patterning method
for MHPs. The direct laser writing can induce the formation
of MHPs even inside transparent media such as polymer!"”’]
or glasses.® For instance, laser exposure to the targeted
local area in situ crystallizes MHPs by providing sufficient
energy for crystallization, creating MHP patterns in PMMA
(Figure 14d).1"% The CsPbl; patterns with high PLQY was dem-
onstrated using 405-nm ns laser, with minimum line-width of
0.9 pm.

4.4. Direct Optical Patterning

Direct optical patterning proceeds via a photochemical reac-
tion of a photoactive moiety (mostly, surface ligands or addi-
tives) in the emissive ink. The photochemical reaction results
in a solubility change of QDs or MHP NCs, allowing the forma-
tion of patterns. Because the photolithography steps regarding
polymeric PR (such as PR deposition, baking, and lift-off) are
not included in direct optical patterning, the entire patterning
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Figure 14. a) Pattern size scaling using a conventional stamp and intaglio transfer printing process. b) PL image of a large-area QD dot array created
via intaglio transfer printing. c) Schematic procedure of the immersive transfer printing process. d) Schematic procedure of direct laser printing.
(a, b) Reproduced with permission.”7l Copyright 2015, Springer Nature. (c) Reproduced with permission.[”® Copyright 2020, Springer Nature.
(d) Reproduced with permission.[”?] Copyright 2021, American Chemical Society.

procedure is relatively simple compared to traditional photoli-
thography. The resolution limit of direct optical patterning is
basically the same with photolithography, where the resolu-
tion is limited by light source and optics rather than a material
issue.

As a pioneer work, direct optical lithography of functional
inorganic nanomaterials (DOLFIN) method was reported by
Yuanyuan and coworkers.*® DOLFIN utilizes photopatternable
NC inks, in which the NCs are functionalized with photosen-
sitive surface ligands (or formulated with photosensitive addi-
tives), and enables the high-resolution patterning of various
inorganic colloidal NCs upon UV irradiation (wavelengths of
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254, 365, and 405 nm).>881 However, with regard to light-
emitting NCs, the ligand-exchange process, which is essen-
tial for the formulation of photopatternable inks, can create
more surface defects and thereby cause severe luminescence
quenching.®? To solve this problem, an advanced DOLFIN
method that uses a minimal amount of photoacid generator
(PAG) additives was suggested (Figure 15a).'*”) By photochemi-
cally released acid from a traizine-based PAG (=1-3 wt%), in
situ ligand-exchange process was conducted on the surface of
QDs, altering the solubility of UV-exposed area and thereby
yielding high-resolution QD EL patterns (feature size down to
=~1.5 um). Since most of the initial ligands were preserved after
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Figure 15. a) Schematic procedure of direct optical lithography with a photoacid generator, and the resulting patterns with minimized degradation.
b) Schematlc procedure of direct optical lithography with the photocleavage mechanism. c) Schematic procedure of direct optical lithography with
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post-treatment process on the PLQY of patterned CsPbBr; (a) Reproduced with permission.[”l Copyright 2020, Wiley-VCH GmbH. (b) Reproduced
with permission.[®3 Copyright 2021, American Chemical Society. (c) Reproduced with permission.[®3 Copyright 2019, American Chemical Society.
(d) Reproduced with permission.l¥!l Copyright 2020, Springer Nature. (e) Reproduced with permission.l®l Copyright 2022, American Association for

the Advancement of Science.

the patterning process, the PLQY drop of QD films was able to
be reduced to =25% of initial PLQY."”l As another extension
of DOLFIN, an oxime sulfonate ester (R—C=N—0OSOO—R,)
ligands was used for the patterning of CsPbX; NCs on which
the N—O bond was cleaved upon UV irradiation, leaving SO;~
groups (Figure 15b).183] Although an =1 um line width was
achieved, the PLQY of the CsPbX; NC pattern was significantly
reduced after going through the patterning process; the PLQY
drop was able to be restored with post-treatment, which is dis-
cussed later in this section.

Adv. Mater. Technol. 2022, 2201070

2201070 (21 of 33)

Another type of direct optical patterning is to induce
crosslinking between surface ligands by 1) a direct connection
between ligands and 2) bridge formation between ligands with
the use of a bridging additive molecule. The simplest ligand-
crosslinking reaction is based on the most conventional ligands
used in colloidal NCs, oleate and oleyl amine. As the double
bonds included in conventional ligands were broken by high-
energy optical sources (e.g., X-ray'® Ar plasma'® DUV/
EUVIB6I87) - crosslinking between the ligands of adjacent NCs
was formed (Figure 15c). For instance, CsPbX; patterns were

© 2022 Wiley-VCH GmbH

85U8017 SUOWILIOD BAIIEID) 3|cedldde ays Aq peueAob afe ssoile YO 8sn JO Sa|nJ Joj Ariq18UlIUO 8|1 UO (SUORIPUOD-pUe-SLLBI/LICO" A3 1M AReIq e |UO//SdNY) SUORIPUOD Pue SWB | 8U 88S *[2202/2T/S0] Uo AkeiqiTauliuo A8|IM AisieAlun uoleN [noes Aq 020T0ZZ0Z IWPe/Z00T OT/I0p/Woo" A8 1M Ae.d 1 puljuo//Sdny Wwouy pepeo|umod ‘0 ‘X60.S9E2



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

obtained by using a low flux X-ray (10! photons mm= s7}),
inducing the C=C crosslinking of oleate ligands on the
neighboring NCs.'® However, the main drawback of this
crosslinking strategy utilizing high-energy sources is that
the optical properties of QD (or MHP) patterns can be easily
degraded by the high-energy exposure. As an alternative
method, UV-crosslinkable polymeric ligands that include a cin-
namoyl functional group was introduced via a ligand-exchange
process of CsPbBr; NCs.®8 Ag the cinnamoyl groups of the
ligands underwent cycloaddition reactions upon UV exposure
(dose: 0.15 mW c¢cm™2 at 365 nm), RGB sub-pixels with the fea-
ture size of 40 pm X 10 um (corresponding to =465 PPI) were
demonstrated. Recently, another direct crosslinking strategy
using a benzophenone moiety as a crosslink-able group has
been reported.'®® Since the required dose of relatively low
(35 mJ cm™ at 365 nm) and only <10 mol% of native ligands
(oleate) was exchanged with the crosslink-able ligands, the
patterned QD films retained >95% of absorbance but PLQY
dropped by =25% during the patterning process. The photo-
crosslinked QLED showed a comparable current density and
EQE (=20%) with the pristine QLED.[10l

Also, the use of bridging molecules, which have various
functional groups such as azide (R—N=N*=N"),18%191 azirine
(Ry—CH,N,—R,),[® is another effective strategy to pattern
QDs or MHP NCs while minimizing the PLQY drop during
the patterning process. Recently, fluorinated bisazide mole-
cules have been investigated as a promising crosslinker;%11
the azide group forms a highly reactive nitrene intermediate
under deep UV exposure (dose: 0.4 mW cm?), leading to sub-
sequent C—H insertion reaction and crosslinking between
oleate ligands (Figure 15d).1Y The effect of crosslinking on
the optical and electrical properties of the QD films was nearly
negligible, as demonstrated by the crosslinked QLED showing
comparable device characteristics with the control device. A
multi-color pixel array with 1400 PPI was also demonstrated.!"!
In another study, the same bisazide crosslinker was used for
the patterning of CsPbBr; NCs, retaining 60% of the initial
PLQY after patterning process.'% Recently, the influence of
photochemical reactions, which highly depend on the chemical
structure of crosslinker molecules, on the patterning capability
was in-depth investigated by comparing various azide-based
and azirine-based crosslinkers.®? Azirine-based crosslinkers,
which use carbene radical-involved photo-triggered reactions,
showed significantly higher retention rates of the PLQYs
(=90% of initial PLQY) and fully preserved EL characteristics
compared to azide-based crosslinkers.!?

As mentioned above, PL quenching after such a patterning
process is one of the most critical challenges for the direct
optical patterning of colloidal QDs and MHP NCs. The primary
origin is that the photosensitive ligands or additives can induce
a higher density of un-passivated surface trap sites during such
photo-induced reactions. To overcome this challenge, a post-
treatment was introduced to avoid such PLQY drop.[831% By
applying a defect-passivating solution composed of free ligands
and an orthogonal solvent to the patterned films, the surface
traps can be passivated. For instance, a post-treatment using a
solution containing PbBr,, octanoic acid, and butylamine suc-
cessfully restored the PLQY of patterned CsPbX; films (from
5% to 79%).183 Similarly, after going through the patterning
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process based on azide-based crosslinking, a post-treatment
process using PbBr,, oleyl amine and oleic acid substantially
increased the PLQY of the patterned CsPbBr; films to the
level (=120%, relatively) even higher than that of pristine films
(Figure 15€).1%0 Also, the patterned CsPbBr; PeLED showed a
higher EQE (6.8%) compared to the un-patterned control device
(=6%).

5. Applications of Nanoscale Emitters

5.1. Down-Conversion PL with QD and MHP Emitters

Recently, colloidal QDs have been utilized as down-conversion
materials (in QDEF or QDCF) located on a blue backlight unit
in commercial displays. Displays equipped with such QD (or
MHP) color-conversion layers can show significantly improved
color gamut, achieving 285% of the Rec.2020 standard,
whereas conventional inorganic phosphors cover only 260% of
the Rec.2020.1]

The inevitable optical loss can occur as light passes through
the diffractive optical system of AR/VR devices."" In case of a
slim optical system for miniaturized devices, only 25% of initial
luminance is maintained due to the optical loss.'” Therefore,
high luminance over 100000 nits (cd m2) is necessary to com-
pensate such loss and provide sufficient luminance, especially
for AR devices. In addition, the absorption coefficient of color
conversion materials should be further increased for achieving
higher color conversion efficiency, as well as decreasing the
thickness of the color conversion layers. Also, the thickness and
uniformity of the color conversion layer should be optimized as
they can greatly affect the conversion efficiency.® In this sec-
tion, we review state-of-the-art studies that used colloidal QDs
or MHP NCs as a color conversion layer, focusing on device
structure and color conversion efficiency.

5.1.1. Down-Conversion PL with QDs

As previously mentioned, colloidal QDs are highly suitable as
a color conversion layer of displays since the QD color conver-
sion layers can provide enhanced color gamut (exceeding that
of conventional inorganic phosphors), color tunability, and high
stability.'"”]

Typical display panel structures incorporating QDEF and
QDCEF are shown in Figure 16a,b. Current applications of QDs
to liquid crystal displays (LCDs) mainly utilize a QDEF layer on
top of a blue backlight unit (Figure 16a). The common QDEF
comprises green- and red-emitting QDs embedded in a polymer
matrix and the QD:polymer films are encapsulated with trans-
parent films.!*® The commercial QDEF-based high-resolution
televisions demonstrated by Samsung employed an InP-based
core/shell QDs on top of blue GaN LEDs.['””l Nanosys reported
10 um-thick QDEFs with InP-based core/shell QDs repre-
senting photon conversion efficiency of 38%.12%°1

However, the Forster resonance energy transfer (FRET)
phenomenon among adjacent red, green QDs can severely
damage the light conversion efficiency of QDEFs.2!l To mini-
mize the FRET phenomenon, the interaction among QDs
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Figure 16. a) Schematic of the QDEF structure. b) Schematic of the QDCF structure. c) Schematic of the crosslinking approach used for a uniform dis-
tribution of QDs. d) Schematic of the light-blocking wall structure to prevent the optical crosstalk phenomena. (a, b) Reproduced with permission.l%®l
Copyright 2020, Springer Nature. (c) Reproduced with permission.2%l Copyright 2019, Optica Publishing Group. (d) Reproduced with permission.2%

Copyright 2017, Optica Publishing Group.

should be reduced; in this respect, a low concentration of QDs
in QD/polymer composites may be desirable. However, exces-
sively reduced amount of QDs can also lead to a low color con-
version efficiency and emergence of unfiltered blue light; there-
fore, considering this trade-off relationship, finding an optimal
concentration of QDs is crucial.®® To further increase the blue
light absorption of QDEFs, the incorporation of light scattering
media such as TiO,, SiO,, and 2D nanoplatelets has also been
investigated.[¥

The QDCEF is the next-generation QD display architecture
in that the QDCF can provide high color conversion effi-
ciency, high color accuracy as well as a large viewing angle
(Figure 16b).2%4 In QDCF-type displays, red and green colors
are achieved by color conversion with QDs, while the blue
color is directly achieved from the blue backlight unit. QDCFs
should have a sufficient thickness (typically, several microm-
eters) for complete color conversion without transmitting blue
backlight.l?] Also, for both QDEF and QD:polymer composite
CFs, uniform distribution of QDs in the polymer matrix is
essential to maximize color conversion efficiency. A photo-
polymerizable polymer (NOA86) with a thiol-ene group has
been used as a host polymer showing uniform distribution of
CdSe/ZnS core/shell QDs (Figure 16¢).21 The QD/photopol-
ymer composite was patterned using projection lithography,
showing color gamut corresponding to 95% of the DCI-P3
standard.
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The improper patterning of QDCFs may result in the color
cross-talk phenomenon: color blending of a pixel with the other
colors of adjacent pixels. To overcome this, light-blocking walls
between QDCEF pixels should be additionally incorporated. The
bank structure among the pixels should be deposited prior to
the emission layer to minimize the degradation of the emissive
layers. For instance, the light-blocking wall can be constructed
using a PR-defined mold via the lithography technique, with
the subsequent deposition of QDs (Figure 16d).?®! However,
the uniform, high-resolution selective deposition of QDs on the
bank structure is challenging due to the capillary force at the
QD/bank interfaces.

5.1.2. Down-Conversion PL with MHPs

Compared to CdSe-based and InP-based QDs, MHPs have
higher color purity levels (color gamut ratio > 140%) and higher
absorption coefficient,"® which makes MHPs suitable for color
conversion applications. However, as previously mentioned in
Section 3.2, the poor stability of MHPs against external factors
such as polar solvents, moisture, oxygen, heat, and light requires
MHPs to be well passivated and encapsulated to fulfill the
stability requirement of the color conversion layer. Therefore,
strategies to enhance the structural and interfacial stability levels
using encapsulants are vital for practical applications of MHPs.
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Figure 17. a) Schematic illustration of the formation of crosslinked perovskite nanoparticles (CPNs). Stability of CPN under harsh conditions.
b) 85 °C/85%RH, c) under ambient air at RT and in water, d) in acid and base solutions, and e) in ethylene glycol and ethanol. f,g) Flexible large-
area (size: 10 cm x 10 cm) green-emitting CPN films under bending and CPN on a mobile phone. Reproduced with permission.[?'® Copyright 2020,

Wiley-VCH GmbH.

Various approaches have been devised to enhance the sta-
bility of MHPs using inorganic materialsi?®?%l or polymer
encapsulantsi?®-2"l that can effectively encapsulate MHPs and
prevent them from contact with external stimuli. However,
most composites still show limited stability under harsh condi-
tions, and MHPs tend to aggregate in the matrix. Hence, meth-
acrylate functional groups are introduced into the matrix resin
to crosslink chemically with the unsaturated oleic acid and oleyl
amine ligands; this forms a dense film that can prevent the dif-
fusion of oxygen and moisture.

Methylammonium lead bromide (MAPbBr;) NCs were ini-
tially dispersed in a precursor of resin (3-methacryloxypropyl)
trimethoxysilane (MPTS) and diphenylsilanediol (DPSD)) and
were then heated to an elevated temperature (80 °C) to induce
a chemical reaction between the methoxy group of MPTS and
the hydroxyl groups of DPS. Finally, after solidification via
UV curing, two free-radical cross-linking reactions occurred,
forming a highly condensed SiO,-like matrix with MAPbBr;
NCs uniformly distributed inside (Figure 17a).2®®! To evaluate
the stability of the crosslinked perovskite NCs (CPNs), the
PLQY was measured under various aging conditions. CPNs
that are aged under 85 °C/85% RH showed increased PLQY
to 60% and the value was retained after 100 days (Figure 17b).
CPN shows excellent stability in air, water, acid, base solutions,
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in ethylene glycol, and in ethanol for >1.5 years (600 days)
(Figure 17c—e); this is one of the most stable reported MHP
composites. The CPNs were successfully applied to large-area
flexible green-emitting films (Figure 17f) and as a blue-to-green
color conversion layer on a mobile phone (Figure 17g).

However, with the rapid development of wearable elec-
tronics with free form factors, stretchable displays have become
the most important platform for the visualization of wear-
able sensor signals. Current stretchable light-emitting devices
require an excellent stretchable encapsulation layer, repre-
senting a serious bottleneck in the development of stretchable
displays. The solution is to develop intrinsically stretchable
light-emitting devices that are stable in air without encapsula-
tion and to use an air-stable stretchable color conversion layer
(SCCL) to provide a new route to solve the stretchable encapsu-
lation problem.

Among all thermoplastic elastomers, styrene-ethylene-
butylene-styrene (SEBS) was chosen as the matrix for the
MAPDBr; NCs dispersion, as SEBS has higher miscibility with
oleic acid.?! To form a free-standing SCCL, NCs were syn-
thesized and dispersed in SEBS. The SCCL can be stretched
to 120% without mechanical degradation (Figure 18a). During
the water stability test, the PL intensity of the SCCL increased
to 225% after 70 days; this was found to be induced by either
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Figure 18. a) Photographs of a stretchable color conversion layer (SCCL) with an increase in the tensile strain to 120%. b) Revolution of the PL spectra
of SCCL after immersion in water up to 70 days. c) Evolution of the PL peak intensity of the PeNC solution under an alternating flow of O, and N, at
100 sccm min~'. d) High-resolution transmission electron microscopy (HR-TEM) images of PeNCs before and after a water vapor treatment. e) Sche-
matic illustration of a synergistic combination of lead halide perovskites (MAPbBr;) and aromatic interaction-induced nonpolar organogels (AINOs).
(a—d) Reproduced with permission.?'¥ Copyright 2020, Wiley-VCH GmbH. (e) Reproduced with permission.[?2% Copyright 2020, Springer Nature.

oxygen or moisture (Figure 18b). However, the oxygen stability
test clearly showed that the oxygen atoms that quench the PL
intensity were only physically adsorbed into the NCs without
chemical reactions (Figure 18c); this was found to be induced
by the structural change accompanied by the water-assisted
passivation of the NCs (Figure 18d). An air-stable intrinsically
stretchable display that is composed of an SCCL and intrinsi-
cally stretchable blue EL components is successfully achieved
and can undergo 180% of strain.

As an alternative to thermoplastic elastomers, stretch-
able and transparent aromatic interaction-induced nonpolar
organogels (AINOs) can be used for MAPbBr; NC dispersion
(Figure 18¢).22) The NCs were chemically anchored to the
stretchable AINO matrix and showed bright luminescence with
a PLQY of 99.8%; this may also enable a step forward toward
the next generation of stretchable optoelectronic devices.

5.2. EL of QDs and MHP Emitters

Future AR/VR displays should ultimately have lighter,
smaller device hardware with superior performance capabili-
ties (e.g., brightness and color gamut) than those of current
AR/VR displays. To fulfil this requirement, EL-based dis-
plays are promising since the pixels self-illuminate without
backlight unit with much higher power efficiency than
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PL-based displays.?2!] Because backlight conversion is not
required, a very high contrast ratio and bendable/foldable
form factor can be achieved.[”7-222] The absence of backlight
unit can also contribute to the expanded viewing angle. In
addition, the use of QDs and MHPs as an emission layer can
significantly improve the color gamut of EL-based displays.
However, the EL-based displays are still in the early stages of
development.

The general structure of EL-based displays comprises anode,
hole injection/transport layer, emission layer (RGB), electron
injection/transport layer, and cathode (Figure 19a). Every RGB
pixels should demonstrate high EL efficiency and stability to
realize commercial EL-based displays. Thus far, the highest
EQE values reported for InP-based QLEDs are 22.2%, 16.3%,
and 2.6% for red, green, and blue, respectively.?#”72%3 In case
of MHPs, the best EQE values reached 24.4% for red, 23.4%
for green, and 12.8% for blue PeLEDs.?*?>224 In addition,
the device lifetime should reach at least several tens of thou-
sands of hours at 1000 cd m~2 for practical applications.??’! Up
to date, the maximum device lifetime of QLEDs recorded Tos
value of =580000 h at 100 cd m™2, while the maximum value
of PeLED is limited under several hundreds (Tsy = 317 h at
30 mA cm™?).1226227] Further studies should make improvement
on current challenges of EL-based displays, which includes the
followings: 1) low device lifetime, 2) low EQE of blue LEDs,
3) toxic elements, 4) limited stretchability.
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Figure 19. a) Schematic of the EL-based device structure. b) Lifetimes of LEDs based on control, uncross-linked, and cross-linked MHP layers.
c) EL emission spectra of blue perovskite LEDs. d) Device efficiency Sn-based MHPs. (a) Reproduced with permission.??l Copyright 2018, Wiley-VCH
GmbH. (b) Reproduced with permission.[??8] Copyright 2021, Wiley-VCH GmbH. (c) Reproduced with permission.??l Copyright 2021, Wiley-VCH
GmbH. (d) Reproduced with permission.[?3!l Copyright 2021, Wiley-VCH GmbH.

The low operational lifetime is especially problematic
in PeLEDs. The degradation of MHP emission layer, origi-
nating from intrinsic instability of MHPs, can be accelerated
under device operating condition (e.g., electric field-induced
ion migration), which consequently affects the instability of
PeLEDs.®l To improve the stability of MHP layers, complete
passivation of surface defects such as halide vacancies is neces-
sary. The in situ addition of inorganic Nal ligand could effec-
tively passivate the trap sites, resulting in decreased halide
vacancies and subsequent suppression of phase segregation.!?’!
Although the operational lifetime of Nal-passivated PeLED
increased by six times compared to the pristine device, it still
resulted in limited Ty (=20 h). In addition, the acrylamide
ligand crosslinking-induced passivation of halide vacancies at
grain boundaries was reported, reaching an operational lifetime
of 208 h due to suppressed ion migration (Figure 19b).228! Addi-
tional interlayer for charge balance can further contribute to the
improvement in device lifetime. For instance, the introduction
of =5 nm thick 1,3,5-tris(bromomethyl)-2,4,6-triethylbenzene
interlayer on top of FA(9GA(;PbBr; layer demonstrated more
than five times enhanced Ts, value (132 min) compared to the
control device (25 min).l?’]

Despite the significant improvement in EL efficiency of red
and green LEDs, the efficiencies of blue QLEDs and PeLEDs
are falling behind them. In case of InP-based blue QLEDs, the
low EL efficiency is largely attributed to the defects at the core/
shell interfaces. The interfacial defects mainly arise from the
lattice mismatch between InP core and ZnS shell. The highest
EQE of blue InP-based QLEDs was achieved through surface
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defect passivation by ZnBr, and ligand exchange to 1-octylthiol,
however, the value is still limited under 5%.1223! Another candi-
date for Cd-free blue emission is ZnSeTe. Recently, 18.6% high
efficiency have been realized with ZnSeTe-based QLED, which
exceeds the InP-based counterparts.??”! For blue PeLEDs, the
maximum EQE of 12.8% was reported.?? However, the emis-
sion peak of the PeLED was located at 486 nm (sky-blue),
which is not suitable as a Rec.2020 emitter (Figure 19c). The
mixed-halide composition engineering (e.g., CsPbClysBrs)
is frequently used to realize pure-blue emission (467 nm), but
often suffer from halide segregation problem under device
operation.[2%%

The development of lead-free PeLEDs is still in its infancy
in terms of both the EQE and the stability, which is mostly due
to the insufficient PLQY value and low material stability. Cur-
rently, world-record EQE values of red, green, and blue lead-
free PeLEDs do not exceed 10%. Hence, further improvements
in both EQE and device lifetime are imperative.[3%231-234 For
instance, Sn-halide PeLEDs resulted in 1.37% EQE and Ts,
under 5 min, even though oxidation of Sn?" was suppressed
by stabilization of Sn-I framework using biuret additive
(Figure 19d).123Y

Although current AR/VR displays exhibit a head-mounted
device structure, the progress in EL-based displays will eventu-
ally lead to the realization of wearable displays. Recent progress
in mechanics and stretchable materials makes it possible to
develop wearable/stretchable electronics.[?* Stretchable dis-
plays have become one of the most important output media for
the direct visualization of signals from various sensors attached
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to human skin. This requires the stretchable display to endure
various mechanical deformations, such as bending, twisting,
and stretching.?3®] However, stretchability is even more chal-
lenging as it requires the entire device structure to endure large
tensile strain without inducing any mechanical failure within
the device. As a replacement for rigid glass or silicon substrates,
stretchable displays are fabricated on thin polymer substrates
that can be either structurally or intrinsically stretchable.?¥]

To achieve a geometrically stretchable structure, the device
should be either fabricated using an island bridge!?*®! or with
out-of-plane buckling structures?** depending on the specific
application. The former consists of electroluminescence (EL)
devices on rigid islands with wave-like stretchable intercon-
nects that endure most of the strain applied to the device; this
approach has not been achieved using MHPs, as it requires the
solution-processed light-emitting layer to be deposited onto a
specific area for the following lift-off process. Hence, the buck-
ling structure becomes a more general approach to making the
device stretchable. Unlike the in-plane island-bridge structure
with EL units and interconnects located on the same plane, the
ultrathin EL unit forms an out-of-plane buckling structure after
releasing the strain of the pre-strained substrate. Given the
fact that bending strain is proportional to the thickness of the
substrate,?*l controlling the thickness of the EL units together
with the substrate to the um scale is vital to alleviate the effect
of the tensile strain. In practice, the ultra-thin substrate thick-
ness should be less than 2 um to form wrinkles with a small
wavelength.[23]

The geometrically stretchable PeLED was first achieved using
the an ultrathin polyimide (PI) substrate of 1-2 pm with silver
nanowire (AgNW) embedded into it.l The electrode was then
transferred onto a pre-stretched elastomer adhesive (VHB 4905)
with 50% of strain. To enhance the hole injection and reduce
the hole injection barrier, a molecularly blended hole transport
layer was used. The PeLED showed a turn-on voltage of 3.3 V
and maximum current efficiency of 9.2 cd A™L. The strategy for
creating the buckling structure on the PeLED ensures the max-
imum tensile strain of 50%, showing uniform light emission
throughout the stretching cycles without inducing mechanical
failure. The geometrically stretchable PeLED showed only a
25% loss in the EL intensity after 1000 cycles of stretching at
50% of strain.[24

However, compared to state-of-the-art PeLEDs with max-
imum current efficiency exceeding 100 cd A™}, a more precise
design of the interfacial energy level alignment is necessary.
Specifically, due to the low work function of AgNW, it is chal-
lenging to achieve efficient hole injection. Conducting polymer
electrodes with a high work function could be an effective
approach to address this problem.?’]

Unlike using the geometrically stretchable devices that use
specific structures to mitigate the strain, intrinsically stretch-
able devices require all layers in light-emitting devices to be
stretchable. Hence, to enhance the stretchability, MHPs are
mixed with materials that have a lower modulus. The MAPbBr;
precursor was blended with polyethylene oxide (PEO), which
functions as the matrix to achieve stretchability.?*J It was
found that in situ MAPbBr; NCs embedding in the PEO matrix
without pinholes were formed during the solution process,
making the MHP emission layer stretchable. The stretchable

Adv. Mater. Technol. 2022, 2201070

2201070 (27 of 33)

www.advmattechnol.de

PeLED was fabricated by the deposition of liquid-metal eutectic
gallium indium (EGaln) as the stretchable cathode. The intrin-
sically stretchable PeLED showed a low turn-on voltage of 2.4 V
and maximum luminance of 15960 cd m~2, which is the highest
reported value achieved in stretchable light-emitting devices.?*
Despite the excellent EL properties of PeLEDs, including
their high EQE and narrow FWHM compared with organic
emitters, the development of stretchable PeLEDs is still in
a very early stage. MHPs could be a promising candidate for
stretchable applications if the mechanical robustness can be
enhanced without sacrificing the EL properties in the future.

6. Summary and Perspectives

We have discussed the current recent progress of AR/VR tech-
nologies and emerging emitter technologies (colloidal QDs and
MHPs) for use in AR/VR display devices. The structural/optical
properties and synthesis methods of the QDs and MHPs were
briefly reviewed considering display applications. Also, var-
ious synthetic approaches to achieve high PLQYs, emission
linewidths, and stability of the light emitters were discussed.
Currently, state-of-the-art InP-based core/shell QDs and CsPbX;
NCs show near-unity PLQYs in green and red colors. In terms
of the emission linewidth, CsPbX; NCs exhibit greater potential
than do InP QDs (e.g., FWHM in green: <20 nm for CsPbBr;
NCs and =35 nm for InP-based core/shell QDs). Particularly,
the stronger optical absorption of MHPs compared to InP QDs
provides an opportunity to increase the color conversion effi-
ciency with a reduced thickness of the color conversion layer.

However, several technical challenges in both material and
process aspects must be overcome to realize QD- or MHP-
based AR/VR NEDs. With regard to materials, the major chal-
lenges include 1) the realization of efficient red, green, and
blue emitters that satisfy Rec.2020; 2) low thermal, photo and
color stability; 3) low stability and device efficiency blue QD
and MHP emitters, and 4) mitigating the toxicity of lead halide
perovskites.

The emission wavelengths of the high-PLQY QD and MHP
emitters should be adjusted to satisfy the standard wavelength
of Rec.2020 (red: 638 nm, green: 532 nm, blue: 467 nm). InP-
based QDs can cover the 638-red and 532-green colors by pre-
cise size control while maintaining high PLQYs. Because the
precise synthesis of InP QDs becomes more difficult as the
size decreases, the realization of blue InP-based QDs with high
PLQYs and stability is still challenging. For colloidal MHP NCs,
wavelength tuning is typically performed through composi-
tional engineering, as the sizes of the NCs usually lie in the
regime beyond the quantum size effect (i.e., NC size > exciton
Bohr diameter). For green-emitting MHP NCs, the emission
peak wavelengths of CsPbBr; and FAPbBr; NCs are =520
and 530-540 nm, respectively; therefore, wavelength modifi-
cation through A-site cation engineering is required to satisfy
Rec.2020. The synthesis of blue-emitting MHP NCs with high
PLQYs and stability is even more challenging than the syn-
thesis of blue InP QDs. The use of Cl-Br mixed-halide perov-
skites is often used to achieve the 467-blue color. Alternatively,
the 467-blue color can also be achieved by using pure-Br MHPs
with quantum size effect or a quasi-2D crystal structure.[42*

© 2022 Wiley-VCH GmbH

85U8017 SUOWILIOD A1) 3|cedldde ays Aq peuenob are ssoiie YO ‘8sn JO Sa|nJ Joj Ariq18UIIUO AB|IA UO (SUORIPUOD-pUe-SLLBI/ALICO" A3 1M AR 1[eU1[UO//SANY) SUORIPUOD Pue SWB | 8u 88S *[2202/ZT/S0] Uo AkeiqiTauliuo 8|1 AisieAlun uoleN [noes Aq 020T0ZZ0Z IWPe/Z00T OT/I0p/Wo0" A3 1M Ake.d 1 puljuo//Sdny Wwouy pepeo|umod ‘0 ‘X60.S9E2



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

However, the photo/bias-induced halide segregation originating
from the intrinsically weakly bonded ionic lattice of MHPs
limits the color stability. Also, the external stresses result in ion
migration in the MHP lattice and contribute further to struc-
tural degradation, leading to low material stability. Therefore,
to realize highly efficient and stable red, green, and blue MHP
emitters, future studies should focus on developing composi-
tional engineering and defect passivation strategies to prevent
halide segregation and ion migration and thereby completely
overcome the stability issues at the standard wavelengths of
Rec.2020.

Also, in AR NEDs, the luminance should be on the order
of 10> cd m™ (desirably, =10° cd m™) considering outdoor use
and the large optical loss in the optical combiners. Such high
brightness can induce severe photo-induced degradation of QD
(or MHP) layers (in both down-conversion-PL and EL applica-
tions); in this respect, developing a high-stability QD or MHP
emitter (or layer) that does not easily deteriorate over time at
ultra-high luminance is the most important prerequisite for the
commercialization of QD- or MHP-based AR NEDs.

Despite great efforts over the past few years, the develop-
ment of lead-free MHP emitters showing comparable levels
of PLQY and emission linewidth of lead halide perovskites is
still an ongoing and challenging work. The high oxophilicity of
alternative B-site metal cations (e.g., tin halide perovskites) and
the existence of self-trapped excitons (e.g., double perovskites)
are fundamental limitations that should be overcome in the
future.

To exploit the QD and MHP emitters in AR/VR NEDs, pat-
terning method should also be developed to achieve high-resolu-
tion RGB-patterned display panels (e.g., =<10000 PPI for AR).
Among various methods, direct optical patterning shows great
promise with pattern uniformity and simple process (without
PR usage), while retaining the advantages of conventional
photolithography such as high resolution up to =1 um. We
predict that future studies on direct optical patterning will be
directed toward minimizing loss in optical and electrical prop-
erties of emitters and improving material stability. Meanwhile,
the development of advanced inkjet printing or other printing
methods that can achieve high resolution of >2000 PPI and uni-
form pattern profile will also be of great research interest.

The high-color-purity QD and MHP emitters have become
core technologies that can provide a more realistic augmented/
virtual experience beyond the existing NEDs. We envision that the
next generation of AR/VR headsets to be based on QD and MHP
emitters through technological breakthroughs in the near future.
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