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ABSTRACT

Quantum dots color conversion (QDCC) is considered as a facial and versatile way to achieve full-color organic light emitting
diode (OLED) and micro-LED display due to the wide color gamut performance and easy integration. However, the aggregation
of QDs and coffee-ring effects after solvent evaporation lowers the light conversion efficiency and emission uniformity in QDs
microarrays, raising blue-light leakage or optical crosstalk. Here, we report the fabrication of perovskite quantum dots (PQDs)
microarrays by combining the inkjet printing and in situ fabrication of PQDs during the photopolymerization of precursor ink. The
resulting PQDs microarrays exhibit three-dimensional (3D) morphology with hemisphere shape as well as strong
photoluminescence, which is desirable for QDCC applications. We demonstrate the dominant role of ultraviolet (UV) curable
precursors and surface functionalized substrate in controlling the shape of microarrays, where significantly increased contact
angle (100°) and large height to diameter ratio (0.42) can be achieved. We further demonstrate the potential use of the in situ
direct print photopolymerization method for fabricating large-area multicolor patterned pixel microarrays with a wide color gamut
and high resolution. The fabrication of 3D PQDs microarrays opens up new opportunities in a variety of applications including
photonics integration, micro-LED, and near-field display.
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and organic optoelectronics, has attracted great attention in
patterned microarrays by its non-contact, material-efficient, and
reproducible processing [15-17]. Using this method, colloidal
QDs can be deposited directly onto the substrate to form pixelated
microarrays with multi-color, bright luminescence, and high
resolution for display application [18-23]. In particular, in situ
fabricated PQDs have recently emerged as promising optimal ink
for inkjet printing [24-27]. The low formation enthalpy and high
defect tolerance of perovskite allow for the in situ fabrication of
high-quality PQDs directly on a substrate or in a matrix including
polymer [28], glass [29], crystals [30], fibers [31], or printed
droplets [25], wherein patterned PQDs microarrays can be formed
by printing the perovskite precursor ink on the substrate then in
situ crystallization. The in situ inkjet printed PQDs microarrays
show improved stability and photoluminescence (PL) strength
over the pre-prepared PQDs inks, which usually suffer from their
fragile surface chemistry and aggregation problems during the
long-term storage and printing process [32-34]. However, the

1 Introduction

Quantum dots color conversion (QDCC) has become a
foundational technology for the design of full-color light-emitting
devices with dramatically improved color performance, including
organic light emitting diode (OLED) and micro-LED [1-3].
However, conventional and recently reported QDCC pixels
fabricated by most commonly used inkjet printing of quantum
dots (QDs) solution are still too thin to achieve efficient color
conversion from excitation light sources, raising blue-light leakage
or optical crosstalk [4]. Recently, perovskite QDs (PQDs) are
emerging as attractive materials to maximize the color conversion
efficiency by their superior optical properties and extremely large
absorbance coefficient, kind of resolve this problem in terms of
materials, but still not enough [5-9]. From a structure perspective,
patterned black photoresist molds were manufactured to mold the
QDs pixels, which has a certain effect in increasing the pixel
thickness and avoiding the optical crosstalk, but the
manufacturing cost will increase substantially [2,10-12]. Thus,

development of an improved method by combing powerful
absorbed PQDs with highly structured pixel morphology (for
example, three-dimensional (3D) structure) is highly desirable for
next-generation displays [13, 14].

Inkjet printing, a widely used deposition method for inorganic

color conversion applications of these in situ printed PQDs
microarrays are still limited by their thin thickness therefore an
inadequate absorption of ultraviolet (UV)/blue light, and their
poor surface morphology uniformity which is usually caused by
the intrinsic coffee-ring effect during the inkjet printing
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process [35, 36]. Nevertheless, the construction of in situ fabricated
PQDs microarrays with high light conversion efficiency and
emission uniformity remains a challenge.

As a macromolecular synthesis methodology, polymerization
can manufacture various complex structured materials with high
efficiency and controllability, which show increasing promise for
various applications including coatings, inks, optoelectronics, laser
imaging, advanced manufacturing, and biomedical engineering
[37-40]. Recently, photopolymerization was utilized to provide a
robust and flexible host matrix for QDs patterns with 3D
structure [10, 41-43]. However, the incompatibility between QDs
and polymers will result in the aggregation of QDs and further
high optical scattering and losses. Inspired by these achievements,
here we present an in situ direct print photopolymerization
method to fabricate PQDs microarrays by combining the inkjet
printing and in situ fabrication of PQDs during the
photopolymerization of precursor ink. The resulting PQDs
microarrays exhibit the excellent PL property of in situ fabricated
PQDs as well as 3D hemispherical morphology, desirable for
QDCC applications. More notably, the dominant role of UV
curable precursors and surface engineering on substrates for the
shaping of microarrays was discovered, where a significantly
advanced contact angle (100°) and a large height to diameter ratio
(0.42) with height up to 17 pm can be achieved. Moreover, PQDs
microarrays exhibited blue, green, red, and mixing fluorescence
with wide color gamut, large-area, and high-resolution were
demonstrated by controlling the halogen ions in precursor inks.

2 Experimental

2.1 Chemicals and materials

Lead chloride (PbCl,, 99.9%), lead bromide (PbBr,, 99.9%), lead
idodide (PbL, 99.9%), methylamine hydrochloride (CH;NH,CI,
98%), methylamine hydrobromide (CH;NH;Br, 98%), Cesium
iodide (CsI, 99.9%), and dimethyl sulfoxide (DMSO) were
purchased from Aladdin Reagent. 2-Phenylethanamine bromide
(PEABr, > 99.5%) was purchased from Xi’an Polymer Light
Technology Corp. Polyacrylonitrile (average M,y 150,000) was
purchased from Innochem, polyvinylidene fluoride (average My
400,000) was purchased from Arkema, and the UV-curing acrylic
resin was provided by Hangaoda. All reagents were used without
further purification.

2.2 Preparation of inkjet printing inks

Green perovskite precursor ink was fabricated by dissolving
CH,NH,Br (0.037 g, 0.3 mmol), PbBr, (0.057 g, 0.15 mmol), and
0.02 g UV curing resin into DMSO solution (1 mL, 14.10 mmol).
Blue perovskite precursor ink was made by dissolving
CH,;NH,Cl (0.027 g, 0.4 mmol), PEABr (0.0734 g, 0.36 mmol),
PbBr, (0.0734 g, 0.2 mmol), and 0.02 g UV curing resin into DMSO
solution (1 mL, 14.10 mmol). Red perovskite precursor ink was
made by dissolving CsI (0.0338 g, 0.13 mmol), PbL, (0.03 g,
0.065 mmol), PbBr, (0.023 g, 0.062 mmol), and 0.02 g UV curing
resin into DMSO solution (1 mL, 14.10 mmol).

2.3 Fabrication of PQDs microarrays

ITO substrate was first cleaned by ultrasonication successively in
acetone, deionized water, and isopropyl alcohol, after being dried
by using flowing nitrogen gas, the PDMS/UV curing resin was
spin-coated on the blank substrate at a spinning rate of 2,000 rpm
for 45 s and then heat at 120 °C for 30 min. The inkjet printing on
the polymer-modified substrate was accomplished by using a
Sonoplot printer equipped with a 30 um diameter piezoelectric
driven inkjet nozzle. After printing, the precursor droplets were

Nano Res.

fully cured by illuminating 30 s with a 365 nm handheld UV lamp
at a power of 5 W to model microarrays. After curing molding,
the substrate with perovskite precursor microarrays was heated at
40-80 °C for 10-30 min to complete in situ crystallization of
PQDs. All printing, curing, and annealing were done in ambient
conditions.

24 Materials characterizations

The static contact angles were measured on a contact-angle system
(SL150E, USA KINO Industry Co., Ltd) with latex droplets (2 pL).
The morphologies were observed by scanning electron
microscopy (SEM) (Hitachi, Model S-4800). Cross-sectional
transmission electron microscopy (TEM) image was analyzed
using a JEM 2100F (JEOL) operating at 200 kV, while the
ultrathin  section was prepared using Leica EM UC7
ultramicrotome. The heights of microarrays were measured by
step profiler (Dektak XT, Bruker). The PL spectra were measured
with a fluorescence spectrophotometer (SpectraScan, PR-655)
with an excitation wavelength of 365 nm. The fluorescence
microscope images of microarrays were obtained using a laser
scanning confocal microscope (Nikon, N-SIM A1R).

3 Results and discussion

The fabrication process of PQDs microarrays via in situ direct
print photopolymerization technique is illustrated in Fig. 1. Prior
to inkjet printing, PDMS mixed with curing agent was spin-coated
onto the quartz glass substrate, pre-curing for about 30 min at
120 °C to form a solid hydrophobic polymer film. Such surface
modification is critical for the successful inkjet printing of
microarrays. After that, the inkjet printing process was conducted
by continuously ejecting the perovskite precursor ink droplets
onto the modified substrate from a piezoelectric nozzle. The
precursor ink was obtained by mixing methylamine
hydrobromide (MABr), lead bromide (PbBr,), and UV curing
resin in DMSO (see Fig.S1 in the Electronic Supplementary
Material (ESM) and Experimental section). Each droplet can form
an individual pixel after being completely cured, the size of these
microarrays can be controlled by adjusting the printing
parameters including printing distance, release voltage, and time,
as well as the size of the nozzle. Once the droplet reached the
PDMS substrate, a spherical cap will shape immediately, with the
perovskite precursor and UV curing resin randomly distributed.
After the patterned microarrays were fabricated by continuous
inkjet printing, UV light was irradiated to the substrate, curing the
fluid convex and forming regular microarrays patterns.
Subsequently, with the removal of residual DMSO in the droplet
at a certain temperature, the concentration of MAPbBTr; reaches its
critical value and then nucleation, PQDs microarrays were
formed.

Figures 1(b) and 1(c) show the corresponding SEM images of
the PQDs microarrays, demonstrating their great size
homogeneity and conforming their 3D dome-shaped patterns,
thanks to the well-controlled droplet shape in the printing process.
In addition, cross-sectional TEM measurement was performed to
clearly demonstrate the QD structure of in situ crystallized
MAPbBr; perovskites, as shown in Fig. S2 in the ESM. Figure 1(d)
shows the fluorescence image of PQDs microarrays under laser
scanning confocal microscope, the printed microarrays emit
bright and uniform green fluorescence under UV irradiation. The
fluorescence image of an individual PQDs microarray was further
enlarged (Fig. S3 in the ESM), from which we can see more clearly
that the brightness in the center and the edge is almost the same as
in other sections, demonstrating the highly uniform distribution
of PQDs in these microarrays where normally coffee ring effect is
missing.
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Figure1 In situ direct print photopolymerization fabrication of PQDs microarrays. (a) Schematic showing the fabrication of PQDs microarrays through in situ direct
print photopolymerization method. (b) SEM image of the resulting PQDs microarrays. (c) SEM image of an individual PQDs microarray. (d) Fluorescence microscope

image of green MAPbBr; PQDs microarrays.

There are two crucial factors that make PQDs microarrays
possible: the UV curable perovskite precursors and surface
functionalization of the printing substrate. To achieve our goal of
printing PQDs microarrays with regular hemispherical shapes, a
seemingly straightforward but challenging approach is to generate
an appropriate droplet on the substrate. Therefore, we first try to
control the morphology of droplets by adjusting the viscosity,
density, and surface tension of the ink by adding a small amount
of polymer, which is commonly used for patterned QDs
pixels [25,44-46]. However, with the evaporation of excess
solvent that is used to dissolve polymers, the three-phase contact
line continually slides along the smooth substrate surface, causing
the spread of droplets over a large area and distorting the convex
morphology of the droplets (see Fig. S4 in the ESM). Compared
with the most used polymer additive such as polyvinyl pyrrolidone
(PVP) or polyvinyl alcohol (PVA), UV curing resin is much more
soluble in the matrix solution for PQDs precursor inks such as
N,N-dimethylformamide (DMF) and DMSO. That means we can
get suitable printing inks at a lower solvent ratio, which is
extremely useful for reducing the solute movement rate and
eliminating the coffee ring effect. What is more, an important
advantage of direct printing of this curable perovskite precursor
over other QDs inks is the light-curing property, which enables
shape of the microarrays morphology more easily under UV light
irradiation and is important for color conversion application.

To obtain high-quality PQDs microarrays, the printable of inks
is a quite crucial issue for inkjet printing technique, which can be
evaluated by the inverse Ohnesorge number Z (the ratio of surface
tension and inertial forces to viscous forces)

7Pt
u

7=

where y, p, and p are the surface tension, density, and viscosity of

the ink, respectively, and « is the diameter of the nozzle. As a
matter of experience, the range of Z between 1 and 10 means good
jetting. If the Z value is too small, there will be elongated tailing
during printing or no droplets can be formed at all, while too large
Z is usually accompanied by unwanted satellite droplets. The
curing perovskite precursor ink shows a surface tension of
361 mN-m", a density of 1.18 gem”, and a viscosity of
5.31 mPass. The calculated Z value is 5.50 when an inkjet nozzle
with a diameter of 20 pm is used, demonstrating the suitability of
the perovskite precursor ink for inkjet printing. What is more, the
prepared UV curable perovskite precursors ink exhibits high
stability, which can be stored for more than several months under
ambient conditions (Fig. S1 in the ESM).

In addition to the precursor ink, substrate modification is
another crucial factor in the shaping of microarrays. To further
demonstrate the requisite of surface modification in regulating the
contact angle and final morphology of microarrays, substrates
either with any functional groups modified or the crude ones were
tested and the results are summarized in Fig.2(c). Evidently,
compared with bare glass or silicon (Fig. S5 in the ESM), the
polymer-modified substrate surfaces exhibited remarkably
increased contact angles (60° for polyvinylidene fluoride PVDF as
shown in Fig.2(a), 70° for polyacrylonitrile PAN, and 90° for
PDMS, Fig. S6 in the ESM), demonstrating that polymer coating
can impact the hydrophilic nature of substrates. The
hydrophobicity of these polymer-modified substrates resulted in
the depinning of the three-phase contact line of the droplets,
preventing the formation of coffee rings and leading to two-
dimensional (2D) hemisphere-shaped microarrays. The higher
contact angles almost approach 90° for PDMS modified surfaces
indicate the enhanced hydrophobicity behavior and lower surface
energy, which may come from the bulkier alkyl groups [47]. In
addition to the hydrophobic properties, the solvent resistance of
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Figure2 Morphology and size control of inkjet-printed PQDs microarrays. (a) Contact angles of UV curing resin on PVDF substrate. (b) Contact angles of UV
curing resin on the substrate with 10:1 PDMS/curing agents. (c) The relationship between contact angle and substrate type. (d) The height and H/D of microarrays
versus nozzle size. (e) Geometries of microarrays measured via step profiler. (f) The geometry of an individual PQDs microarray.

the used polymers is another key factor. Compared to PDMS,
DMSO has the ability to dissolve PVDF and PAN, which will lead
to smaller contact angles to some extent. To further increase the
contact angle, different amounts of curing agents were added. The
increased contact angle up to 100° can be explained by an
enhanced hardness after UV curing (Fig. 2(b) and Fig. S6 in the
ESM), and thus an increase of adhesion ability of the substrates to
the three-phase contact line, leading to strong binding of droplets
onto the substrate and lowing the solute movement rate [48].

To explore the parameters for the adjustment of diameter and
height of microarrays, we printed microarrays under varying
printing parameters, such as the printing distance, the release
voltage, the release time, the nozzle size, and so forth (see Figs. S7
and S8 in the ESM). As an example, Fig. 2(d) shows the overall
relationship between the height to diameter ratio (H/D) of
microarrays and the nozzle size. The height of microarrays
increased linearly as a function of the nozzle size, the average
heights of the microarrays were 5.9, 8.6, 13.1, 14.9, and 17.2 um,
corresponding average diameters increase from 182 to 69.1 pm
(Fig. S9 in the ESM), while the largest H/D can reach up to 0.42
when the nozzle diameter was fixed at 20 um. To study the voltage
effect on the formation of microarrays, different release voltages
were used and the images of printed microarrays are shown in Fig.
S7 in the ESM. Microarrays are only formed at a proper release
voltage of less than 2 V, and higher voltage is unfavorable due to
the uneven precursor inks output. For the release time, which is
the duration time of continuous deposition of droplets when the
releaser needle stays on the substrate, the optimized upper limit
should be no larger than 500 ms, especially when large size nozzles
were used. Otherwise, it will cause the droplets to flatten and
collapse on the substrate due to excessive ink output, affecting the
morphology of the microarrays. The images of printed
microarrays with different release times from 0 to 1,000 ms and
nozzle sizes from 20 to 50 pm are shown in Fig. S8 in the ESM. To
further verify the uniformity of microarrays that were printed
under these optimized parameters, a step profiler was used to
measure their geometrical properties and the results are shown in
Figs. 3(e) and 3(f). The microarrays show almost the same
diameter (35 um) and height (11 um), verifying their uniformly
and 3D hemisphere morphology.

In the case of the same blue light source excitation for example
micro-LED backlight, the upper surface of the convex cap can
excite more light than the planar and concave one. The least
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amount of light emitted from the concave cap is due to the fact
that the micro-LED light source is similar to the Lambert type
luminescence, and the light intensity is largest near the center of
the light source while the surrounding light intensity is low. For a
concave QDs cap, the middle thickness is thinner but the
thickness around the periphery is larger, so the concave cap
absorbs less blue light, most of the blue light passes through the
QDs, and the corresponding emitted light is less. Although the
center thickness of the convex cap is large and the surrounding
thickness is small, it absorbs less blue light compared with the
planar one, mainly due to the blue light at a certain angle on the
upper planar surface will be fully reflected and reabsorbed, while
the exciting light from the same angle in the convex cap can be
transmitted from the upper surface. Due to the same reason, the
planar cap emitted less light than the convex one as the emitted
light is also reflected back and absorbed by the QDs. Overall, for
planar, concave, and convex QDs caps with the same volume and
the same concentration, the convex one can absorb more energy
from the exciting blue light and reduce the total internal reflection
of light as it passes through the upper surface, which is more
suitable for the color conversion application.

As a usage-centered approach, large-scale production is
essential. To demonstrate the promising advantage of our strategy
for large-scale optical application, large-area MAPbBr; PQDs
microarrays were printed and shown in Fig. 3 and Fig. S10 in the
ESM. By carefully optimizing the driving voltage (1 V) and
printing release time (500 ms) while using a small size nozzle
(20 um), large-scale high-resolution microarrays with a diameter of
~ 30 um and a height of = 10 pym were demonstrated on
centimeter-scale substrates, as shown in Fig. 3(a). Feature sizes on
an order of 100 pum are necessary for most the practical
applications, for example, 150 pm pixel size is enough for a 13"
full high-definition (HD) display, which means our microarrays
match the present resolution requirement for display. To further
punch up the high resolution of our microarrays, the pixels-per-
inch of 21.5” iMac 4K display is about 218 while the large-area
printed microarrays are beyond 500, far exceeding the resolution
of current display panels, not to mention higher-resolution
microarrays can be achieved by using a smaller size nozzle,
suggesting the fidelity of our QDs microarrays used as color
conversion pixels. The enlarged fluorescent image and three-
dimensional laser confocal microscope fluorescent image of the
microarrays show a homogeneous and bright fluorescence on the
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Figure3 Large-area MAPbBr; PQDs microarrays. (a) and (b) Fluorescence microscope images of large-area green MAPbBr; PQDs microarrays showing the uniform
size and a well-defined pattern. (c) Three-dimensional laser confocal microscope photograph of the PQDs microarrays. (d) PL intensity distribution of an individual
QDs microarray. (e) Statistic graphics of PL intensity of the PQDs microarrays. (f) PL spectrum of an individual MAPbBr; PQDs microarray, while the inset is its

optical image under a 405 nm laser illumination.

microscale, further demonstrating the excellent uniformity and
reproducibility of every individual PQDs microarrays fabricated
by the inkjet printing method (Figs. 3(b) and 3(c)). Figure 3(d) is
the PL intensity distribution of a single pixel, indicating a positive
relationship between the PL intensity and the height of the pixel.
The top view and profile photographs of one pixel were observed
under the 3D laser scanning confocal microscope and shown in
Fig.S11 in the ESM, illustrating the uniformity of PL intensity.
The PL intensity statistic graphics of the QDs microarrays are
shown in Fig 3(e). The narrow PL intensity distribution
demonstrates the uniformity of the microarrays, as well as the
homogeneous nucleation of PQDs in these microarrays. Figure
3(f) gives the PL spectrum of an individual MAPbBr; PQDs
microarray illuminated using a beam of 405 nm wavelength laser,
the microarrays show an intense green emission band centered at
526 nm with narrow full width at half maximum of 28 nm, while
the inside real-color photograph further clearly shows a very
uniform emission image. What is more, the PL spectrum remains
constant after months, which indicates that the green-emitting
MAPbBr; PQDs microarrays have good stability due to the use of
UV curing resin, which is a critical parameter for color conversion
micro-LED display application.

We further fabricated blue and red color emissive perovskite
microarrays by varying the halides of precursor ink from Br to Cl
or I [5]. Figures 4(a)-4(c) and Fig.S12 in the ESM show
fluorescent images of the printed macroscopic letters BIT
composed of blue, green, and red PQDs microarrays, which show
a bright emission under 365 nm excitation. The detailed views of
these microarrays are shown in Figs. 4(d)-4(f), we can see bright
and homogeneous light emit from all these arrayed microarrays,
confirming the realization of high quality regularly blue and red
arranged microarrays, manifesting the excellent reliability of the in
situ direct print photopolymerization method further. These
fabricated microarrays exhibit a narrow fluorescence emission
peak with maximum intensity at 472, 526, and 654 nm,
respectively, as shown in Fig. 4(g). The PLQY for the printed red-,
green-, and blue- PQD microarrays is 10%, 35%, and 20%,
respectively, and more efforts are needed to optimize the
precursor inks and printing parameters. Figure 4(h) is the color

point of these trichromatic microarrays in the color Commission
Internationale del’éclairage (CIE) 1931 color coordinate triangle,
and the microarrays achieved a wide color gamut than wide-
gamut high-definition television (HDTV) production, implying
their outstanding full-color fluorescence properties for color
conversion display applications. The color coordinates area of the
microarrays is larger than that of the color space of the NTSC
(= 112% of NTSC 1931) standard, much larger than that of
HDTV (= 157% of HDTV) standard. Significantly, the color point
of the green microarrays (0.19, 0.74) is much better than the green
standard of the HDTV, even close to the green standard
Recommendation Rec. 2020 (0.17, 0.79), which can help promote
the display colors visually since human eyes are more sensitive to
the green tones [3]. What is more, the blue microarrays showed an
emission peak at 472 nm and narrow full width at half maximum
less than 30 nm, which is more suitable as health blue light in the
display. To further extend the application of the PQDs
microarrays, multicolor arrays were realized based on the in situ
direct print photopolymerization method. Figure 4(i) shows pixel
arrays with red and green microarrays, and a full-color display can
be achieved after combining these double color conversion pixels
with blue micro-LED chips. This combination not only provides
red LED chips but also reduces the immature mass-transfer
process, significantly decreasing the power and cost consumption.
The above results further confirm the realization of high-quality
multicolor microarrays through the inject printing approach,
paving the way for the further fabrication of full-color QDCC
micro-LED display.

4 Conclusions

In summary, PQDs microarrays with 3D hemisphere morphology
and strong PL are fabricated by in situ direct print
photopolymerization strategy. High contact angle up to ~ 100°
and large height to diameter ratio approach 0.42 are demonstrated
by adjusting the printing parameters and substrates. We found
that UV  curable perovskite precursors and surface
functionalization of the printing substrate are two crucial factors
that make PQDs microarrays possible. More importantly, these

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure4 RGB full colored PQDs microarrays. Fluorescence images of macroscopic letters BIT composed of (a) blue (MAPbCLBr; ), (b) green (MAPbBr3), and (c)
red (CsPbBr,];_,) emissive PQDs microarrays, and (d)—(f) their local enlarged images taken by confocal microscope. (g) Fluorescence spectra of blue, green, and red
emission perovskite microarrays excited at 375 nm. (h) The color coordinates of blue, green, and red emission PQDs microarrays in the 1931 CIE chromaticity
diagram along with standard NTSC and HDTV color space. (i) Fluorescence image of RG PQDs microarrays.

microarrays achieve strong and uniform PL in large-area due to
their seamless integration with in situ fabricated PQDs. We
further demonstrate the potential use of the in situ direct print
photopolymerization method for fabricating patterned multicolor
PQDs microarrays with a wide color gamut and high resolution.
Therefore, compared with previous printing methods, this in situ
direct print photopolymerization technique allows to precisely
control the pixel structure, removing the aggregation of QDs and
coffee-ring effects in microarrays, which will aid in their expansion
in photonics integration, full-color display, on-chip biomedical
diagnostics, and next-generation AR/VR devices.
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