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ABSTRACT

Advances in thin film light-emitting devices have fueled the rapid growth of a new class of solid-state lighting devices, featuring
low fabrication cost, high quantum efficiency, and broadband spectrum coverage, etc. In contrast to the conventional inorganic
semiconductors that rely on lattice matched high crystalline quality substrate, solution processable thin films eliminate the
dependence on the substrate, which is highly desired for the ease and versatility of integrations with foreign medium. By taking
this advantage, this work developed an ultracompact solution to control the directionality of thin film emitters using integrated
dielectric metasurface through one step spin-coating process. As a proof of concept, directional emissions from perovskite
nanocrystal thin film, including collimated light emissions and two-dimensional beam steering, are experimentally demonstrated.
Notably, our approach, where light emitters were integrated on the back side of substrate after the fabrication of metasurface,
judiciously avoids any potential degradation of material optical quality caused by the multi-step nanofabrication. Therefore, it can
serve as a generalized scheme to engage the advantageous properties of dielectric metasurface, including the compactness,
high efficiency, and beam controllability with the emerging thin film light-emitting diodes (LEDs), which is applicable to a wide
range of solution processable materials, including organic light-emitting diodes, quantum-dot light emitting diodes, polymer LEDs,
and perovskite LEDs, opening up new pathways to develop low-cost and ultra-compact solid state light sources with versatile
beams characteristics.
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1 Introduction

The emergence of solid-state lighting devices, known as
semiconductor light-emitting diodes (LEDs), provides a new
avenue to energy efficient lighting and displays with a variety of
advantages over the traditional light sources, such as high
quantum yields, compactness, good stability, and long lifetime [1,
2]. In contrast to the commonly used LEDs materials, ie., the
inorganic semiconductor materials that require rigorous growth
conditions at high temperature in vacuum chambers, a new class
of thin-flm LEDs, including organic light-emitting diodes
(OLEDs) [3], quantum-dot light emitting diodes (QLEDs) [4],
polymer LEDs [5], and perovskite LEDs (PeLEDs) [6], stand out
as an attractive platform for the development of low-cost and high-
efficiency light sources, which features high photoluminescence
(PL) quantum yield and simple preparation techniques using
solution-based processing at room temperature [7-9]. However,
the emissions of a typical thin-film LED manifest as a Lambertian-

like beam profile with broad angular distributions and poor
emission directionality due to the weak cavity effects. To solve this
problem, beam shaping of the LEDs has grown into a vibrant
research field with enormous potential to promote various
emerging applications, such as visible light communications
(VLC) [10], directional display [11], and photonic interconnects
[12]. To date, conventional approaches to control the emission
directionality of LEDs rely on the use of refractive optics.
Nevertheless, since the refractive optical components utilize the
phase accumulated during light propagation through media over a
large distance, they are bulky and heavy, and require an external
alignment process for integrations with LEDs, which inevitably
increases the size and complexity of the device, and thus is not
suitable for advanced applications where miniaturized
optoelectronic systems are preferred. For instance, the current
progress of near eye displays, such as virtual reality (VR) and
augmented reality (AR), is suffering from the use of bulky and
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heavy collimating refractive lenses. Therefore, developing
directional light source that can eliminate the need for a light
collimator or optical combiners is highly desired, which will not
only reduce the overall size of the display system but also improve
the outcoupling efficiency of the light [11].

As a promising alternative, artificially designed planar optical
structures, namely metasurfaces (two-dimensional  (2D)
equivalence of bulk metamaterials), are attracting considerable
interest due to their exceptional capabilities to control the phase,
amplitude, and polarization of the light by exerting local phase
discontinuities within subwavelength dimensions [13-16]. The
development of metasurface enables a new paradigm for the
design of a wide range of ultra-thin optical devices, including flat
lenses [17], waveplates [18], beam deflectors [19], polarization
converters [20], and holograms covering a broad range of
electromagnetic spectrum from THz to ultraviolet (UV) region.
Despite the fast growth of metasurfaces based optical devices in
the recent years, they mainly operate as stand-alone devices for
free space applications. Notably, the exceptional characteristics of
metasurfaces, such as the 2D planar configuration, ultra-
compactness, lightweight, and complementary metal-oxide-
semiconductor (CMOS) compatible fabrication process, are highly
desirable for on-chip integrations with optoelectronic devices [21,
22]. In this context, important progresses have been made by
integrating metasurface with both inorganic and organic LEDs to
control and improve their emission properties. For instance, the
polarization and direction of emissions from QLEDs can be
controlled by directly structuring the top electrode into a
nanoscale slot-groove-array structure [23], and the external
quantum efficiency of commercial gallium nitride (GaN) LEDs
can be improved by a factor of 1.65 by depositing a layer of
disordered silver nanoparticles on top [24]. However, the intrinsic
Ohmic loss associated with the plasmonic nanostructure has
raised wide concerns for their practical applications. By contrast,
the lossless nature of dielectric metasurface based on high index
materials has demonstrated remarkable advantages for high-
efficient operations. In this regard, integrations of dielectric
metasurfaces have been successfully deployed in various inorganic
semiconductor LEDs, including GaN LEDs [25], GaP LEDs [26],
and GaAs LEDs [27], to control their emission properties, such as
beam direction, polarization, and extraction efficiency, which
covers a broad range of spectrum regions from green to near
infrared. But since fabrications of dielectric metasurface heavily
involve multiple cleanroom processes including the deposition,
patterning and removal of hard mask, growth, and dry etching of
dielectric material, directly integrating metasurface with solution
synthesized materials like perovskites inevitably increases the risks
of performance degradation due to their susceptivity and
vulnerability to the harsh chemical environment. To overcome
this limitation, it appears to be a practical and rather simple
solution to fabricate metasurfaces prior to the integration of the
light emitters. For instance, by transferring the as-grown
perovskite microwire onto a TiO, metalens using
polydimethylsiloxane (PDMS) space and proper alignments, Dai
et al. demonstrated good collimation of the left-handed circularly
polarized emission with a low divergence angle (< 0.9°) [28].

Here, by taking advantage of metasurface integration, we
exploit on-chip beam shaping of solution processable thin film
emitters using perovskite nanocrystals (PeNCs) as an example. We
demonstrate that interfacing perovskite light source with beam
shaping dielectric metasurfaces can be achieved through a rather
simple step of spin-coating process without the risks of
compromising its optical quality, which could serve as a compact
and practical solution to control the wavefront of the emitting
beam into versatile functionalities. Capitalizing on this concept,
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directional emissions, including on-chip generation of both
collimating beam and deflecting beam, are realized from PeNCs
thin films in the green spectral regime. Furthermore, we show that
our approach enables the implementation of metalens-assisted 2D
beam steering of thin-film based LEDs emissions in a simple
fashion, which could find applications for dynamic control of
outgoing beams in real time.

2 Results and discussion

2.1 Conceptual design and integration approach

Owing to  their excellent photostability,  core-shell
FAPbBr;/CsPbBr; nanocrystal PeNCs thin films were employed as
the light emitters based on the same synthesis steps developed in
our previous study [29]. To construct the dielectric metasurface
that is suitable for the integration with PeNCs thin films,
epitaxially grown high-quality GaN was employed in this work
due to its high transmission efficiency, negligible absorption, and
large refractive index in the whole visible regime, which ensures
the high efficiency of wavefront control (see Fig.S1 in the
Electronic Supplementary Material (ESM)). Experimentally, 1 yum
thick GaN layer with small surface roughness was grown on a
double side polished sapphire substrate via metalorganic chemical
vapor deposition (MOCVD), as confirmed in Fig. S2 in the ESM.
For the design of metasurface, nanopillars with circular cross-
section were deployed as the building block of the integrated
metasurface. Since this type of meta-atom can operate as a
truncated waveguide, in which the effective refractive index of the
propagation modes can be easily modulated by changing its
dimension, it provides an effective platform to implement
polarization insensitive phase control of the transmitted light [30].
Specifically, the complex transmission coefficients of the GaN
nanopillar as a function of the radius were numerically
investigated at the wavelength of 515 nm close to the PL peak of
the as-grown PeNCs thin film by the difference time domain
(FDTD) approach, where periodic boundary conditions were
applied along all the in-plane directions and perfectly matched
layer (PML) boundary condition was used in the direction of the
light propagation. As evidenced in Fig. 1(a) that a complete phase
modulation in 2 range with high transmission efficiency (> 80%)
can be achieved by simply tuning the radius of the nanopillar from
65 to 100 nm, revealing the suitability of the selected meta-atoms
for high efficiency beam shaping. For simplicity and without loss
of generality, five nanopillars with different radii of 65, 74, 81, 86,
and 93 nm were employed to build the meta-atom library in our
design, which can introduce equally spaced phase retardation in
range from 0 to 2mt and satisfy the Maréchal’s criterion such that
the performance of the discretized metasurface is limited only by
the diffraction of the light [31].

To elucidate the principle of on-chip beam shaping of PeNCs
emitters, metasurface collimators with different focal length (f)
were designed to impose the light emitted from a PeNCs thin film
with a hyperboloidal phase delay

(pcollimmor (x7y) = ZT[_ ZT[Tn( V x2 +y2 +j2 _f) (1)

as depicted in Fig. 1(b), where n is the refractive index of the
sapphire substrate, to compensate the spherical wavefront of the
incoming beam for collimated emissions. To optimize the
collimation performance, different focal lengths, f = 350, 390, 430,
and 470 pm, were adopted in the design of metalenses such that
the focal plane would be close to the back-side surface of the
sapphire substrate when the incident green light shines from the
metasurface side, considering the uncertainty of the nominal
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Figure1 (a) Numerically calculated phase retardance and transmission of light at a wavelength of 515 nm scattered by GaN nanopillars with varying radii. The inset
illustrates the nanopillar unit of the array, which is assembled in a subwavelength lattice of 340 nm at a double-side polished sapphire substrate. (b) Schematic
illustration of the focusing characteristic of the designed metasurface collimator, in this example the incident green laser is focused on the back-side surface of the
sapphire substrate. (c) Scanning electron microscopy (SEM) images of the fabricated GaN metasurfaces reveal their good morphology.

thickness of the sapphire substrate (430 + 30 pm). Accordingly,
the grown GaN layer was sculptured into an array of circular
shaped nanopillars with a fixed subwavelength lattice constant of
340 nm and spatially varying radii (see the Methods section for
fabrication details). The high accuracy of the developed fabrication
technique can be confirmed by the well-defined surface
morphology of the fabricated GaN metasurface (Fig. 1(c)).

Prior to the integration of PeNCs thin film, the focusing
characteristics of the fabricated metalens were investigated using a
homemade optical setup (see the Methods section and Fig. 2(a) for
measurement details). In experiment, a collimated green laser with
a wavelength of 532 nm, close to the design wavelength, was
employed as the incident light source to examine the focal length
of the metalenses in the spectral region of interest. The beam
intensity profiles of the transmitted light were measured along its
propagation direction after passing through the metalenses, as
summarized in Fig. 2(b), where well-defined focal points can be
observed at different positions, respectively. The measured focal
lengths of samples S1, S2, and S3 show reasonable agreement with
the design, while that of S4 exhibits a prolonged focal length
(~ 498 pum) due to the change of the background refractive index
from the sapphire substrate to the air. Figure 2(c) reveals that all
the focal spots exhibit the full-width half-maximum (FWHM)
values close to the diffraction-limited values (A/2NA), where NA is
the numerical aperture. Figure 2(d) presents the beam patterns of
the 532 nm green laser measured directly on the back-side surface
of sapphire substrate after passing through the metasurfaces,
where a tightly focused point can be observed from the
metasurface sample S3 with a focal length f = 430 um. Therefore,
the well-defined focusing properties of the metalenses, of which
the focal plane locates close to the substrate, make them suitable to
collimate the emitters placed at the back surface of substrate.

In particular, the good chemical and mechanical stability of the
dielectric metasurfaces offer superior advantages for harsh
environment applications and optoelectronic integrations over
their polymer or metal-based counterparts [32, 33]. By combining
such merits of dielectric metasurface with the solution processable
manufacture of perovskite, we developed a feasible and simple
approach to implement on-chip integration of dielectric
metasurface with perovskite thin film through one step spin-
coating process (see the Methods setion and Fig. 3(a) for details).
Note that operations of beam shaping metasuface conventionally
rely on the illumination of a spatially coherent source, whereas the
low spatial coherence of the Lambertian-shaped emissions from a
typical LED becomes problematic for effective beam control if the
metasurface was integrated in close proximity to the emitter
within several wavelengths range [34]. To overcome this
limitation, Khaidarov et al. introduced a resonant Fabry-Perot
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(FP) cavity into the LED structure to improve its spatial
coherence, and then controlled the LED emission by directly
integrating the dielectric metasurface on top of a GaP LED [26].
Nevertheless, this approach requires additional fabrication steps of
resonant cavity, which inevitably increases the overall fabrication
complexity and cost. In contrast, our approach features the ease of
integration, and offers several advantages: Firstly, since the
thickness sapphire substrate is several orders of magnitude larger
than the wavelength of incident light, it would spontaneously serve
as an ideal beam expansion layer to greatly expand the light
emissions from the integrated perovskite thin film before they
reach the metasuface. By doing this, the perovskite emitter can be
treated as a point source with respect to the metasurface, which
not only helps to simplify the design of metasurface, but also
relieve the constraint of the intrisically incoherent spontaneous
emissions of perovskite LED on the beam shaping performance
enabled by the metasurface. Secondly, different from the previous
metasurface integration with LED where the metasurface was
directly fabricated on top of the LED emitting surface, this work
adopts a reverse structure by first defining the metasurface at one
side of the substrate, and then integrating the emitter on the other
side. Therefore, this configuration avoids any post-nanofabrication
over the active region, which is particularly beneficial for the use of
emitters that are sensitive and vulnerable to the harsh chemical
environment. Thirdly, the developed integration approach where
the light emitters can be treated as point sources can be readily
scaled up for the purpose of beam shaping of micro-LEDs array. It
thus enables a feasible and simple solution to implement
metalense-assisted 2D beam steering of micro-LEDs in real time.

2.2 On-chip collimation of perovskite emissions with
integrated metasurface

To testify the collimation performance of the integrated structures,
the PL properties were measured under the excitation of a 355 nm
UV laser, as illustrated in Fig. 3(b) (see the Methods section for
details). Figure 3(c) summaries the PL intensity from different
perovskite samples with and without metasurface integration,
which was recorded and normalized as a function of the
propagation distance. As evidenced, the emission intensity of the
metasurface integrated PeNCs thin films remains nearly constant
along its propagation direction up to 1 mm, while that of the bare
PeNCs sample without metasurface rapidly drops to the
background noise level after passing through the backside surface
of the substrate. The PL spectra of different samples were
measured and compared at Z = 1.3 mm, as shown in Fig. 3(d).
Similar PL peak wavelength and FWHM were observed from all
the as-grown PeNCs thin films, which revealed their comparable
chemical composition and material optical quality. Notably, the
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Figure2 (a) Experiment set-up for beam profiles measurement. A CCD camera is mounted on a translation stage with a repeatable movement precision of 1 pm to
record the transverse intensity distribution at different propagation distance. (b) The measured beam intensity distribution of a 532 nm laser after passing through the
metasurfaces, where well-defined focal points can be observed in good agreement with the design. (c) The FWHM values of the intensity profiles at the foci are close to
the diffraction-limited values, revealing the tight focusing properties of the obtained metalenses. (d) Beam patterns of the incident 532 nm laser directly measured at the
backside surface of the sapphire substrate after passing through the metasurfaces, where a tightly focused point can be observed from the metasurface sample S3 with a
focal length f= 430 um, indicating that the actual thickness of the sapphire substrate is around 430 pum. The scale bar is 5 um.

metasurface integrated sample S3 with f = 430 pum exhibits the
strongest PL emission intensity, indicating the actual distance
between the PeNCs emitter and the metasurface is close to
430 pm. Moreover, the collimation performance of the
metasurface integrated sample was further evaluated by the
comparison of angular distributions of the emission power from
the PeNCs thin films with and without metasurface integration, as
summarized in Fig. S3 in the ESM. It can be seen that the emission
directionality of the metasurface integrated PeNCs emitter was
significantly improved, in which 60% of the total emission power
was concentrated within an angular range from —20.8° to 20.8°. In
contrast, the emission from the bare PeNCs thin films without
metasurface exhibits a broader angular distribution, where the
same percentage of emission power spreads from —35.8° to 35.8°.

It is worth noting that despite the metasurface collimators were
designed based on the dispersive propagation phase mechanism at
the specified wavelength that is close to the spontaneous emission
peak of the as-grown PeNCs, both the phase response and the
transmission characteristics of the meta-atoms only exhibit small
variations within the wavelength range from 515 to 535 nm, as
revealed in Fig.S4 in the ESM, which allows operating the
metasurface with comparable performance in this spectral region.
This feature is particularly beneficial to ensure that the bandwidth
of the integrated metasurface collimator with the same design is
sufficient to cover different emission frequencies of the as-grown
PeNCs according to the emission spectra, and thus mitigate any
perturbation caused by the wavelength drifting, for example, due

to the variation of the environment temperature, change of
excitation conditions, and the transition from spontaneous
emissions to the amplified spontaneous emissions (ASE) under
higher excitation as shown in Figs. S5(a) and S5(b) in the ESM. To
prove this concept, the light emitting characteristics of the samples
were further studied by increasing the pumping power above the
threshold of ASE (~ 340 nJ/cm?), such that both strong
spontaneous emission (around 515 nm) and ASE (peaked at
525 nm) can be observed (see Fig. S5 in the ESM). Accordingly,
the total emission power of different PeNCs samples that contains
both the spontaneous and ASE emissions was measured and
compared along the light propagation direction, as shown in Fig.
4(a). It shows that the metasurface integrated PeNCs thin film S3
with f = 430 pm exhibits rather stable output power as the
emitting light propagates from the surface, which agrees well with
the observation in Fig. 3(c).

In contrast, the emission power from the PeNCs sample
without metasurface integration dissipates quickly along the
propagation direction. The good collimation performance is
further confirmed by the measurement of the far-field beam
patterns from different samples, as compared in Fig. 4(b) (see Fig.
S6 in the ESM for measurement details). It is found that the
emitting beam profiles from the metasurface integrated samples
manifest as well-defined square patterns, which were determined
by the actual shape of metasurface, whereas only a diffused and
rather dim beam was observed from the bare PeNCs sample
without metasurface integration. In addition, the emission spectra
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of different samples were analyzed at the same propagation
distance of Z = 1.3 mm, as shown in Fig. 4(c), which reveals that
the metasurfaces integrated samples show both enhanced
spontaneous and ASE emissions compared with the bare PeNCs
sample. The above results validate the effectiveness and robustness
of the collimation performance of the metasurface integration
against the wavelength shifting of the PeNCs emitters caused by
the variation of excitation conditions.

2.3 Metalens-assisted 2D beam steering of perovskite
emissions

In the above example, the PeNCs thin film was utilized as a point
source emitter located at the focal point of the integrated metalens

®
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for collimation purpose. It is worth noting that the developed
metasurface integration approach is also able to control the beam
profiles of the PeNCs emitters array located within a larger spatial
region, which can be leveraged to develop thin film based micro-
LEDs array with directional beam functionalities. By taking
advantages of the high material quality of the as-grown perovskite
thin film, we further demonstrate that the integrated metasurface
is suitable for ultracompact beam steering of perovskite emissions.
In particular, both the good thickness uniformity (Fig. S7 in the
ESM) and optical homogeneity (Fig.S8 in the ESM) of the
obtained PeNCs thin film ensure that high performance emitters
array with comparable emitting characteristics can be realized
from the PeNCs thin film. Moreover, the excellent light emitting
stability of the obtained PeNCs emitters was proved by the time
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revolved PL measurement, as shown in Fig. S9 in the ESM. The
above characteristics of the PeNCs thin film are highly desirable to

implement large-scale micro-LEDs array for advanced
applications, such as high-resolution displays and free-space
optical communications.

The discussion in the previous section reveals that the PeNCs
thin film locates at the focal plane of the integrated metalens with
f =430 pm for sample S3. Therefore, this specific configuration
allows the light emitted at a given position (x, y) in the plane of the
PeNCs thin film to be collimated and deflected with a well-defined
deflection angle of 0(x, y) after passing through the metalens, as
illustrated in Fig. 5(a), where 6(x;, y) can be approximately given by

M/ 5 > @)

Msapphire * f

O(x, y) = tan™" <

Moreover, the light from PeNCs emitters located at different
positions in this structure will intersect out-plane at the same
point (denoted as “P”) as if the “P” point was behaving as a virtual
light source, of which the emitting beam can be continuously
steered by a specific angle 6 (Fig. 5(a)). In this way, 2D beam-
steering of the perovskite LEDs can be achieved by selecting the
light emissions from different positions of PeNCs emitters
integrated at the focal plane of the metalens. To understand our
proposition, three points (denoted as “P,”, “P,”, and “P,”) at
different locations of the PeNCs thin film were optically pumped
in sequence by a focused 355 nm UV laser such that a small
emitting beam with the size of approximately 5 pm x 5 pm can be
created at the corresponding coordinates. The deflection angles of
the generated beams were determined to be about 0°, 5.6°, and
74° along y-axis or x-axis, respectively, as shown in Figs.
5(b)-5(d), which agree well with the estimated values using Eq. (2)
(see Fig. S10 in the ESM for measurement details).

Furthermore, as indicated in Eq. (2), the achievable range of the
beam steering angles can be considerably extended by either
employing a thinner sapphire substrate to reduce the f of the
integrated metalens or increasing the size of metalens to allow the
selection and operation of emitters in a larger area.

Note that in the proposed metalens-assisted beam steering
system, the emitted light from the PeNCs thin film can be directed
to a desired direction on an integrated optical chip by simply
selecting different emitters. Therefore, by defining the perovskite
thin film into micro-LEDs arrays at the focal plane of the
integrated metalens, it will be possible to realize electrically
controlled beam steering of LEDs though switching on/off
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different emitters with a fast modulation speed, which might find
potential use in free-space optical communication applications
without the requirements of mechanical movement parts.

3 Conclusions

In conclusion, this work developed a feasible and rather simple
approach to integrate perovskite emitters with dielectric
metasurface through one step spin-coating process for on-chip
beam shaping. By doing this, it allows us to demonstrate
directional emissions from perovskite emitters, including
collimated light emissions and 2D beam steering. Notably, in the
developed approach the light emitters were integrated on the back
side of substrate after the fabrication of metasurface, it thus avoids
the degradation of material optical quality that otherwise would
have been caused by the multi-step nanofabrication. This is
particularly beneficial for the optoelectronic applications of active
materials that are sensitive and vulnerable to the chemical
environments, like perovskites. Therefore, this work could serve as
a generalized solution to combine the advantages of the latest
dielectric metasurfaces, including the subwavelength compactness,
high efficiency, and exceptional electromagnetic controllability,
with the emerging perovskite based thin film LEDs. Moreover, our
findings are readily to be extended to other solution processable
materials, such as OLEDs and PLEDs, having the potential to
promote the development of a new class of low-cost and ultra-
compact solid state light sources with on-demand beam emitting
characteristics.

4 Methods

4.1 Fabrication of GaN metalens

The GaN metalenses were fabricated using an electron beam
lithography (EBL) system (JBX-5) 500ZA with metallic nickel (Ni)
hard masks through a lift-off process. A 200 nm thick polymethyl
methacrylate (PMMA) (AR-P 679.04) e-beam resist was spin-
coated onto the GaN film, then baked at the temperature of
180 °C for 90 s. The sample was then exposed in the EBL system
with an area dose 650 uC/cm’ under 50 kV acceleration voltage.
After development in MIBK/IPA (1:3) for 120 s and fixing in IPA for
30 s, a 50 nm thick Ni mask was deposited using E-beam
evaporation. The lift-off process of the sample was done in the
acetone solution for 10 min. Afterwards, the sample with the
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Figure5 (a) Schematic illustration of the principle of metalense-assisted beam steering of perovskite emissions. (b)-(d) The polar representations of the measured
beam intensity from the metasurface integrated perovskite emitters located at different positions of perovskite thin film, confirming the functionality of the proposed

light emitting chip as a 2D beam steering device.
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patterned Ni hard mask layer was etched by the inductively
coupled plasma system (ICP) with the power of 300 W and a bias
power of 50 W. Finally, the Ni mask on the top of GaN
nanopillars was removed by chemical etching in 30% FeCl,
solution.

4.2 Synthesis of perovskite thin film

The details of synthesis steps and the characterization results of the
core-shell FAPbBr;/CsPbBr; PeNCs thin film can be found in our
previous study [29]. Briefly, FA-acetate, Pb(CH;COO), x 3H,0,
oleic acid (OA), and ODE were first mixed inside a 100 mL flask,
and dried at 50 °C in vacuum for 30 min. Then, the mixture was
heated up to 130 °C under the protection of N, gas, followed by
the injection of OAmBr in toluene. The reaction mixture was then
cooled using ice-water bath. After that, the green solution of
FAPbBr; NCs was collected, and stored at 4 °C. Then, PbBr,,
Cs,CO3, dried OA, ODE, OLA, and the as-synthesized FAPbBr;
PeNCs were added into a 100 mL flask, and heated up to 80 °C in
N, atmosphere, and then cooled down in the ice bath. Finally, the
undispersed residue and aggregated PeNCs in the solution were
removed using the centrifuge. The core-shell FAPbBr;/CsPbBr;
PeNCs were then dispersed in hexane and stored in the dark at
4 °C. For the integration with metasurfaces, the as-synthesized
core-shell FAPbBr;/CsPbBr; PeNCs were spin coated on the
substrate at 2000 rpm for 60 s.

4.3 Optical characterization

The tests of metalens focal length and PL collimation were
performed under a continuous-wave (CW) laser at 532 nm and a
nanosecond pulsed UV laser at 355 nm, respectively. The signals
were collected using a confocal microscopy system (Alpha300,
WITec) with a 20x objective with the numerical aperture of 0.40.
The angle-dependent PL spectra were measured by spectrometer
(Andor SR-750-D1-R) equipped with a Newton charge-coupled
device (CCD, model No. DU920P-BU).
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