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Detailed working principle of a light-emitting metasurface
The analytical representation of two coupled oscillators, described by Lorentzian functions,

can be given as follows:
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Where ¢y /metq 18 the emission cross-section of the unstructured perovskite thin film and the
perovskite-based metasurface, respectively; oy, - extinction cross-section of a photonic mode,

introduced via the structuring of a thin film; w is the photon frequency; y denotes damping and g
refers to the coupling strength of the two oscillators."

Table S1: Parameters for the coupled oscillator model.

w [eV] y [eV] g [eV]
Perovskites 1.800 0.099
6
Photonic mode 1.776 0.016

The resonant frequencies wyer/pp Match the experimentally measured emission maximum
wavelength (689 nm) of the unstructured perovskite thin film and the photonic mode of a
metasurface with the periodicity of 450 nm in a uniform refractive index environment of 1.52
(698 nm). The damping factors are represented by a full width at half maximum (FWHM) of a
corresponding Lorentzian function: for perovskites — 38 nm and 6 nm — for a photonic mode,
inferred from fitting the experimental data. The coupling factor was chosen empirically to match

the actual line shape of the emission spectrum of the metasurface. Presented analytical model
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serves the visual purpose only and cannot be used for a quantitative characterization of the actual
coupling of the resonant modes within a metasurface. Calculated cross-sections are depicted in
Figure 1 in the main text.

Optical properties of bulk perovskite material

To determine the refractive index of CsPbls, spectroscopic ellipsometry measurements were
performed. For this, a thin film of perovskites was prepared on the silicon (Si) substrate by the
spin-coating technique. A ~50 mg/mL solution was drop-casted in a dynamic coating mode at
3000 rpm. The thickness and roughness of the thin film were determined with the help of AFM
measurements (41 £ 7 nm) and were then utilized as the starting parameters for the fitting
procedure of the ellipsometric data. The initial fitting range was set to a transparent region of
700 — 1300 nm, where the experimental data was approximated with the B-spline model. After
expanding to a full wavelength range, the B-spline model was parameterized by a set of

oscillators, matching the characteristic peaks in the absorption spectrum.”
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Figure S1. Ellipsometry characterization of the thin film of CsPbl; nanocrystals: (a) psi and
delta ellipsometric parameters for angles in the range of 50° - 70° together with an appropriate
model fit with the MSE<3.5. (b) Wavelength-resolved optical (real n and complex k) constants.

(c) Oscillator parameters of the model fitted to the psi and delta parameters.

Effect of the solvent on the quality of the assembly
To assess the quality of the assembled metasurfaces, we performed spectroscopy and time-
correlated single-photon-counting (TCSPC) in addition to the contrast measurements, as shown
in Figure S2. For spectroscopy (Figure S2a), the sample was excited under a constant
illumination at 405 nm and the signal was recorded by the spectrometer Newton 920 (Oxford
Instruments, UK). With the help of TSCPC, we calculate the photoluminescence quantum yield
(PLQY) via lifetime measurements. We successfully applied this approach in earlier work to
underline the difference in the quantum efficiency in a liquid colloidal solution and thin films.?
Our semiquantitative approach has proven more reliable than determining the PLQY of
nanostructures using the integration sphere. Briefly, we assumed the radiative decay rate to be
constant in both solid and liquid samples, which results in a direct dependency of PLQY on the
lifetime. For comparison, the fluorescent decay was measured in liquid (octane) and
metasurfaces, assembled from chloroform-, hexane-, octane-, and toluene-based colloidal
solutions. For measuring lifetime in liquid, a highly diluted colloidal solution was kept in
chambered coverglass wells (NuncTM Lab-Tek). The measurement was performed with a
single-photon counting module (SPCM-AQRH, Excelitas, USA) and calculated via
SymphoTime 64 2.3 software by fitting the intensity decay with the 3-exponential deconvolution
and using the computed instrument response function (IRF). The absolute PLQY in liquid (56%)

was measured with with a homebuild setup, where the sample was placed in a integrating sphere
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and excited by a 405 nm laser at 10 mW. The PL was then recorded by a spectrometer (Ocean
Optics QE65 Pro). The absolute PLQY was used as a reference to estimate the PLQY in

assembled metasurface.
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Figure S2: (a) PL and (b) average lifetime measurements of four metasurface, assembled from
different organic solvents. The instrument response function (IRF), used for fitting the decay
data is shown in blue. (¢) Summarized PL, PLQY and contrast characteristics of the produced
metasurfaces. The average values (Mean) and their standard errors (SE) are shown in the

corresponding colors.

The strongest PL signal showed the metasurface assembled from the chloroform-based colloidal
solution (Figure S2a). The latter can be attributed to agglomerates with more light-emitting
nanocrystals in the observation range than well-formed grating. We explain the apparent
decrease in a lifetime in solid samples (Figure S2b) and, therefore, in PLQY, by the dense spatial

confinement of nanocrystals upon drying that induces resonant transfer effects.* This
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corroborates the fact that the chloroform-based metasurface, with the lowest contrast and high
level of aggregation, showed the lowest PLQY value. Moreover, the lifetime measurements were
performed after the samples were stored unprotected in ambient conditions for several days,
which strongly affected the PL efficiency. Nevertheless, such reduced PLQY values were
sufficient to induce PL and measure the contrast ratio from the CFM images. This study provides
extensive information on how well-defined the grating lines are. On the other hand, PL and
PLQY measurements indicate more on the amount and the integrity of the light-emitting

material.

Effect of the concentration of the colloidal solution on the assembly

The concentration of the colloidal nanocrystals plays a crucial role in the assembly process. By
adjusting the concentration, one can achieve different thicknesses of the flat layer assembled
upon drying under the periodic pattern (Figure S3a). The unavoidable initial drying of the
solvent during the time gap between the drop-casting of the colloidal solution and stamp
placement results in a thin film formation. The thickness of this pre-assembled layer is governed
by the concentration and the spreading of the colloidal solution, and, thus, varies on the
millimeter-scale over the structured area. Nevertheless, such variations appear within certain
concentration ranges and can be visually estimated through the color appearance of the produced
structured pattern; the darker color indicates the higher layer thickness, as demonstrated in

Figure S3b-d.
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Figure S3. (a) Schematic representation of structured films with different thicknesses of the
underlying layer depending on the concentration of the colloidal solution. (b) Bright-field
microscopy images of three representative structured surfaces with the concentration increasing
from left to right. (c) AFM micrographs and (d) corresponding height profiles were measured

across the pattern perpendicular to the grating lines.

Stability of the thin perovskite films in the ambient conditions

To study the stability of the perovskite nanocrystals on a solid substrate, we first prepared the
unstructured films via dynamic coating of the colloidal solution at ~80 mg/ml in octane on a
glass substrate at 3000 rpm. The thin films were then left in ambient conditions at a relative
humidity of 32% without light protection. We considered three configurations of thin films,
which are as follows (see also Figure S4): (a) completely unprotected, (b) covered by
fluoropolymer CYTOP (AGC, CTL-809M), and (c) sealed with another glass slide via the

adhesive polymer NOA 61 (Norland Products, USA).
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For the configuration (b) we used the following fabrication parameters: 1 mL of CYTOP was
dissolved in 333 uL of CT-Solv.180 (AGC) and 70 pl were deposited by dynamic coating at
500 rpm for 3 s and 1500 rpm for 60 s. After that, the sample was annealed at 90 °C for 5 min.

On the other hand, the encapsulation (¢) was done by drop-casting NOA 61 and immediately
placing the sealing glass slide. The sample was then subjected to UV irradiation at 254 nm with a
power of 12 W (M&S Laborgerdte) for 10 min. Finally, we assessed the stability of the

perovskite nanocrystals by recording the absorption spectra over time.
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Figure S4: Absorption spectra of thin, unstructured perovskite films (a) without any protective
upper layer, (b) covered with CYTOP, and (c) encapsulated with NOA 61 and additional glass

slide. The measurements were taken 24, 48, 120, and 192 h after preparation.

Typical onset at ~700 nm, corresponding to the bandgap of CsPbls, was present in all
configurations after the fabrication. The thin film, covered with CYTOP, featured additional
scattering at higher wavelengths due to the higher roughness of the film. On the contrary, we do
not observe parasitic scattering in the thin film encapsulated in a uniform refractive index
environment with NOA 61. The unprotected sample and the sample with CYTOP as a protective
layer showed distinctive signs of degradation after 120 h, whereas the encapsulated thin film

remained intact after 192 h. The latter indicates that the material still had semiconducting
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properties to absorb photons after eight days. From these results, we can conclude that the PL

properties remain unchanged for an extended duration.

Peak fitting procedure
The fitting procedure was performed with the help of the python-based script using the Imfit
package based on non-linear least-squares minimization.” The PL spectra were approximated

with the help of Lorentzian functions, matching the main PL peaks.
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Figure S5. Detailed spectral analysis of the PL at 0° detection angle (I"-point) for (a) uniform PL
from a flat film; and a periodic 1D structured metasurface under (b) TE and (c) TM

polarizations. (d) Summary of the fitted peak parameters.

Comparative study on PL amplification
Table S2. Comparison of the amplification factors in structured perovskite metasurfaces,

depending on the manufacturing technique.
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Figure S6. (a-c) AFM micrographs of three different measurement positions on the 450 nm

3

periodic structured film, where the corresponding angle-resolved spectroscopic measurements
were taken. (d) Thickness cross-section profiles were taken across the AFM micrographs,

perpendicular to the grating lines.

The spectral shift of the resonant upon increasing thickness was analyzed via the fitting

procedure with the help of the python-based script using the /mfit package based on non-linear
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least-squares minimization.” The PL spectra were approximated with the help of Lorentzian
q p pp p

functions, matching the prominent PL peaks. The guided mode corresponds to the second

Lorentzian function at longer wavelengths.
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Figure S7: (a) Detailed spectral analysis of the PL at 0° detection angle (I'-point) under TE-
polarized light from metasurfaces with varied thicknesses of the waveguide-like layer. For the
metasurface with waveguide thickness hs, the fitting procedure was performed separately for two
spectral regions: 445 — 725 nm and 725 — 852 nm, to better resolve the resonant peaks. (b)

Summary of the fitted peak parameters. (c) Spectral position and Q factor of the guided modes.

Thickness sensor setup

To illustrate the practical usability of such perovskite-based metasurfaces, we suggest a setup
that can be employed as a thickness sensor for thin films on glass substrates. Polyethyleneimine
(PEI) was chosen as an exemplary material, widely used for a defined spacer or adhesion
promoter on glass surfaces.”> The proposed setup includes a perovskite-based metasurface
assembled on an elastic PDMS substrate that can be placed on a sample of interest. Using a

flexible substrate ensures close contact with the analyte material and allows for multiple usage
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cycles’ As a proof-of-concept, we provide the FDTD-based numerical simulations to
demonstrate the exceptionally high sensitivity of such a setup compared to a thin-film
configuration without a metasurface, as depicted in Figure S8a,b. The frequency domain field
monitor, located in the glass substrate, allows recording the transmission as a function of
wavelength and observing the spectral shift of the optical mode with a changing thickness of the
layer of interest. The narrowband optical modes that arise due to the presence of a metasurface
also demonstrate superior sensitivity S estimated as the slope when plotting the resonance peak
as a function of the thickness values (Figure S8c). The calculated figure of merit (FoM) values
are two orders of magnitude higher when perovskite-based metasurface is included, which
outlines the advantage of the suggested setup for sensing purposes. Experimentally, one can
place the metasurface on a flexible substrate on a solid transparent substrate containing a thin
film of interest with an unknown layer thickness. By illuminating such a configuration with a
broadband light source and recording the position of the resonant optical mode, one can estimate
the thickness given the known optical parameters of the materials. Alternatively, the structure
can be excited by a narrowband light source, inducing PL of perovskites, and allowing for

tracking the position of the resonant mode in the emission spectrum.
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Figure S8: Top row: simulation setup of the metasurface-based sensor (a) and flat film (b).
Bottom row: simulated transmission spectra for the corresponding sensor setups. The spectra
were shifted relative to each other for better visibility. (c) Sensitivity of the resonant mode for
the metasurface- and the flat film-based sensor. The peak wavelength shifts linearly with the
increasing thickness of the analyzed PEI layer. The slope, representing the S value, was extracted
from the linear fitting of the simulated data with the python-based script using the polyfit
function. (d) Calculated figure of merit (FoM) values.
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