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ABSTRACT: Recent developments in the physics of high-index resonant dielectric nanostructures suggest alternative
mechanisms for subwavelength light control driven by Mie resonances with a strong magnetic response that can be employed for
the design of novel optical metasurfaces. Here we demonstrate metasurfaces based on nanoimprinted perovskite films optimized
by alloying the organic cation part of perovskites. We reveal that such metasurfaces can exhibit a significant enhancement of both
linear and nonlinear photoluminescence (up to 70 times) combined with advanced stability. Our results suggest a cost-effective
approach based on nanoimprint lithography and combined with simple chemical reactions for creating a new generation of
functional metasurfaces that may pave the way toward highly efficient planar optoelectronic metadevices.
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Metasurfaces emerged as two-dimensional planar struc-
tures composed of meta-atoms designed to possess

special electromagnetic properties that are not found in
nature.1,2 Early realizations of such planar structures were
based on noble metals and plasmonics. However, high ohmic
losses and heating of plasmonic structures motivated many
researchers to look for alternative materials.3 More recently, the
study of all-dielectric resonant nanophotonic structures and
metasurfaces has attracted a lot of attention, as it is based on
high-refractive-index dielectric meta-atoms, which can provide
many unique properties for coupling light to electric and
magnetic Mie resonances in visible and near-IR ranges.4 The
corresponding all-dielectric resonant metasurfaces exhibit low-
loss electromagnetic response, allowing highly efficient
resonant and broadband wavefront manipulation,5,6 substantial

field localization,7 and enhanced photoluminescence from
deposited quantum dots8 and dyes.9

On the other hand, hybrid halide perovskites have emerged
recently as a promising class of materials for advanced
optoelectronic devices due to many advantages of extralong
carrier diffusion lengths, strongly suppressed carrier recombi-
nation, low trapping on defects and impurities, and high carrier
mobility.10,11 More importantly, hybrid organic−inorganic
perovskites may provide an alternative for cost-effective
fabrication and system integration, which is also promising
for light-emitting diodes, amplifiers, or lasers.12,13 In contrast to
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many semiconductor-based active media, tuning the photo-
luminescence (PL) spectra of perovskites does not involve
expensive techniques and requires only simple chemical
reactions and proper film processing methods, such as solvent
engineering or hot casting. The most common band-gap tuning
procedure is to vary the halide composition with a mixture of I,
Br, or Cl, allowing to tune the positions of conduction and
valence bands to desired positions within the visible and near-
infrared regions, which is important for optoelectronic
applications in lasers and light-emitting diodes (LEDs).
In this Letter, we suggest and develop a novel concept for

creating functional metasurfaces by patterning halide perov-
skites with nanoimprinting technology, in order to enhance
their resonant properties, as illustrated schematically in Figure
1. We employ cost-effective and large-scale nanoimprint

lithography by sequential hot-mold embossing for nano-
patterning perovskite spin-coated films, as demonstrated
recently for other applications.14 More importantly, we employ
the optimized composition of perovskite thin films by alloying
the organic cation part of perovskites, designing a composition
of a triple alloy of a mixed cation exhibiting record photovoltaic
performance and increased stability, as was recently demon-
strated in refs 15−21, and confirm it by our own X-ray
diffraction (XRD) and energy dispersive X-ray spectroscopy
(EDS) data, which are shown in the Supporting Information.
This approach of using a triple cation alloy for perovskite films
allows avoiding the degradation of nanoimprinted metasurfaces
and achieving record-high PL enhancement. As a result, we
suggest a two-step approach to achieve highly efficient emitting
ultrathin planar structures where emission efficiency is
enhanced initially by thin-film material design (at the atomic
level) and then by patterning of films (at the meta-atom level).
Our results pave the way toward novel cost-effective all-
dielectric active planar metadevices.
Characterization of Perovskite Metasurfaces. A

modified solvent-engineering method22 is employed for the
deposition of perovskite thin films. This method utilizes a
mixture of solvents of a perovskite for spin-coating, followed by
a toluene drip while spinning, which allows for the formation of
a homogeneous perovskite layer after thermal annealing. For
our metasurfaces, we use fused silica for 0.5 mm thick
substrates. After spin-coating and toluene-dripping, the sample
is annealed for 10 min at 100 °C, which subsequently drives out

the solvents and forms a perovskite film with a thickness of
about 200 nm. Samples are used later for the nanoimprinting
process,14 as shown in Figure 2. We employ two different

silicon molds to compare the properties of two different types
of imprinted metasurfaces. Nanopillar and nanostripe structures
are first treated with an antiadhesion monolayer of
1H,1H,2H,2H-perfluorodecyltrichlorosilane. Then, the molds
are placed on the perovskite thin film on different areas in a
single process to ensure the same conditions are applied to all
molds. The nanoimprinting is performed for 20 min at 100 °C
and a pressure of 7 MPa. Reference samples with a spin-coated
unstructured perovskite film are also prepared.
In earlier studies of perovskite photodetectors,14 nano-

imprinting of classical MAPbI3 was performed, which is known
to be a not very stable material in ambient atmosphere. Indeed,
it is well established that MAPbI3 is notably easy to degrade
with heat, humidity, light, and metal electrodes other than ITO,
Cu, and Au. However, mixing FA/Cs cations and Br/Cl anions
tends to stabilize the films. The ABX3 structure of perovskites
allows for substitution of the A site cation and the X site halide
anion while keeping the B site cation as Pb. Very recently
cesium (Cs), formamidinium (FA), and ethylammonium (EA)
cations have been substituted in place of the methylammonium
(MA) cation to form more stable structures and tune the band
gap.15−21 Therefore, here we employ the nanoimprinting
procedure to triple cation alloys of perovskites with the goal
of studying the effects of PL enhancement in the nano-
imprinted metasurfaces of the most stable compositions with
mixed Cs, MA, and FA cations. Mixing these ions to form alloys
in the general form of CsαFAβMAγPb(IxBry)3, where α + β + γ
= 1 = x + y, allows one to obtain the most stable composition
and also achieve tunable band gaps. Here we are focused on
nanopatterning of a film from one stable composition,
Cs0.05(MA0.17 FA0.83)0.95Pb(I0.83 Br0.17)3, with a PL emission in

Figure 1. General concept. Metasurfaces with enhanced functionalities
achieved via structuring perovskite films, optimized by alloying the
organic cations for improved stability.

Figure 2. Nanoimprinted perovskite metasurfaces. Scanning electron
microscope images of (a) nanostripe and (b) nanohole structures.
Insets show cross sections of the metasurfaces (scale bars are 300 nm)
and the molds used in the fabrication.
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the range of 770 nm. We compare PL stability of our alloy with
MAPbI3 during exploiting under similar conditions for 3000 h
and reveal strong PL signal degradation of MAPbI3, whereas
Cs0.05(MA0.17 FA0.83)0.95Pb(I0.83 Br0.17)3 preserves well the PL
superior properties (for details; see Figure S1 in the Supporting
Information).
The morphology of the nanoimprinted films is studied by

scanning electron microscopy (SEM) and presented in Figure
2a,b. The well-defined perovskite nanostripe (Figure 2a) and
nanohole (Figure 2b) structures are negative replications of the
silicon molds. The nanoholes and nanostripes have a patterned
diameter and a period of approximately 300 and 600 nm,
respectively. The SEM cross section reveals a depth of 315 nm
with almost no residue layer for nanoholes and a structure
depth of 300 nm and residue layer depth of 85 nm for the
nanostripes. These results demonstrate that although perovskite
is an ionic solid and does not have a glass transition behavior
like polymers, it can be successfully patterned by nano-
imprinting methods soft enough to deform and fill in mold
cavities under applying heat and pressure. Crystallinity and
surface quality improvement by nanoimprinting are also
revealed by SEM, as shown in Figure 2a,b, atomic force
microscopy, and XRD measurements (see the Supporting
Information). EDS studies of nanoimprinted trication perov-
skites (see Figures S4−S6, in the Supporting Information)
reveal the composition containing Br and Cs. Also, the XRD of
nanoimprinted structures shows narrowed lines, confirming the
better crystallinity with increased grain size (see Figures S7−
S10, in the Supporting Information). This is important for
carrier transport, photoluminescence lifetime, and solar cell
efficiency.23,24

Optical Properties. Reflection spectra for unpatterned and
patterned perovskite films show significant modulations for
nanohole and nanostripe structures (see Figure 3a,b). More
specifically, we observe peaks around 1000−1100 nm, which
correspond to the excitation of optical resonances. In
transmission, optical images of perovskites show different
bright colors (Figure 3c), suggesting reasonable uniformity of
the patterning across the 1 cm2 imprint area as shown in Figure
S2 in the Supporting Information.
Our numerical modeling of the reflectance of perovskite

metasurfaces in CST Microwave Studio shows a qualitative
agreement with the experimental spectra shown in Figure 3b.
The details of numerical calculations are presented in the
Methods section. Simulations of the near fields at different
frequencies reveal a resonant behavior of the nanostripe-based
metasurfaces in the near-IR frequency range, whereas in the
high-loss region (λ < 800 nm), resonances are not manifested
due to strong damping. In the low-loss region, our patterned
samples demonstrate the magnetic Mie resonances, i.e., TM
modes (Figure 4a). Indeed, such a doughnut-like structure of
the electric field with the 4-fold field enhancement inside the
materials is beneficial for applications related to nonlinear
frequency conversion.25−27 Numerical calculation of the
photonic band structure for the metasurfaces provides addi-
tional information about all possible modes in such systems
(see Figure 4c,d), revealing a larger number of modes with high
local density of states (LDOS) for nanoholes as compared with
nanostripes.
Photoluminescence Enhancement. Beside a high

refractive index of the perovskite, this material demonstrates
highly efficient PL at 770 nm (1.6 eV) with a full-width at half-
maximum around 40 nm (Figure 5a). Therefore, it is possible

to enhance PL via excitation of optical modes in the emitting
material. Two specific regions can be defined: linear photo-
excitation (one photon is absorbed, i.e., high optical losses at
pump frequency) and nonlinear photoexcitation (multiphoton
absorption, i.e., low optical losses at pump frequency).
In our experiments on linear photoexcitation, the nano-

imprinted perovskites demonstrate better spontaneous emis-
sion properties with up to 2 times enhancement for nanostripes
at a certain polarization and up to 8 times enhancement for
nanoholes, compared with nanoimprinted thin films (Figure
5b). As shown in Figure 5a, these enhancement factors can be
partially explained by an increase of light absorption due to
nanopatterning. However, an increase of absorbed photons
cannot completely describe the PL enhancement, requiring an
additional analysis of the emission rate dependent on the
LDOS.

Figure 3. Reflectance and transmittance properties of perovskite
metasurfaces. (a) Experimental data and (b) numerically calculated
results for the reflectance spectra of perovskite films (black curve) and
metasurfaces created by nanoholes (green curve) and nanostripes
(pink curve). (c) Transmittance properties: optical images of the
perovskite surfaces with different patterning.
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The PL decay is acquired by using the time-correlated single-
photon counting method (for details, see Methods). The
measured averaged lifetime increases for imprinted nanostripes
(τg ≈ 24.5 ns), but decreases for imprinted nanoholes (τh ≈
17.8 ns) in comparison with the perovskite thin film (τ0 ≈ 20.4
ns). These times reflect both inherent changes of material (e.g.,
carriers’ diffusion length) and an effect of resonances (e.g.,
Purcell factor). On one hand, nanoimprinting results in an
increase of perovskite average grain size and, thus, it improves
the carrier’s lifetime, yielding up to 1.5 times longer PL decay.14

On the other hand, the Purcell effect for emitting dipoles in a
resonator with higher LDOS leads to an acceleration of
spontaneous emission. Therefore, taking into account the grain
size effect, we can roughly estimate that the Purcell factor
averaged over the whole emission spectrum is about 2 for
nanoholes, whereas it is close to 1 for nanostripes. This result is
supported by the analysis of the calculated photonic band
structures (Figure 4c,d), where the PL spectrum covers much
more states with high LDOS for nanoholes rather than for
nanostripes. Moreover, as compared with previous studies, the
Purcell factor for a dipole inside a slab with a nanohole array
lies in the range of 1−5.28,29 The Purcell factor and absorbance
explain the higher PL signal for nanoholes compared with
nanostripes.

In order to study the effects of optical resonances in
individual elements of nanostripes and nanoholes, we provide
multiphoton PL (MPL) measurements at a wavelength λ =
1050 nm (1.18 eV), revealing stronger dependence of a PL
signal on the metasurface designs, compared with the one-
photon photoexcitation. It should be stressed that the
fentosecond laser wavelength is significantly larger than both
periods and sizes of “meta-atoms” of the imprinted
nanostructures, excluding any effects of diffraction even into
the silica substrates.
The three-photon character of the emitted PL signal is

proven by the third-order slope of MPL signal dependence on
the femtosecond laser intensity (Figure 6a). As shown in the
inset of Figure 6a (adopted from ref 30), the origin of effective
three-photon absorption of 1.18 eV photons can be analyzed in
terms of partial density of states (PDOS), where three peaks
from Pb, I, and C make transitions to 3−4 eV much more
probable than to <3 eV. Moreover, the recent experiments on
pump−probe transient spectroscopy of perovskites have clearly
revealed a new resonance in photobleaching at 3.2 eV in
classical MAPbI3 perovskite, which has been attributed to an
optical transition to a second conduction band.31 Since our
nanoimprinted perovskite film has 17% Br doping, we can
expect the position of this second conduction band in our triple
cation alloy to be slightly higher, i.e., at ∼3.4−3.5 eV, which

Figure 4. Numerical results. (a, b) Structure of resonant near fields of the nanoimprinted metasurfaces under normal plane-wave incidence for
experimental parameters. (c, d) Photonic band gaps for nanostripe and nanohole metasurfaces, respectively. Almost vertical red and green lines
correspond to the light cones in air and silica, respectively. Transverse shaded areas mark the PL spectral width of the perovskite.
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coincides with energy of our three-photon pumping by 1.18 eV
photons. This conclusion is supported by our linear measure-
ments (Figure 5b), where PL from the perovskite film is more
intensive for photon energies higher than 2.8 eV. Remarkably,
spectra of one-photon and three-photon emission are shifted
relative to each other, as observed previously in other studies of
MPL of perovskites.32

We believe that the reason for stronger MPL enhancement is
the dependence of three-photon PL of the studied perovskites
on the local electric-field enhancement inside the material.
Indeed, during multiphoton photoexcitation linear losses are
very small, allowing for excitation of resonances with relatively
high Q-factors, whereas high absorption occurs only in hot-
spots. In our measurements, we effectively excite the TM mode
in nanostripes, as predicted by the numerical simulations (see
Figure 4a), when the laser polarization is orthogonal to the
nanostripes. Such resonant multiphoton excitation yields 70-
fold enhancement of MPL, whereas the other polarization
provides 30 times lower signal due to the absence of resonant
response from the metasurface (Figure 6b). Numerical
simulations of the near field around the nanoholes also reveal
3-fold electric field enhancement for nanoholes at λ = 1050 nm,
as compared with the unpatterned film of perovskite on silica,
resulting in 35-fold enhancement of MPL. It should be noted

that, to describe such MPL enhancement, the Purcell effect
should be taken into account. Finally, since we do not observe
significant reshaping of PL spectra, the effect of photon
recycling33 is weak in our experimental conditions (i.e., thin-
film thickness and local area of MPL signal generation/
collection).
In conclusion, we have suggested a novel approach to

fabricate large-scale perovskite metasurfaces for visible and
near-IR ranges with significantly enhanced PL properties. We
have demonstrated that PL intensity can be enhanced up to 8
times under one-photon photoexcitation and up to 70 times
under three-photon photoexcitation. We have revealed that the
enhancement is achieved via the excitation of resonant Mie
modes and the Purcell effect. Protection of the patterned
perovskites against their degradation has been achieved by
specific material preparation enabling stable metasurfaces for
more than 3000 h in ambient media without encapsulation. Our
results show that perovskites are unique materials enabling
cost-effective nanoimprinting for large-scale fabrication of
metasurfaces with a high refractive index, which can be used
to develop optimized planar metadevices for highly effective
LEDs, lasers, and amplifiers.

Figure 5. One-photon photoluminescence. (a) Measured absorption spectra of a perovskite film (black), and two nanoimprinted metasurfaces
(green and pink). Filled area corresponds to the PL spectrum of the perovskite. (b) PL enhancement vs energy of exciting photon. (c) Time-
resolved PL measurements for three types of perovskite films.
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■ METHODS
Preparation of Perovskite Films. The mixed-perovskite

solution, FAβMAγPb(IxBry)3, is prepared by dissolving FAI 1 M,
MABr 0.2 M, PbI2 1.1 M, and PbBr2 0.2 M in a 4:1 volume
ratio of γ-butyrolactone:N,N′-dimethylsulfoxide (DMSO)
solvent mixture in a N2 glovebox. CsI is dissolved in DMSO
to obtain a 1.5 M solution, and from this, 5% volume is added
to the mixed-perovskite solution. The solution was heated for
12 h at 60 °C. The solution was then spin-coated onto the silica
substrate that was previously ultrasonic cleaned with acetone
and treated by oxygen plasma. A two-step spin-coating process
was performed for 25 s at 1000 rpm and then 30 s at 4000 rpm.
A 350 μL amount of anhydrous toluene was dropped on the
film after 12 s into the second spin-coating step. The sample
was then annealed on a hot plate at 100 °C for 10 min, during
which solvents were evaporated and a dense and uniform film
was formed with a thickness of about 200 nm. The composition
of our triple alloy perovskite film studied corresponds to a most
stable structure of Cs0.05(MA0.17 FA0.83)0.95Pb(I0.83 Br0.17)3
Nanoimprinting. The Si nanopillar mold and nanostripe

mold were first treated with 1H,1H,2H,2H-perfluorodecyltri-

chlorosilane (FDTS) in N-heptone solvent for 5 min and then
cleaned with acetone and blow-dried with N2. The molds were
then annealed at 100 °C for 20 min. Monolayer FDTS was
formed on the Si molds, which served an antiadhesive purpose
in the NIL process. The Si nanopillar and nanostripe molds
were then placed on the perovskite thin-film-coated substrate at
different areas in a single process. The imprint represents a
multistep process of 90 s at a temperature of 35 °C and a
pressure of 2 MPa, 180 s at a temperature of 55 °C and a
pressure of 4 MPa, 180 s at a temperature of 75 °C and a
pressure of 6 MPa, and then 1200 s at a temperature of 100 °C
and a pressure of 7 MPa. The pressure was kept at 7 MPa while
the chamber was cooled to a temperature of 35 °C. The
nanoimprint process was then finished, and perovskite
metasurfaces were formed with negative replication of the Si
molds.

Optical Characterization. All experiments were carried
out at room temperature and humidity around 30%. For optical
measurements (transmission, reflection, and PL) we used a
commercial confocal Horiba LabRam HR spectrometer with a
cooled CCD camera (Andor DU 420A-OE 325) and a 600 g/
mm diffraction grating. As sources of light we used a halogen
lamp vis-NIR HL-2000 FHSA Ocean Optics (for transmission
and reflection measurements in polarized light); a super-
continuum Fianium SC400-6 with tunable wavelength of 400
to 850 nm, 60 MHz repetition rate, pulse duration of 6 ps, and
fwhm of 10 nm (for one-photon PL measurements in polarized
light); and a femtosecond laser source (TeMa, Avesta Project)
with 80 MHz repetition rate, 1050 nm wavelength, pulse
duration of 150 fs, and fwhm of 7 nm (for MPL measurements
in polarized light). For transmission and PL measurements we
used a Mitutoyo M Plan APO 10× 0.28NA objective for
excitation and a Mitutoyo M Plan APO NIR 50× 0.42NA
objective for collecting the signal. To change the excitation
intensity in the MPL measurements, we used a polarizer. In
reflection measurements, we used a Mitutoyo M Plan APO
NIR 50× 0.42NA objective for excitation and collecting the
signal in backscattered scheme. The absorption spectra are
obtained by transmission and reflection spectroscopy (A = 1 −
T − R) under the assumption that signal scattering on the
crystal defects was small compared with the transmission signal.
Experimental estimation of PL and MPL enhancement factors
was done by comparing nanoimprinted metasurfaces with the
smooth surface of the same film, in order to avoid different
degradation rates for different samples. All PL and MPL
measurements were carried out with illumination of the
samples from the bottom, i.e., through the silica substrates.
PL decay was measured by means of a MicroTime 100

(PicoQuant) laser scanning confocal microscope equipped with
10× objective (NA = 0.25) and a picosecond pulsed diode laser
(λ = 405 nm, τ ≈ 100 ps), which implements the method of
time-correlated single-photon counting. Obtained PL decay
curves were fitted by a biexponential function: t = I0 + A1
exp(−t/τ1) + A2 exp(−t/τ2), where A1, A2, τ1, τ2, and I0 are
fitting amplitudes, decay times, and background intensity,
respectively. The average PL lifetime was calculated

with τ⟨ ⟩ = τ
τ

∑
∑

I
I
i i

i i

2

.

Numerical Simulations. Full-wave numerical simulations
of near fields were carried out by using the commercial software
CST Microwave Studio employing the finite integral technique.
To calculate dispersion laws for eigenmodes in perovskite
periodical nanostructures on a silica substrate, we performed a

Figure 6. Multiphoton photoluminescence. (a) MPL yield vs average
power of femtosecond laser pulses (λ = 1050 nm, τ = 150 fs). Inset:
Schematic of absorption and emission of photons in the nonlinear
regime matched with partial density of states for the perovskite basic
components. (b) Comparison of MPL spectra from different types of
metasurfaces.
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set of large-scale full-vector numerical simulations with the use
of the finite-element method solver COMSOL Multiphysics.
The calculated geometries were taken from experimentally
obtained SEM images. The dielectric permittivity of the silica
substrate was 2.25, whereas the optical properties of the
perovskite film have a strong dispersion.34 The maximum value
of permittivity of the perovskite was about 6.5, which is much
larger as compared with values for the substrate and air,
providing a high optical contrast for Mie resonance excitation.
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