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Abstract

32 Nanoantennas made of high-index dielectrics with low losses in visible and infrared
34 frequency ranges have emerged as a novel platform for advanced nanophotonic devices.
36 On the other hand, halide perovskites are known to possess high refractive index,
and they support excitons at room temperature with high binding energies and quan-
tum yield of luminescence that makes them very attractive for all-dielectric resonant
nanophotonics. Here we employ halide perovskites to create light-emitting nanoanten-
43 nas with enhanced photoluminescence due to the coupling of their excitons to dipolar
45 and multipolar Mie resonances. We demonstrate that the halide perovskite nanoan-
47 tennas can emit light in the range of 530-770 nm depending on their composition.
49 We employ a simple technique based on laser ablation of thin films prepared by wet-
51 chemistry methods as a novel cost-effective approach for the fabrication of resonant

perovskite nanostructures.
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Subwavelength sources of visible photons are basic elements for advanced nanophotonic
circuits!. Single molecules?, quantum dots® and nanoparticles with active defects* are the
most frequently used light emitters. The main challenges are to optimize emitters efficiency?,
couple effectively their emission to free space or steer radiation pattern to a given direction®®.
In order to achieve these goals, various designs of nanoantennas have been suggested, where
the emitters are placed near them. Both plasmonic”™® and all-dielectric®! nanoantennas
exhibit strong incident light localization and high values of the Purcell factor. However,
low-loss all-dielectric nanoantennas'! allow placing light sources inside a bulk material 213,
protecting them from harmful ambient conditions such as chemical pollution or mechanical
damages.

Another approach is to create light-emitting dielectric nanoantennas with optical reso-
nances at the wavelength of the material emission. For example, such materials as GaAs and
GaN possess direct interband transitions with light emission, while their refractive indices are
high enough to support strong Mie resonances in the visible range. Resonant nanostructures
with low defect concentration and low losses could be employed as effective nanoscale light
sources. However, the costs of multistage fabrication of nanostructures (placed on low-index
substrates for high optical contrast) made of active inorganic semiconductors is a limiting
factor for their practical implementation.

On the other hand, organic-inorganic (hybrid) perovskites of the MAPbXj family, where
methylammonium (MA) stands for CH3NHj, and X stands for I, Br or Cl, represent a
class of dielectric materials with excitonic states at room temperature, refractive indices
(n=2-3) high enough for the efficient excitation of Mie resonances, low losses at the exciton
wavelength, chemically tunable band gap !4, high defect tolerance!®, and high quantum yield
(more than 30% %) of photoluminescence. These properties make them perfect candidates for

effective nanoscale light sources. Superior properties, along with low fabrication cost (wet-
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chemistry or chemical-vapor deposition), allow for creating hybrid perovskite light-emitting

17,18 9

metasurfaces and microparticles'®. Additionally, the emitting wavelengths of hybrid
perovskites can be gradually tuned over the entire visible range (400-800 nm) by simple

replacing or mixing the anion compound (I, Br or C1)2°.

MAPbBr; MAPBBH o, < MAPb\,

Figure 1: Schematic of tunable light-emitting halide perovskite nanoantennas.
Left to right: a nanoparticle emits light at different wavelengths depending on its chemical
structure.

Here we suggest and fabricate perovskite nanoparticles supporting electric and magnetic
dipolar and multipolar Mie resonances. When the light emission occurs at the resonant
conditions, we observe five-fold enhancement of normalized-to-volume photoluminescence
(PL) for resonant nanoparticles and up to two-fold enhancemnet as compared with a thin
perovskite film due to the Purcell effect. Simplicity of perovskite nanoparticle fabrication
allows for changing the PL line position (from red to greed) by varying the anion (I and
Br), as shown schematically in Fig 1. We believe this is the first demonstration of halide
perovskite subwavelength nanoantennas with the spectrally variable emission enhanced by
Mie resonances.

Fabrication of MAPbI; nanoparticles. For fabrication of nanoparticles, we employ

the laser printing method?!. In this approach, nanoparticles are fabricated from a perovskite
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Figure 2: Resonant properties of MAPbDI; perovskite nanoparticles. (a) Red curve
corresponds to experimental dark-field scattering spectrum for single perovskite nanoparticle
with diameter 415 nm. Lines stand for analytical mode decomposition for single spherical
perovskite nanoparticle of 440 nm in homogeneous air media (green dashed line - mag-
netic quadrupole (MQ), green solid line - magnetic dipole (MD), blue dashed line - electric
quadrupole (EQ), blue solid line- electric dipole (ED)). Right: Electric field distributions
at wavelength 790 nm and 1000 nm for the perovskite nanoparticle. (b) Calculated map of
scattering efficiency (Qg.) for a spherical perovskite nanoparticle in air (Mie theory), showing
dependencies on the particle diameter and incident wavelength. (c¢) Experimental (dots) and
theoretical (dash lines) values of resonances spectral positions depending on the diameter
of perovskite nanoparticles. Red and blue colors corresponds to the position of magnetic
quadrupole (MQ) and magnetic dipole (MD) resonances respectively.

4

ACS Paragon Plus Environment

Page 4 of 17



Page 50of 17

oNOYTULT D WN =

Nano Letters

thin film in the forward-transfer geometry, when the receiving substrate is placed under
the film with a spacing of 50 pm. For a film, solution of perovskite precursor (MAPbI;)
is prepared in a dry-box as follows: methylammonium iodide (MAI) in ~-butyrolactone
with dimethyl sulfoxide (GBL:DMSO) at the concentration of 1.5 M is used to dissolve
1.5M of lead iodine (Pbly). The solution is stirred and heated (70°C) overnight and used
after filtration through 0.45 pm PTFE syringe filter. For depositing, a perovskite layer
is created by a solvent-engineering technique inside the dry-box, including two step spin-
coating process??. At the first step, a solution precursor MAPbI; is deposited at rotation
speed 1000 rpm. The second step is the dripping 200 ul of the toluene at 3000 rpm, which
does not dissolve perovskite during the film formation. Each film is annealed at 100°C for

22 Glass substrates are washed by sonication in dianized water, toluene, acetone,

10 min
and isopropanol, consequently. Despite low cost and simplicity, this method allows for the
formation of high-quality films emitting light with high quantum yield (up to 70 %)23.
The perovskite nanoparticles are fabricated by employing Yb™? femtosecond laser pulses at
A = 1050 nm with energy around 50 nJ focused by 10x objective (NA=0.25). Morphology
and size of the nanoparticles are studied by scanning electron microscopy (SEM) with an
electron microscope (Crossbeam 1540 XB, Carl Zeiss). According to our data, the size
of nanoparticles is in the range of 50-500 nm, their shape is quasi-spherical with some
facets, whereas their position on a receiving substrate is random (for details, see Supporting
information).

Optical properties of nanoparticles. First, we study optical resonances of the fabri-
cated perovskite nanoparticles deposited on a silica glass substrate, by using confocal dark-
field optical spectroscopy. In our experiments, the nanoparticles are excited at an oblique
angle (65 degrees with respect to the normal of the surface) by linearly polarized light from
a halogen lamp (HL-2000-FHSA) through a weakly-focusing objective (Mitutoyo M Plan
Apo NIR, 10x, NA=0.28). Scattered light is collected from the top by an 50x objective

(Mitutoyo M Plan APO NIR, NA=0.42), sent to Horiba LabRam HR spectrometer and pro-
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jected onto a thermoelectrically cooled charge-coupled device (CCD, Andor DU 420A-OE

325) with a 150-g/mm diffraction grating.
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Figure 3: PL enhancement from MAPDbDI; resonant nanoparticles. (a) Calculated
emission rate for spherical perovskite nanoparticles in air. Dash white line marks the po-
sition of the exciton line around 770 nm. (b) Comparison of experimental data (dots) of
photoluminescence normalized to nanoparticle’s volume with theoretical results (line) for the
emission rate of a dipole placed inside the spherical perovskite nanoparticle. (c¢) Photolu-
minescence spectra normalized to the volume for perovskite nanoparticles of different sizes
shown in the inset with the SEM images and marked by the corresponding colors of the
frames, as well as for 0.5 um perovskite film. Scale bar in the SEM images is 400 nm.

The study of white-light scattering from the perovskite nanoparticles with different di-
ameters reveals their resonant behavior in both visible and infrared ranges. For example, as
shown in Fig. 2a, a nanoparticle with diameter 415 nm (measured by SEM) exhibits a pro-
nounced maximum around the spectral position of the exciton line (Ax770 nm). According
to our analytical calculations based on the mode decomposition with the Mie theory (for
details, see Supporting Information), the experimentally obtained spectrum can be theoret-
ically described by several Mie resonant modes in 440 nm spherical perovskite nanoparticle.
Namely, magnetic dipole (MD), electric dipole (ED), magnetic quadrupole (MQ), and elec-
tric quadrupole (EQ) modes contribute to the dark-field spectra in the low-loss range (i.e.
A>750 nm). As shown in the inset to Fig. 2a and Supporting Information, a spherical shape
of nanoparticles is a reasonable approximation for our modeling, in agreement with previous

2425 Also, the spectral positions of the Mie

studies of dielectric nanoparticles with facets
resonances are not affected significantly by a substrate?® or angle of incidence (see Supporting

Information). Full-wave numerical simulations with CST Microwave Studio for perovskite
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nanospheres with the same diameter allows for visualization of near-field structure at MD
and MQ resonances, which is typical for high-index dielectric nanoparticles. Computational
domain is chosen to be 2 x 2 x 2 um3. Optical properties of MAPbI; perovskite are taken
from the literature?”.

As shown in Fig. 2b, theoretical results for light scattering by a MAPbDI3 sphere reveal a
variation of the Mie resonances in a broad range of nanoparticles’ diameters (200-700 nm).
All resonances demonstrate a red shift with an increase of the nanoparticle diameter, in
agreement with previous studies!'. By measuring the dark-field spectra from perovskite
nanoparticles of different sizes, we find the same dependences for distinguishable MD and
MQ modes, as shown in Fig. 2c. Importantly, although electric and magnetic modes are
quite distinguishable in the low-loss spectral range, they are strongly overlapped at the
wavelengths shorter than that corresponding to the conduction band edge, as shown in
Fig. 2¢ and discussed in Supporting Information.

MAPDI; nanoparticles as light-emitting nanoantennas. According to the previous
studies, we expect that perovskite nanoparticles should enhance the rate of spontaneous
emission via the Purcell effect, thus increasing the quantum yield and PL intensity 22,
Figure 3a shows the calculated enhancement of the emission rate (emitted power) for a
point dipole in a perovskite sphere, normalized to the corresponding values for the dipole in
vacuum. We consider different diameters (200-700 nm) and wavelengths (A=600-1100 nm),
and average the calculated values of the emitted power over nanoparticle’s volume and
orientations of the dipole. A theoretical approach that we use is based on an early developed
model®® (for details, see Supporting information). Optical properties of MAPbI3 perovskite
are taken from the literature?®’.

As observed in our experiments on laser photoexcitation of perovskite nanoparticles, the
optical Mie resonances affect the intensity of PL emission (see Fig. 3b). In particular, when

the spectral position of the exciton line coincides with the position of the MQ resonance,

the PL signal normalized to the emitting material volume becomes more than five times
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stronger than that for slightly smaller nanoparticles and two times stronger in comparison
with 0.5 pum perovskite film, as shown in Fig. 3c. It is clearly seen that the PL enhancement
via the Purcell effect is possible due to the resonant behavior at the exciton wavelength
in hybrid perovskites MAPbI3 (770 nm at room temperature). Matching the peaks in the
experimental dark-field spectra from various perovskite nanoparticles with those obtained
theoretically allows to define the effective diameters for various perovskite nanoparticles
with slightly non-spherical shapes (see insets in Fig. 3c). Finally, we plot the experimental
dependence of the PL signal normalized to the nanoparticle’s volume on their diameter (see
Fig. 3b). Experimental values of the PL enhancement show a nonmonotonic dependence
correlating with the theoretical dependence of the enhanced emission rate on the size of
nanoparticles. Some discrepancy can be assciated to a neglected substrate and facets in the
analytical calculations of the emission rate.

The PL measurements are carried out by using the same setup as for dark-field measure-
ments, by exciting nanoparticles by light of A=530 nm with spectral width 10 nm generated
from filtered supercontinuum (repetition rate 80 MHz, pulse duration 7 ps, model Fianium
SC 400) with average power 10 mW. The volume of nanoparticles for the PL normalization
is calculated as that of an effective sphere with a known radius, whereas the volume for
photoexcited region is calculated as that of an elliptic rod with the height equal to the film
thickness and radii derived from the size of the incident beam. Some blue spectral shift
of the nanoparticles PL relative to the film spectrum was reported previously for MAPbI3
nanoparticles of sub-100-nm sizes?!.

Perovskite nanoantennas with mixed anions for variation of emission spec-
trum. Tunability of nanoantennas is highly desired for many applications related to nanopho-

32 Energy band structure and emission properties of all-dielectric nanostruc-

tonic devices
tures can be changed by only using different materials (such as Si®*, AlGaAs34, GaP??) or
doping®®. However, changing the material in the current semiconductor technologies leads

to additional requirements to entire fabrication process (deposition and etching), while the
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ion doping can not gradually tune emission line over hundreds nanometers.
In turn, methylammonium lead trihalide perovskites have been the most intensively ex-
plored so far in optoelectronics, and they can possess a composition with mixed anions X

and Y, i.e. MAPbX,Y;_,, resulting in gradual tuning of PL emission line?.

Following
the simple protocol®¢3® we create MAPbBrs and MAPbBr; 51, 5 thin films and fabricate
nanoparticles by the same method as described before for MAPbI3. In Fig. 4 we present PL
and scattering spectra of nanoparticles with different compositions, exhibiting a broad range
of spectral tuning: from A\=~770 nm, for MAPbI3, down to A=530 nm, for MAPbBr3, though
intermediate state A=~660 nm for MAPbBry 5I; 5. Importantly, to avoid unstable behavior

of PL from the mixed halide composition (MAPDbBr 511 5) due to segregation effect 3%,

we
apply illumination with average pump intensities around 0.1 W/cm?.

According to the Moss law?, for all semiconductors real part of the refractive index n
decreases with an increase of the band gap E, in accord with the formula n* & const/E,,
meaning that n should decrease slightly after a change of the perovskite halide composition
from I to Br anions. Namely, from the values n=2.4-2.6 for MAPbl; down to 1.8-2.3
for MAPDbBr; (for details, see Supporting information). Moreover, imaginary part of the
refractive index decreases over more than one order of magnitude in the spectral range 570—
770 nm after replacing iodine by bromine. The shift of energy band structure and, thus,
complex refractive index, is crucial for optical properties of the perovskite nanoparticles. In
Figs. 4(a,c,e), the scattering spectra of nanoparticles with close diameters (=250 nm) exhibit
resonant behavior with strong contributions from MD and ED resonances, as confirmed by
corresponding numerical modeling, see Figs. 4(b,d,f).

These results directly show a strong dependence of the spectral position of resonances on
the composition of perovskites and their complex refractive index. In particular, the positon
of the MD resonance shifts from 600 nm to 770 nm when bromine replaces iodine in the
MAPDH(Br,l;_,); composition. Remarkably, MD is weaker than ED in high-loss spectral

ranges (frequencies are higher than those for excitons or PL), and vice versa for the low-
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Figure 4: Resonant properties of perovskite nanoparticles with different composi-
tion. (a,c,e) Blue curve corresponds to experimental dark-field scattering spectra for single
perovskite nanoparticles of different composition on a glass substrate. Filled color areas
correspond to experimentally measured PL spectra of perovskite nanoparticles. (b,d,f) Red
solid line shows analytical scattering spectrum in dark-field configuration for MAPbBr3,
MAPDBBr 511 5, MAPbI3 perovskite nanoparticles with diameters of 280 nm, 240 nm, and
260 nm, respectively. Green and blue lines stand for the mode decomposition in air (green
dashed — MQ, blue dashed — EQ, green solid — MD, blue solid — ED).
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loss range, as shown in Figs. 4(b,d,f). Such a simple variation of the resonant properties
via a change of one element (anion) in the chemical composition by using slightly differ-
ent chemical protocols, simplifies the technological process for fabrication of light-emitting
nanophotonic devices operating in a broad range of wavelengths. In this way, flexibility of
band structure of the MAPb(Br,I;_,); perovskites'? and high quantum yield (QY) at room
temperature (more than 30%'%) are superior to classical bulk semiconductors (e.g. resonant
Si nanospheres? with QY <0.1%) and integrated nanoscale sources (Ge quantum dots within
Si resonant nanodisks with QY~1% !3*? and Si nanocrystals within resonant SiO, nanodisks
with QY <5%'%) employed previously for all-dielectric nanoantennas.

Conclusion. We have proposed a novel type of light-emitting nanoantennas made of
hybrid perovskites which demonstrate enhanced photoluminescence normalized to volume
due to a coupling of excitons to Mie resonances. The observed enhancement is up to five-
fold between various nanoparticles and up to two-fold as compared with a thin perovskite
film. We have also demonstrated that optical properties of the perovskite nanoantennas can
be changed in the range of 530-770 nm by a simple variation of their composition. Moreover,
high defects tolerance of halide perovskites allows for creation of light-emitting nanoantennas
even by the high throughput laser printing method involving strong heating and fast cooling
of the target material. Our results pave the way towards new optoelectronics applications

of nanophotonics based on halide perovskite materials.

Supporting Information

Supporting Information Available: Additional modeling and modeling details, more SEM

images of the samples, details on laser printing.
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