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Interplay of Purcell effect and extraction efficiency
in CsPbBrz quantum dots coupled to Mie
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Inorganic halide perovskite quantum dots have risen in recent years as efficient active materials in numer-
ous optoelectronic applications ranging from solar cells to light-emitting diodes and lasers, and have
lately been tested as quantum emitters. Perovskite quantum dots are often coupled to photonic structures
either to enhance their emission properties, by accelerating their emission rate thanks to the Purcell
effect, or to increase light extraction. From a theoretical point of view, the first effect is often considered
at the single-dipole level while the latter is often treated at the mesoscopic level, except possibly for
quantum emitters. In this work we employ a layer of perovskite quantum dots coupled to dielectric Mie
resonators to exploit both effects simultaneously and achieve an 18-fold increase in luminescence. Our
numerical simulations, combined with spatially- and time-resolved photoluminescence measurements,
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reveal how the macroscopic response of the perovskite-on-Mie resonator structure results from the inter-
play of the two effects averaged over the whole spatial distribution of emitters. Our work provides thus
guiding principles for maximizing the output intensity of quantum emitters embedded into photonic
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Introduction

The idea of engineering the electromagnetic environment of
an emitter to accelerate or inhibit its spontaneous emission
rate dates back to the seminal work of Purcell," where the
importance of the resonator properties (quality factor and
mode volume) was already identified. Nonetheless, the so-
called Purcell factor (fpurcen = 3Q4%/4n°nV, where Q is the reso-
nator quality factor, 4 is the cavity wavelength, n is the refrac-
tive index of the medium, and V is the effective mode volume),

“Department of Chemistry, National University of Singapore, Singapore 117543,
Singapore. E-mail: chmlx@nus.edu.sg

bUniversité Cote d’Azur, CNRS, CRHEA, 06560 Valbonne, France

‘MajuLab, International Research Laboratory IRL 3654, CNRS, Université Cite
d’Azur, Sorbonne Université, National University of Singapore, Nanyang
Technological University, Singapore, Singapore. E-mail: jesus.zuniga@ntu.edu.sg
“Institute of Materials Research and Engineering, A*STAR (Agency for Science,
Technology and Research), 2 Fusionopolis Way, #08-03 Innovis, Singapore 138634,
Singapore

‘Department of Materials Science and Engineering, National University of Singapore,
9 Engineering Drive 1, Singapore 117575, Singapore

JIDivision of Physics and Applied Physics, School of Physical and Mathematical
Sciences, Nanyang Technological University, 637371, Singapore.

E-mail: whgao@ntu.edu.sg

$The Photonics Institute and Centre for Disruptive Photonic Technologies, Nanyang
Technological University, 637371 Singapore

1652 | Nanoscale, 2023, 15, 1652-1660

resonators as well as classical emitters integrated in perovskite-based optoelectronic devices.

which gives the spontaneous emission rate in the cavity with
respect to the rate in a homogeneous medium, is seldom
attained as the emitter must be spectrally and spatially (as well
as in polarization) matched to the cavity mode.>

Perovskite quantum dots (QDs), which can be chemically
synthesized to cover the whole visible spectral range by pre-
cisely controlling their composition and size,** have emerged
in recent years as a new class of prominent emitters that
display large quantum yields. Furthermore, their size-depen-
dent quantum confinement can explain the surprisingly high
emission efficiency of some polycrystalline perovskite thin
films, which might be expected to behave as rather inefficient
emitters due to their grain structure.>® To accelerate their
emission rate and improve their quantum yield further, which
is critical when dealing with single-photon quantum
emitters,”® different schemes have been implemented. The
goal is to exploit the field intensity enhancement within a reso-
nator and to achieve, thereby, an increased Purcell factor.
Indeed, the ability to pattern perovskites and deposit them on
other materials has allowed to combine them with a wide
range of resonators: distributed feedback Bragg reflectors,’ >
metasurfaces,"*® whispering-gallery-mode resonators'®'” and
planar microcavities.'®'® If we consider the spatial field distri-
bution in those resonators, they can be divided into two
groups: those with a homogeneous in-plane spatial field distri-
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bution (e.g;, a planar microcavity'®'®) and those with an
inhomogeneous field distribution (e.g., a metasurface®™). In
the first case, only the vertical position of the emitter along
the resonator’s longitudinal axis matters for the Purcell
enhancement, whereas in the second case the exact in-plane
spatial position of the emitter needs to be considered. Indeed,
the overlap of the dipole with the spatially-inhomogeneous
field intensity determines the overall emission rate
enhancement.

While the Purcell effect affects the internal quantum
efficiency of the perovskite QDs and can increase the number
of photons emitted per unit time, these photons must be
extracted from the perovskite matrix if they are to contribute to
the overall emission. This is quantified by the light extraction
efficiency, which depends on the exact in-plane and vertical
position of the emitters, their polarization, and their emission
wavelength. Since the parameters that maximize the Purcell
effect and the extraction efficiency need not coincide in
general, emitter emission (ie. the internal quantum
efficiency), and extraction properties must be spatially moni-
tored and averaged over the emitters distribution. Here, we
show that the resonator with the maximum local Purcell
enhancement is not necessarily the resonator with the largest
overall luminescence.

In this work we couple a thin film of perovskite QDs to Mie
resonators that display a spatially inhomogeneous field distri-
bution and, therefore, provide a spatially-varying Purcell and
extraction response. The aim is to address the fundamental
question of the interplay between the Purcell effect and the
extraction efficiency. To do so we deposit perovskite QDs on a
series of Mie resonators with varying geometrical parameters
and correlate the measured optical properties (intensity and
time-response) with the computed single-dipole response,
spatially-averaged over the entire resonator. The good qualitat-
ive and quantitative agreement between simulations and
experiments confirms the necessity to go beyond a simple ana-
lysis that focuses only on the maximum achievable Purcell
factor. Overall, a maximum 18-fold increase in luminescence
enhancement was achieved on a simple silicon structure
compatible with electrical injection of perovskite-based LEDs.
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Results and discussion
Photoluminescence on Mie resonators

The CsPbBr; layer consisting of QDs (see Materials and
methods section for fabrication details) sits on a series of Mie
resonators formed by square silicon nanopillars of lateral size
L and separation g, which we denote by their geometrical para-
meters (L,g), as schematically depicted in Fig. 1. Each Mie reso-
nator covers a 10 x 10 ym? area (see Fig. 2a) and is separated
from neighboring Mie resonators by a ~3 pm distance (Fig. 1c
and 2b). We studied 25 of these Mie resonators at room temp-
erature using microphotoluminescence excited with a 405 nm
laser. The wavelength-integrated spatially-resolved lumine-
scence of the perovskite layer at approximately 532 nm is dis-
played in Fig. 1c, where we notice a strong enhancement of the
luminescence signal from CsPbBr; QDs located on Mie resona-
tors. Indeed, the PL intensity averaged over the silicon areas
with no pillars (regions shown in Fig. 2b in between two Mie
resonators) is ~18 times smaller than the maximum averaged
extracted luminescence obtained on the (60 nm, 100 nm) reso-
nator. Thus, by combining dielectric Mie resonators, which do
not suffer ohmic losses of typical plasmonic resonators, one
can enhance the luminescence of the perovskite layer almost
twenty times compared to the same QDs layer deposited
directly on silicon.

To unravel the physical origin of this emission enhance-
ment, we compared the experimental measurements with
numerical calculations. However, one must note that there are
strong intensity fluctuations within one Mie resonator
(Fig. 1c). These intensity fluctuations occur on spatial scales
much larger than the pillar separation and, thus, cannot be
related to either an effect of the dielectric antennas on the dis-
tribution of QDs or to an effect of the inhomogeneous field
distribution, whose variations are on much smaller spatial
scales. They should rather be attributed to an inhomogeneous
distribution of QDs within the layer associated with the syn-
thesis or deposition process. To further confirm the origin of
these intensity fluctuations we measured the PL distribution
in the regions in between Mie resonators (region denoted by
“Etched Si” in Fig. 2b); the PL signal from these regions,
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Fig. 1 (a) Schematic representation of the CsPbBr; layer deposited on Mie resonators, each corresponding to a set of (L,g) parameters. (b)
Geometric parameters defining the size of the square pillars (L) and their side-to-side separation, which we refer to as the gap (g). (c) Perovskite
luminescence, normalized to the maximum intensity of the image, over Mie resonators with varying (L,g) parameters.
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Fig. 2 (a) Scanning electron microscopy image of a complete Mie reso-
nator etched onto silicon, on a silicon-on-sapphire substrate, and
covered by the perovskite QDs layer. (b) Scanning electron microscopy
image at the border between two Mie resonators with different (L,g)
parameters highlighting the quality of the pillars and the presence of a
flat silicon surface (i.e. with no pillars) in between.

which do not contain any pillar (see Fig. 8 in the “Materials
and methods” section), displays spatial inhomogeneities
whose scale is exactly the same as on the Mie resonators. This
observation confirms that the PL spatial fluctuations are not
related to the resonators themselves, which are extremely hom-
ogenous (Fig. 2). To take these PL fluctuations into account
and to be able to compare with numerical simulations, we will
assume that they are independent of the surface onto which
the CsPbBr; QDs were deposited. As a result, we can average
the luminescence across a Mie resonator and associate one
overall intensity value to each (L,g) resonator as well as to the
overall luminescence intensity from regions with no pillars.

Single-dipole picture: numerical simulations

Dielectric nanoantennas and associated resonators have been
exploited in recent years due to their ability to interact with
light through both electric (typically found in metallic nano-
particles) and magnetic resonances.’*** In all these realiz-
ations, independent of the actual size and form of the dielec-
tric antenna, the intensity field distribution is spatially
inhomogeneous both inside and outside the dielectric
antenna.

To analyze the consequences of the field inhomogeneity for
the emission properties of perovskite QDs, we first calculate
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the Purcell enhancement factor (Fig. 3a), which mimics the
field distribution weighted by the corresponding polarization,
for x-polarized dipoles radiating at 532 nm and distributed
homogeneously around (i.e. both on top and in between the
pillars) each silicon pillar constituting the Mie resonators (see
Materials and methods section for more details on the numeri-
cal simulations and symmetry considerations). Under these
conditions, the maximum Purcell enhancement factor is
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Fig. 3 (a) Simulated Purcell factor as a function of dipole position. (b)
Simulated extraction efficiency as a function of dipole position. (c)
Simulated overall extracted intensity, normalized by dipole emission, as
a function of dipole position within the Mie resonator. Note that this
magnitude combines the effect of Purcell enhancement (or inhibition)
and extraction due to the Mie resonator. The dipole is x-polarized and
radiates at 532 nm. The (L,g) parameters for this structure are (60, 100).
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obtained for dipoles located along the x-axis between two con-
secutive pillars and relatively close to the pillars border: a
maximum Purcell enhancement factor of about six is calcu-
lated. However, if CsPbBr; QDs are homogeneously distributed
over the entire resonator, most of them display actually a
much smaller Purcell factor. This is one of the reasons why, in
most experiments addressing Purcell enhancement in 3D reso-
nators, the measured values are often far from optimal
values,”** while they are much closer to them in planar cav-
ities, where the in-plane position of the emitters does not
matter.'®*® In fact, in some of early Purcell enhancement
studies on epitaxial semiconductor QDs coupled to 3D cavities,
it was already found that the measured Purcell factor is
roughly given by the spatial average of the Purcell factor
distribution.”

However, in emitting devices the Purcell effect is not the
only factor determining the number of photons collected.
High extraction efficiency is also necessary, which has been a
bottleneck both in the field of single-photon quantum
emitters®®?” and in conventional LEDs.*®?° To illustrate the
importance of the extraction efficiency and highlight the asym-
metry between the spatial distributions of the Purcell factor
and of the extraction efficiency, we plot the local extraction
efficiency in Fig. 3b for the same resonator as in Fig. 3a and
for dipoles displaying the same polarization (parallel to the
x-axis). One can first notice that while in Fig. 3a the maximum
Purcell enhancement is achieved close to the resonator border,
along the x-direction joining two neighboring pillars, in
Fig. 3b the maximum extraction efficiency is obtained at
locations farther apart from the resonator border (compared to
the Purcell distribution) and, besides, the maximum is located
along the y-direction joining two consecutive pillars i.e. at 90°
with respect to the maximum Purcell enhancement. This
asymmetry between the extraction efficiency and the Purcell
enhancement can thus counterbalance the contribution of
emitters with different Purcell factors and imposes, therefore,
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the knowledge of the two magnitudes to get a quantitative
picture.

It is interesting to note, however, that since the local extrac-
tion efficiency changes by a factor ~2 while the Purcell
enhancement changes by a factor up to ~6, the spatially-
resolved response of the system (Fig. 3c) resembles more the
spatial distribution of the Purcell enhancement than that of
the local extraction efficiency.

Purcell enhancement: experiment and simulations

The ability of the Mie resonators to modify (accelerate or
inhibit) the spontaneous emission rate of CsPbBr; QDs is
described by the Purcell factor. To estimate it we first
measured the lifetime of perovskite QDs in four different
regions with no pillars. This yielded a mean lifetime of about
Tofimie = 5.9 + 1.4 ns, which is comparable to the lifetime of
CsPbBr; nanocrystals synthesized by other methods in the
litterature.'®*° Subsequently, and for reliability considerations,
we measured the lifetime of perovskites QDs at four different
locations within each Mie resonator.

The average lifetimes for each (L,g) resonator are given in
Fig. 4a, where a two/three-fold reduction of the lifetime is sys-
tematically observed with respect to the lifetimes measured in
regions with no pillars. If we assume that these lifetimes,
which span the 1.9 + 0.2 ns to 3.6 + 0.2 ns range, correspond
to the radiative lifetimes of the CsPbBr; QDs, then the Purcell
enhancement factor can be easily obtained by calculating the
ratio fpurcell = Ton-mie/Totf-mie; Which gives values between 3.1
and 1.6 for the Mie resonators.

While these Purcell values are substantially smaller than
the maximum values we can expect for the studied Mie resona-
tors (see for example Fig. 3a), they correlate fairly well with the
computed Purcell factors when averaged over all possible
spatial configurations within the resonators, as compared in
Fig. 4b and c and observed in the late 1990s for epitaxial QDs
coupled to pillar microcavities.”
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Fig. 4 (a) Measured mean luminescence lifetime of CsPbBrs; QDs in regions with no pillars (red square) and on Mie resonators (black squares)

characterized by (L,g) geometric parameters in the range L(60 nm—-90 nm) and g(80 nm-100 nm), grouped by constant L. The selected (L,g) resona-
tors correspond to those in the bottom right corner of Fig. 1, which are those indicated by a dashed line in Fig. 5. The error bars correspond to the
root mean square deviations of the measured lifetimes in each region or resonator. (b) Simulated mean Purcell factor for Mie resonators character-
ized by (L,g) geometric parameters in the range L(60 nm—-90 nm) and g(80 nm—-100 nm). (c) Measured mean luminescence lifetime for Mie resona-
tors characterized by (L,g) geometric parameters in the range L(60 nm—-90 nm) and g(80 nm-100 nm), normalized by the lifetime of perovskites de-
posited on regions with no pillars. The scale for the averaged Purcell factors covers the values typically observed in the spatially-resolved calcu-
lations (Fig. 3(a)).
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Note that the Purcell factors extracted above rely on the
assumption that these lifetimes correspond exclusively to the
radiative recombination rate at each of the resonators. If one
assumes a constant nonradiative recombination rate, ie.,
insensitive to the presence or absence of the resonators, equal
to the radiative recombination rate in the region with no
pillars, the Purcell factors extracted from measured lifetimes
would extend from ~2 to ~5, which would not significantly
modify actual values (see ESI of ref. 25 for a detailed discus-
sion of the effect of the nonradiative terms on the determi-
nation of the Purcell factor).

Overall extraction: experiment and simulations

From the spatially-resolved microphotoluminescence measure-
ments in Fig. 1c we can assign an average photoluminescence
value to each Mie resonator, leading to the intensity map in
Fig. 5a. The effect of the Mie resonators geometrical para-
meters on the phenomena considered (Purcell enhancement
and extraction) can be readily appreciated, with a fivefold rela-
tive variation among different Mie resonators. The comparison
with the calculated values (Fig. 5(b)) obtained by spatially-aver-
aging the individual dipole Purcell factors and extractions (i.e.
taking into account Fig. 3 for each resonator) is excellent, both
qualitatively and quantitatively, with an almost perfect match
between both maps.

However, the Mie resonators we are working on display geo-
metric (L,g) parameters that result in resonances in the visible
wavelength region, as shown by the optical microscopy image
of the resonators under white-light illumination (Fig. 6). These
resonances can have a large impact on the reflectivity at the
excitation laser wavelength (405 nm) and should therefore be
taken into account to “numerically” reproduce actual photo-
luminescence experiments. For this purpose, we divide Fig. 5b
by 1 — R — T, where R and T are the reflectivity and transmit-
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Fig. 6 Bright-field optical microscopy image of Mie resonators charac-
terized by (L,g) geometric parameters in the range L(60 nm-100 nm)
and g(60 nm-100 nm).

tance of Mie resonators at 405 nm. The result again agrees
well qualitatively and quantitatively (Fig. 5c), although the
maximum intensity is now obtained for a pillar side of 70 nm
rather than a 60 nm pillar side.

Discussion

The enhancement of perovskite luminescence by engineering
one or several of the three processes discussed (ie. pump
absorption, Purcell effect and extraction efficiency) has already
been accomplished by employing several types of resonators:
metasurfaces,'* which provided 8-fold intensity enhancement
with a moderate Purcell factor of about 2, hyperbolic metama-
terials,®® which provided 4-fold intensity enhancement and

Simulation:
Purcell + Extraction + Excitation
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Fig. 5 (a) Spatially averaged luminescence intensity of CsPbBrs QDs on Mie resonators with (L,g) geometric parameters in the range L(60 nm—
90 nm) and g(60 nm-100 nm), normalized by the maximum average intensity corresponding to the (60 nm, 100 nm) resonator. (b) Simulated
spatially-averaged extracted intensity, considering Purcell effect and extraction efficiency, on Mie resonators with (L,g) geometric parameters in the
range L(60 nm—-90 nm) and g(60 nm-100 nm), normalized by the maximum average intensity corresponding to the (60 nm, 100 nm) resonator. (c)
Simulated spatially-averaged extracted intensity, considering Purcell effect, extraction efficiency and absorption at the excitation laser wavelength,
on Mie resonators with (L,g) geometric parameters in the range L(60 nm—-100 nm) and g(60 nm-100 nm), normalized by the maximum average

intensity corresponding to the (70 nm, 100 nm) resonator.
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Fig. 7 Experimental intensity ratio between the spatially averaged
luminescence intensity from Mie resonators and the mean luminescence
intensity recorded in areas with no pillars. The Mie resonators are
characterized by (L,g) geometric parameters in the range L(60 nm-
100 nm) and g(60 nm-100 nm).

can attain Purcell factors of up to 3.3, and metallic nanoreso-
nators, which provided a spatially-localized 12-fold increase in
luminescence intensity with a Purcell factor of about 3.

Our approach employs a silicon platform, which is the most
mature, cheap, compatible with large-scale production and
arguably the simplest to process. Although the Mie resonators
employed are fabricated by e-beam lithography, they are com-
patible with conventional nanoimprint machines in terms of
feature size and result in an experimental 18-fold increase in
photoluminescence intensity (Fig. 7). The fact that the spatially
averaged Purcell factors are around 2-3 highlights the impor-
tance of the other two factors in achieving such a large photo-
luminescence enhancement. More importantly, our Mie reso-
nators show an enhanced macroscopic response compared to
metallic nanoresonators, which only enhance the photo-
luminescence intensity locally. Interestingly, our analysis
shows that Mie resonators should provide a way to enhance
emission rate as well as collection even in the case of single-
emitters although, as with any single-photon source, this will
require special care to place the single-emitter at a well-
defined location within the inhomogeneous electric field
distribution.

Conclusions

A layer of CsPbBr; QDs deposited on nanometric Mie resona-
tors displays a two/three-fold reduction in average lifetime
and, depending on the Mie resonator resonant wavelength, a
photoluminescence enhancement of up to 18 times. A detailed
numerical analysis that qualitatively and quantitatively repro-
duces the experimental results provides the necessary physical
insight to decouple the individual contributions of pump
absorption, internal quantum efficiency, and extraction
efficiency to the overall enhancement. This excellent match

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

opens the way to the design and development of realistically
feasible dielectric nanoresonators capable of even greater
luminescence enhancement.

Materials and methods

Materials

Caesium carbonate (Cs,CO3, 99.9%), lead(u) bromide (PbBr,,
>98%), oleylamine (technical grade 70%), 1-octadecene (90%),
oleic acid (90%), cyclohexane (>98%), ethanol (>99%) were pur-
chased from Sigma-Aldrich and used as-received without
further treatment.

Cs-oleate precursor synthesis

The Cs-oleate precursor synthesis followed the same procedure
as described in the previously reported method.*" In a typical
synthesis process, Cs,COz; (0.4 g, 1.23 mmol), oleic acid
(1.25 ml), and 1-octadecene (15 ml) were added to a two-
necked round-bottomed flask (50 ml). The mixture was then
heated to 100 °C for 0.5 h under vigorous stirring and vacuum
conditions. Subsequently, the flask was alternately purged
with nitrogen (N,) and placed under vacuum to remove moist-
ure and O,. Then the mixture was heated to 150 °C until the
solution became clear, indicating the completion of the reac-
tion between Cs,CO; and oleic acid. The as-obtained Cs-pre-
cursor solution was kept at 150 °C in N, atmosphere before
the synthesis of perovskite quantum dots.

CsPbBr; QD synthesis

The synthesis of CsPbBr; QDs was carried out according to the
previously reported method with minor modifications.*™** In
a typical experiment, PbBr, (0.36 mmol), oleic acid (1.0 mL),
oleylamine (1.0 mL), and octadecene (10 mL) were added to a
two-necked round-bottomed flask (50 mL). The reaction
mixture was heated to 100 °C with vigorous stirring and kept
in vacuo for 30 min. Then the flask was purged with N, and
subsequently placed under vacuum. The moisture residue was
removed by alternatively applying N, and vacuum several
times. After that, the reaction mixture was heated to 160 °C to
completely dissolve the PbBr, precursor. Then, a hot Cs-oleate
precursor solution (1 mL) was quickly injected into the above-
mentioned mixture. After 30 min of reaction, the flask was
transferred to an ice bath. The CsPbBr; QDs were obtained by
centrifugation at 13 000 rpm for 10 min and stored in 4 mL of
cyclohexane for further use.

Deposition of CsPbBr; QDs on the Mie resonator

One milliliter QDs solution was pipetted into a 2 ml glass vial
and then ultrasonicated for about 10 seconds. 1 drop of the
solution was spin-coated onto the prepared Mie resonator
sample at a speed of 2000 rpm for 60 s to form a homogeneous
QDs layer. The above spin-coating procedure was repeated 5
times before completion of the CsPbBr; QDs on Mie resonator
sample.

Nanoscale, 2023,15, 1652-1660 | 1657
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Fig. 8 Spatially-resolved perovskite luminescence normalized to the
maximum intensity of the image on the silicon regions with no pillars,
highlighted in Fig. 2b. Note that the PL signal from the perovskite-on-
Mie resonators, which is roughly ten to twenty times more intense, has
been removed in the current image.

The CsPbBr; QDs synthesis and/or deposition processes
lead to a spatially-inhomogeneous distribution of emitters
within the deposited layer, which can be assessed by monitor-
ing the spatially-resolved PL intensity in the regions outside
the Mie resonators (Fig. 2b). As shown in Fig. 8, PL intensity
fluctuations with a typical spatial scale in the order of ~pm are
observed, similar to the PL intensity fluctuations on top of the
Mie resonators (Fig. 1c). Note that the absolute emission inten-
sity averaged over the silicon regions with no pillars (Fig. 8) is
18 times smaller than the averaged extracted luminescence
from the (60 nm, 100 nm) Mie resonator in Fig. 1.

Mie resonator fabrication

Hydrogen silsesquioxane (HSQ) resist (Dow Corning XR-1541-
002) was spin coated onto a cleaned 130 nm-thick silicon film
on sapphire (Si Valley Microelectronics, Inc.), with a spin speed
of 5000 round-per-minute (rpm) to obtain a resist thickness of
~30 nm. Electron beam exposure was carried out on an Elionix
ELS-7000, with an acceleration voltage of 100 keV, a beam
current of 500 pA, and an exposure dose of ~12 mC cm™2. The
sample was then developed by a salty solution (NaOH/NaCl with
the respective concentrations of 1 wt%/4 wt% in deionized
water) for 60 seconds and then immersed in deionized water for
another 60 seconds. After that, the sample was rinsed with
acetone, isopropanol alcohol, and dried with an air gun. Si
etching was carried out with inductively coupled plasma (ICP,
Oxford Instruments Plasmalab System 100), with a DC power of
100 watts, a coil power of 500 watts, using a Cl, flow rate of 22
scem (standard cubic centimeters per minute), at a process
pressure of 10 mTorr and a temperature of 6 °C.>* The residual
Si layer after dry etching is around 20 nm.

Numerical methods

FDTD simulations were conducted on a system made of a
20 nm thick perovskite layer on a 5 x 5 square-based silicon
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pillar matrix, which in turn is on a 20 nm thick silicon layer
covering the whole sapphire substrate. The optical constants
of silicon and sapphire were taken from ref. 34, while the per-
ovskite refractive index (real and imaginary parts) were
extracted from ref. 35.

FDTD boundary conditions were set to PML, and the mesh
size was set to 20 nm in all directions within the perovskite
and silicon regions, while it was non-uniform out of these
regions to reduce the calculation effort. An x-polarized dipole
emitting at 532 nm is placed at the mid-height of the perovs-
kite layer, and its (x,y) position is varied in a 11 x 11 square
matrix, where x and y cover all values from the center of a
pillar to the middle position towards two of its nearest neigh-
boring pillars at 90° direction. The square symmetry of the
lattice and the motif (i.e. the pillar) enable to simulate the
whole unit cell of the pillar matrix with the previous calcu-
lation, and from that extend to the whole matrix. Note that
due to the previously indicated square symmetry, in-plane x-
and y-polarized dipoles are equivalent. On the other hand
z-polarized dipoles emit radiation mostly parallel to the struc-
ture and the numerical simulations indicate a negligible con-
tribution to the extracted luminescence normal to the Mie
resonator.>®

Finally, it should be noted that while all the numerical
simulations shown in the paper considered a 20 nm-thick per-
ovskite layer, the actual enhancement factors only vary in the
order of 20% when considering perovskites thicknesses
smaller than 50 nm. Beyond this thickness, i.e. beyond roughly
Aldn ~ 66 nm (4 being the perovskite emission wavelength and
n being the perovskite refractive index), interference effects
need to be considered and the position of the emitters along
the z direction becomes important. As indicated in the
Introduction section, this dependence has been treated in
earlier works for planar resonators and is not the main focus
of the current paper.
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