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ABSTRACT: Manipulation of the exciton emission rate in nanocrystals of lead
halide perovskites (LHPs) was demonstrated by means of coupling of excitons
with a hyperbolic metamaterial (HMM) consisting of alternating thin metal (Ag)
and dielectric (LiF) layers. Such a coupling is found to induce an increase of the
exciton radiative recombination rate by more than a factor of three due to the
Purcell effect when the distance between the quantum emitter and HMM is
nominally as small as 10 nm, which coincides well with the results of our
theoretical analysis. Besides, an effect of the coupling-induced long wavelength
shift of the exciton emission spectrum is detected and modeled. These results can
be of interest for quantum information applications of single emitters on the basis
of perovskite nanocrystals with high photon emission rates.
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he manipulation of the spontaneous emission rate is allowed consideration of these promising materials for

indispensable for a wide variety of technological photonic developing high quality optoelectronic devices under cheap,
applications ranging from light emitting diodes to single straightforward, and low temperature technologies.'>™"”
photon sources. From one side, nanofabrication techniques Recently, fully inorganic perovskite nanocrystals (PNCs) of
have enabled the development of different optical metamate- cesium lead halides (CsPbX;, X = Cl, Br, I) were synthesized
rials, which are designed to achieve and exploit light—matter with precise size and compositional control, tunable, narrow-
interaction unattainable with natural materials."~* Among the band emission, and high photoluminescence quantum yield
varieties of metamaterials proposed and fabricated so far, (PLQY) over the whole visible wavelength range.20_25 At the
hyperbolic metamaterials (HMMs)* ™" have rapidly gained a level of single nanocrystals, LHPs can be also potential
key role in nanophotonics due to their peculiar ability to candidates for single photon sources.’*™>' For quantum

manipulate the near field of a quantum emitter (QE).”~"' The
most intriguing feature of these anisotropic HMM structures is
the increase of the photon density of states, which can be used
to engineer the light—matter interaction, particularly with
emitters, by increasing their emission rates when they are
placed close to the HMM surface. Moreover, the position of
the emitter in the plane (parallel to the HMM surface) is not
critical, only its distance to the HMM surface, to obtain a
certain Purcell factor, contrary to the case of resonators, where
the Purcell factor decreases enormously when the single
emitter does not overlap the maximum of the electric field
defined in the cavity. Of course, HMMSs can be also further
engineered and improved by nanostructuration for obtaining
greater Purcell factors.'” On the other hand, the optical and
electrical properties of lead halide perovskites (LHPs) have

information applications, it is important to increase the photon
emission rate (or radiative rate) of a QE, which is commonly
achieved by embedding single photon nanomaterials into
optical microcavities.”>”*® The photon emission rate enhance-
ment has been experimentally investigated using periodical
metal-dielectric structures for different types of single emitters
(dye molecules, metal—organic complexes, and quantum
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dots),”’ ™ as also confirmed theoretically.*"* It is worth

noting the study of recombination rate enhancement using a
film of CsPbBr; PNCs deposited by spin coating on top of
single and double metal—insulator—metal cavities.”” The
advantage of using HMMs along with simple deposition
techniques of PNCs does not require any deterministic
positioning of the QE, as in the case of 2D photonic cavities."*
The coupling of light emitters to the HMM structure would
induce an increase of the exciton radiative recombination rate
(and therefore a reduction of the exciton radiative lifetime) by
the Purcell effect,”> which would gain importance by
decreasing the average distance between a QE and the
HMM structure. Besides, the short distance between PNCs
and the HMM also affects the photon emission frequency, like
in the case of a QE placed near partially reflecting surfaces,
which is a widespread feature of the dipole-surface interaction
and, in simple terms, results from the coupling between the
dipole and its own image in the metal surface. However, such a
shift of the emitted Jahoton frequency is theoretically expected
to be very small,*°~! hindering its experimental determi-
nation.

In the present work, we propose the manipulation of
photons produced by exciton radiative recombination in
CsPbl; PNCs by means of HMM structures. They consist of
several alternating metal (Ag) and dielectric (LiF) layers,
whose thickness and period affect the dielectric constant
anisotropy and optical modes. The coupling between CsPbl;
PNCs and the HMM modes is controlled by a variable
dielectric spacer thickness (investigated in the range of 10—50
nm). Our analysis in terms of the Purcell factor suggests that
the confined optical modes are sustained by near field
interactions between the emitters and the HMM structure.
However, for achieving a successful exciton-HMM coupling,
radiative recombination of excitons is a prerequisite, which is
undoubtedly achieved in most semiconductors at cryogenic
temperatures. The exciton-HMM coupling in our system will
lead to the Purcell-enhanced spontaneous emission by a factor
greater than three for the thinnest spacer (10 nm), together
with a photoluminescence red shift as high as 8 nm (around 20
meV). On the basis of our literature analysis, no precedent is
found for such a noticeable emission frequency shift for PNCs
on top of HMM structures. Both experimental observations,
the Purcell effect and the emitter frequency shift, have been
successfully explained theoretically.

B EXPERIMENTAL DETAILS AND METHODS

Synthesis of CsPbl; Nanocrystals. CsPbl; PNCs were
synthesized following the hot-injection method described by
Kovalenko and co-workers,”® with some modifications.> All
the reactants were used as received without an additional
purification process. Briefly, a Cs-oleate solution was prepared
by mixing 0.41 g of Cs,CO; (Sigma-Aldrich, 99.9%), 1.25 mL
of oleic acid (OA, Sigma-Aldrich, 90%), and 20 mL of 1-
octadecene (1-ODE, Sigma-Aldrich, 90%) which were loaded
together into a 50 mL three-neck flask at 120 °C under a
vacuum for 1 h under constant stirring. Then, the mixture was
N,-purged and heated at 150 °C to reach the complete
dissolution of Cs,CO;. The solution was stored under N,,
keeping the temperature at 100 °C to prevent Cs-oleate
oxidation. For the synthesis of CsPbl; PNCs, 1.0 g of Pbl,
(ABCR, 99.999%), and 50 mL of 1-ODE were loaded into a
100 mL three-neck flask. The mixture was simultaneously
degassed and heated at 120 °C for 1 h under constant stirring.
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Then, a mixture of $ mL each of both pretreated (130 °C) OA
and oleylamine (OLA, Sigma-Aldrich, 98%) were separately
added to the flask under N,, and the mixture was quickly
heated at 170 °C. Simultaneously, 4 mL of Cs-oleate solution
was quickly injected to the mixture, and then, the reaction was
quenched to immerse the mixture into an ice bath for 5 s. In
order to perform the isolation process of PNCs, the colloidal
solutions were centrifugated at 4700 rpm for 10 min. Then,
PNCs pellets were separated after discarding the supernatant
and redispersed in hexane to concentrate the PNCs at 50 mg/
mL.

Methodologies. Metal (Ag) and dielectric (LiF) layers
were deposited by thermal evaporation under high vacaum (2
X 107° mbar) on top of a silicon wafer, which was preliminary
cleaned by following the procedure reported in ref 53. The
morphology of fabricated HMM structures was characterized
by HAADF-STEM using a FEI TALOS F200X at 200 kV,
equipped with a field emission gun (FEG) source, that
combines high resolution (S)TEM imaging with energy-
dispersive X-ray (EDS) signal detection. Cross-section TEM
samples were prepared using a Zeiss Auriga FIB, and the
samples were placed on a copper grid. The specular reflectance
of the same HMM structures was measured at single
wavelengths using different lasers by a homemade set up
incorporating a goniometer for the HMM-holder and detector
(6—20 configuration). For low temperature photolumines-
cence (PL) and time-resolved PL (TRPL) measurements, the
samples were held in the coldfinger of a closed-cycle He
cryostat (ARS DE-202), which can be cooled down to 15 K,
approximately. PL was excited by means of 200 fs pulsed
Ti:sapphire passive mode-locked laser (Coherent Mira 900D,
76 MHz repetition rate) operating at a wavelength of 810 nm
and doubled to 405 nm by using a BBO crystal. The PL signal
was dispersed by a double 0.3 m focal length grating
spectrograph (Acton SP-300i from Princeton Instruments)
and detected with a cooled Si CCD camera (Newton EMCCD
from ANDOR) for PL spectral measurements and with a
silicon single photon avalanche photodiode (micro photon
device) connected to a time-correlated single-photon counting
electronic board (TCC900 from Edinburgh Instruments) for
TRPL measurements.

B RESULTS AND DISCUSSION

The HMM structure consisted of six periods (eight periods in
the case of the structure included in the Supporting
Information) of alternating metal (Ag) and dielectric (LiF)
layers and finished in the metal (Ag) deposited by thermal
evaporation on a silicon wafer, as illustrated in Figure la. Two
HMM structures were grown with different nominal period
and thicknesses of metal and dielectric layers and real
thicknesses were estimated at the center of the wafer by
HAADEF-STEM. Figure 1b shows an HAADF image (Z-
contrast) of the HMM evidencing the alternation of Ag
(brighter material) and LiF (darker material) layers, whose
chemical composition has been further checked by EDS
measurements summarized in the right panel of Figure 1b (Ag,
F, and Si mapped signals displayed in magenta, cyan and blue,
respectively). These analyses allow extracting the thickness of
individual layers. Particularly, the average thickness of Ag + LiF
layers was around 25 + 35 nm in the HMM structure shown in
Figure 1b and 40 + 40 nm in the HMM structure of Figure S1
(see Supporting Information). On the basis of a simple
effective medium model for multilayered structures, our

https://dx.doi.org/10.1021/acsphotonics.0c01219
ACS Photonics 2020, 7, 3152—3160


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01219/suppl_file/ph0c01219_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01219/suppl_file/ph0c01219_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01219/suppl_file/ph0c01219_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01219/suppl_file/ph0c01219_si_001.pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c01219?ref=pdf

ACS Photonics

pubs.acs.org/journal/apchd5

fabricated HMMs would exhibit a hyperbolic permittivity

dispersion at 4 > 370 nm, with e, =¢,=¢;<0and e, =€, >0
. . 547

(see Figure la for axes notations).
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where f is the fill factor or fraction of metal in the unit cell, i.e.,
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thicknesses dy, and dy;, and 6 is the incident angle of light.
The hyperbolic dispersion of the HMM has been confirmed
experimentally, where the values of electric permittivity were
inferred from the fits of angular reflectance profiles measured
at A = 785 nm (similar angular reflectance profiles were also
measured in the HMM with Ag + LiF layers 40 + 40 nm thick
by using other wavelengths, as shown in Figure S2 of the
Supporting Information) in s and p polarizations (data
symbols in Figure 1c) to the numerically calculated curves
by MATLAB using eqs 1 and 2% (red and blue continuous
lines in Figure 1c). These layered metal-dielectric structures
support a large number of electromagnetic states,”® which is
the key point to understand the potential applications of
HMMs in future quantum technologies. To confirm these
optical modes in our fabricasted HMMs is interesting to
calculate the local density of states p(r,, ®) at a frequency w,
by means of the well-known dyadic Green’s functions:>*

as determined by metal and dielectric

p(Foy o) = R Im{THE(T, T o)1)

e 3)
where ¢ is the speed of light. The local density of states
(LDOS) of the HMM was calculated using eq 3 and shown in
Figure 1d and Figure S1b (Supporting Information) for the
different modes of the two fabricated HMM structures,
respectively, as a function of kj.

For these HMMs, we expect a Purcell enhancement of the
radiative emission rate of CsPbl; nanocrystals due to their
exciton coupling to plasmonic HMM modes. For observation
of this effect, similarly to the case of only metal surfaces, we
need to introduce a spacer layer of variable thickness d
between the HMM structure and the PNCs (Figure 2a). The
spacer is made of poly(methyl methacrylate) (PMMA) spin
coated on the HMM structure at 3000 rpm. Finally, on top of
the PMMA spacer layer, CsPbl; PNCs were deposited by dip
coating the substrate into the colloidal solution (1 mg/mL of
PNCs in hexane) during 1 min.

It is worth mentioning that the above concentration and
dipping time were optimized to obtain a partially covered
monola_?rer of CsPbl; nanocubes (with 14 nm of average cube
edge),” as illustrated in Figure 2a. This single monolayer of
PNCs (meaning a layer made of single nanocrystals dispersed
throughout the sample surface without agglomeration,
nominally) would ensure an efficient coupling of the emitters
to the HMM for a given spacer, because the average PNC-
HMM coupling strength would decrease significantly for too
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Figure 1. (a) Schematic representation of thermally evaporated
HMM structures, (b) HAADF-STEM image and the corresponding
EDX map (Ag, F, and Si are displayed in magenta, cyan, and blue,
respectively) of a fabricated HMM structure. (c) Angular reflectance
spectra of fabricated HMM structures measured at A = 785 nm and
fitted with € = —4.19 + 1.34i, ¢, = +1.56 + 0.01i. Blue diamonds and
red circles refer to the s and p polarizations, and solid lines
correspond to the simulation. (d) Local density of states (LDOS)
computed in the near field of the HMM structure with 10 nm spacer.
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Figure 2. (a) Schematic representation of a HMM structure with a
monolayer of PNCs on top of the spacer with thickness d. (b)
Schematic illustration of experimental setup for measuring PL and
TRPL spectra of PNCs at low temperatures. (c) PL spectra of CsPbl,
PNCs deposited on top of HMM substrates for different spacer
thicknesses. (d) PL decay kinetics of CsPbl; PNCs corresponding to

(o).

thick PNC films, as it would occur if increasing the spacer
thickness. Four samples were fabricated with nominal spacer
thicknesses d = 10, 20, 50, and 250 nm. The thickest one is
considered here as a reference because the exciton-HMM
coupling is expected to be negligible in this case.
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Figure 2b illustrates the experimental setup for PL and
TRPL measurements in backscattering geometry from 15 to
300 K. First of all, it is worth noting that we observe a very
weak or meaningless effect of the HMM structure (d = 20 nm)
on the PL decay kinetics of CsPbl; PNCs at room
temperature, as shown in Figure S3a of the Supporting
Information, whereas at 15 K the same sample demonstrated a
clear reduction of the PL decay time (Figure S3b of the
Supporting Information). Besides, at room temperature, the
PL decay kinetics turn out to be much longer than at 15 K.
The origin of the different behavior at room and low
temperatures is in the mechanism responsible for the PL
decay formation in PNCs. Followin% the recently proposed
concept of delayed luminescence,””” the experimentally
observed PL decay kinetics in PNCs are formed with a
participation of shallow nonquenching traps, which result in
lengthening of the kinetics due to the multiple trapping-
detrapping process (a three-level model should be applied in
this case®>>”). In fact, this model could account of the complex
PL decay and important changes in PLQY observed at room
temperature for CsPbBr; PNCs in ref 43. This is the reason
why one should take with due precaution these previous results
using PNCs interacting with metal-dielectric cavities.”” Since at
low temperatures the trapped excitons cannot be longer
detrapped to free exciton state, participation of shallow traps in
formation of the PL decay kinetics is eliminated, and the PL
decay is mainly due to the competition of radiative and
nonradiative deactivation channels (the two-level model is
applicable). Taking into account that nonradiative exciton
recombination is negligible for our PNCs at 15 K, the PL decay
kinetics is completely described by the exciton radiative
recombination rate. A more detailed description of the delayed
luminescence model can be found in section 2 of the
Supporting Information.

Therefore, we have developed the experiments at cryogenic
temperatures with the goal to reduce the influence of carrier
trapping/detrapping and exciton nonradiative recombination
channels on the Purcell enhancement by the HMM structure
(see the observed increase of the Purcell factor by decreasing
temperature in Figure S4ef of the Supporting Information).
That is, the radiative recombination of excitons in CsPbl,
PNCs is the main mechanism responsible of the PL decay
kinetics measured at 15 K (Figure 2c). In Figure 2c, we have
shown normalized PL spectra to highlight the outstanding PL
redshift by reducing the spacer thickness, but absolute PL
spectra are presented in Figure SS of the Supporting
Information. As shown in this figure, the PL intensity typically
decreases when reducing the spacer thickness, which was
observed experimentally by other authors and attributed to the
preferential emission of light into the high-k metamaterial
modes,*”°" as first explained for the case of a metal surface®
(surface plasmon modes in this case). In turn, the preferential
emission into the high-k modes of the HMM is the origin of
the exciton-HMM coupling that gives rise to these remarkable
effects (Purcell effect, PL redshift, and decrease of the PL
intensity by reducing d).

The PL peak wavelength for the reference sample is
observed at around 705 nm, in good agreement with what is
reported by other authors for films of CsPbl; PNCs at
cryogenic temperatures.””*> We also tested CsPbBry; PNCs
deposited on top of the same HMM, whose spontaneous
emission is peaked at around 520 nm. For these emitters, we
did not observed any decay time reduction from 300 down to
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15 K. This effect is ascribed to the wavelength dependence of
the Purcell factor as a function of the metal fill factor in the
HMM, which is equal/smaller than 0.5 in our case and
consequently exhibiting a negligible Purcell factor enhance-
ment at around 500 nm (see refs 39 and 64 for example, and
section 4 of the Supporting Information). In fact, metal fill
factors in the HMM close to the unit would give rise to large
Purcell factor values as compared to medium-low metal fill
factors, but extended in a broader wavelength/energy region in
the latter case. On the contrary, the behavior of the HMM in
the first case is more similar to that observed for a metal
surface. More interestingly, in the samples with a spacer
thinner than 50 nm, a clear redshift is observed with a spacer
thickness decrease, being up to 8 nm (20 meV) for the case of
the sample with the thinnest spacer layer, d = 10 nm. Although
this is not an intuitive effect and cannot be easily explained, we
unambiguously attribute it to the coupling of perovskite
emitters to the HMM modes, as will be discussed below.
Simultaneously, we observe a shortening of the measured PL
transients by reducing the HMM-spacer thickness (green,
yellow and red dotted transients in Figure 2d), as compared to
the one measured for the reference sample (blue dotted
transient in Figure 2d). As a consequence, the exciton lifetime
deduced from PL transients decreases with reducing the
spacer, which is ascribed to a chang_e in the electromagnetic
radiation distribution in vacuum,” i.e. a Purcell factor
enhancement, that arises from the optical coupling of the
CsPbl; PNC emitters to the modes of the HMMs. Indeed, a
similar Purcell effect was observed in the second HMM
structure fabricated with slightly different parameters (40 + 40
nm period), as observed in Figure S3b of the Supporting
Information. Therefore, our results are consistent and
reproducible, and they are not sample dependent (i.e., not
dependent on the quality of the film made of PNCs).
Furthermore, the accuracy of the experiments is guaranteed
by preparing all samples under similar conditions and
measured using the same protocols, the same day after
preparation. TRPL spectra recorded at 15 K for all samples
were fitted by using a biexponential decay function where the
shortest component (of the order of 1 ns) is attributed to the
exciton radiative lifetime, whereas the slower component
(several ns) demonstrating much lower relative amplitude (at
cryogenic temperatures) can be explained by the exciton
recombination dynamics involving shallow traps, as briefly
introduced above and presented in more detail within section 2
of the Supporting Information. From these TRPL measure-
ments and fittings, we observe a significant reduction of the
average exciton radiative lifetime from ~1.5 ns down to ~0.5
ns when reducing the PMMA spacer thickness from 250 to 10
nm. The radiative exciton lifetime of 1.5 ns extracted from the
reference sample is very close to the values measured in freshly
prepared samples on glass substrates and values reported by us
and other authors elsewhere.””®® As aforementioned, a clear
shortening of the exciton radiative recombination time from
1.5 to 0.5 ns was obtained in average, meaning a clear Purcell
enhancement around 3 for the thinnest spacer in the HMM-
spacer-PNC structure. This value is similar to other cases
reported in the literature using similar HMM structures: Sun et
al.%” reported theoretically 3.21 for vertical component of the
Purcell factor at d = 50 nm (for random orientation of the
radiant dipole this value would be only 1.42); Shalaginov et
al.%® reported experimentally 2.57 for the Purcell factor of
nitrogen-vacancy centers at d = 30 nm; Tumkur et al.”’

https://dx.doi.org/10.1021/acsphotonics.0c01219
ACS Photonics 2020, 7, 3152—3160


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01219/suppl_file/ph0c01219_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01219/suppl_file/ph0c01219_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01219/suppl_file/ph0c01219_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01219/suppl_file/ph0c01219_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01219/suppl_file/ph0c01219_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01219/suppl_file/ph0c01219_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01219/suppl_file/ph0c01219_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01219/suppl_file/ph0c01219_si_001.pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c01219?ref=pdf

ACS Photonics

pubs.acs.org/journal/apchd5

reported 1.5—1.4 for a Purcell factor of dye molecules at d = 45
nm, and Jacob et al.”’ reported 1.7 and 1.8 first value comes
from calculations and second from measurements when the
thickness of the spacer was d = 21 nm.

For the sake of reproducibility and statistics significance of
the results, we recorded around 10 PL and TRPL spectra (see
Figure S6 of Supporting Information) in the four fabricated
HMM-spacer-PNC structures at different excitation points
throughout the sample surface. Of course, we observe some
dispersion in these curves from point to point, as one would
expect statistically. The most striking and surprising finding
when analyzing these collections of PL and TRPL data taken at
different excitation points for every sample is the observed
clear experimental correlation between the PL peak redshift
(with respect to the average PL peak measured in the reference
sample) and the Purcell factor (ratio 7,(ref)/7,(d), where
7,(ref) is the average exciton lifetime measured for PNCs on
top of the reference HMM sample with d = 250 nm, and 7,(d)
is the lifetime measured in the other three PNCs-HMM
samples with nominal spacers d = 10, 20, and S0 nm)
measured at different points of the samples, as observed in
Figure 3a. These data evidence two important facts: (i) the
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Figure 3. (a) Correlation of the spectral shift and Purcell factor of
emitters for the different samples, (b) illustration of a simple model
considering a perovskite monolayer on top of PMMA spacer, (c, d)
dependence of the Purcell factor and spectral shift as a function of the
distance from dipole inside the CsPbl; and topmost metal surface of
the HMM, respectively. Symbols and continuous lines (dashed and
dotted-dashed for points A and B, and dotted and solid line for D, E,
respectively) correspond to experimental data and simulation,
respectively, as described in the text.

data dispersion is more important in samples with thinner
spacers (10 and 20 nm) and (ii) even at these data dispersion
conditions, we observe a clear correlation between both
parameters, the PL peak redshift and Purcell factor. The above
mentioned data dispersion is mainly indicative of a certain
degree of inhomogeneity in the spacer film thickness.
Eventually, even if we optimized the dipping time to cover
the HMM + spacer substrate with a single monolayer of PNCs,
a certain probability of nanocrystal agglomeration (as also
differences in the spin-coated PMMA thickness) is not
excluded that would increase the effective value of d. In any
case, we can say that a Purcell factor and associated PL peak
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redshift as high as 3.8 and 8 nm (near 20 meV), respectively,
can be measured in some points of the sample with nominal
spacer d = 10 nm. In the sample with d = 250 nm (reference),
we clearly do not observe changes in the PL peak position, and
we only obtain a reasonable dispersion of the exciton lifetime
within the range of a 10—15% variation. Both the observed
increase in the Purcell factor and the PL peak redshift of PNCs
by reducing the spacer thickness should be attributed to the
exciton coupling to the HMM modes. In order to explain the
experimental results, we propose to consider the model
schematically represented in Figure 3b, assuming a monolayer
of CsPbl; PNCs on top of the spacer. In the numerical
calculations, the thickness of the CsPbl; layer and its refractive
index are extracted from ref 57 (we are using the same PNCs)
and ref 71 respectively. The permittivity of Lithium fluoride
(LiF) is taken to be ey;r = 1.95, whereas those of silver (Ag)
and silicon (Si) are taken out from refs 72 and 73 respectively.

Once we have obtained the LDOS as explained above
(Figure 1d), we can undertake the more complex calculation of
the normalized rate of power emission of a radiating dipole
which is located at different positions above the spacer layer, as
explained below. From here on, we follow the theoretical
treatment given in 74 which allows us to write the current
density as

j(7) = —iwiis(F — 7) )

Equation 4 originates from its time derivative, iFE) =
%_’(t)b'(? — 7,), where 7(7,t) = Re{j (¥) exp(—iwt)} and the

dipole moment is Ji(t) = Re{ji exp(—iwt)}; thus, the current
density can be thought as an oscillating dipole with origin at
the center of the charge distribution. On the other hand, the
electric field of an arbitrarily oriented electric dipole located at
¥ =7, can be determined by the Green’s function G(#7,):

E(7) = o’up,G(7, )i (s)

Finally, after computing the electric field, the normalized
rate of power emission reads as’*

6meqe 1

N —_
— =1+ ——Im{ii* E(7))}
il k

B ©)
where E(Z;) = 75'_(:(75) + E:(Z;) and 75_0), EZ are the primary
dipole and scattered electric fields, respectively. Radiant
dipoles would be randomly oriented in nature in the case of
cubic nanocrystals used in the present work; thus, a more
appropriate estimation for the energy dissipation rate is an
average over horizontal and vertical dipoles:

_1 [3
P
o (8 I (7)
The classical enhancement in the radiative emission rate (P
= 1/7,(d)) with respect to reference (P, = 1/7,(ref)) will be
defined as 7,(d) /7 (ref) = (P/PO)_I. Furthermore, as described
above, one of the most important experimental results in the
HMM-emitter system is the spectral red shift of the PL peak of
emitters. For analytical calculations of this frequency shift of
the emitters, again Dyadic Green’s function has been used:”*
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where y, = 1/7,(ref), 7,(ref) = 1.5 ns. Numerically computed
Purcell factor and spectral shift of the emitters with above
given equations have been presented respectively in Figure
3c,d as a function of the spacer thickness (continuous lines).
Given that the PNC film consists of isolated nanocrystals
instead of a continuous perovskite layer, but spatially separated
PNCs in the plane (several to hundreds of nm) of slightly
different size due to size dispersion introduced by the chemical
synthesis (11—16 nm®’), we have calculated the Purcell factor
and PL peak shift of the PNCs by changing the location of the
point dipole source inside the continuous perovskite
monolayer: curves labeled as A, B, C, D, and E in Figure
3¢,d, in correspondence to locations A, B, C, D, and E in
Figure 3b, in which points E and D are symmetrical to points A
and B with respect to the center, respectively.

The experimental average values for these two magnitudes,
from data in Figure 3a, are given by symbols with error bars in
Figures 3¢,d. As clearly demonstrated by calculated curves in
Figure 3d, the PL peak redshift is very sensitive to the location
of the point dipole source inside the PNC monolayer. This
sensitivity above the center of the CsPbl; layer (points A—B) is
different from below (points D—E) due to the different
contrast of the refractive index between the PNC-monolayer
and its upper and lower dielectric media. As one can see from
Figure 3d, when the point dipole source is exactly at the center
the spectral shift is practically zero. However, by moving the
location of the point emitter toward the top or down surface of
the perovskite layer the frequency shift increases, in such a way
that our experimental results would be consistent with the
point dipole source located between points different from the
center of the perovskite layer (Figure 3b), as shown in Figure
3d. On the contrary, the Purcell factor is not as sensitive as the
spectral shift when changing the location of the point dipole
source, as observed in Figure 3c. Even like that, the
experimental values of Purcell factors for samples with spacers
10, 20, and 50 nm can be accounted for by calculated curves
with the dipole located out of center, as occurred for the PL
peak redshift. Additionally, in Figures S7 and S8 of the
Supporting Information, we have included the spectral and
spacer dependences of the Purcell factor, for HMM structures
with Ag + LiF layers of 40 + 40 nm (Figure S7) and 25 + 35
nm (Figure S8). In the first case (Ag + LiF layers of 40 + 40
nm or filling factor 50%), we obtain a maximum Purcell factor
of 3.5 at around 600 nm (see Figure S7), but around 2.2 at 700
nm, whereas in the second case (Ag + LiF layers of 25 + 35 nm
or filling factor 42%) we have achieved a shift of the spectral
dependence of the Purcell factor toward the red (see Figure
$8), being now its peak value closer to the emission
wavelength of the CsPbl; PNCs. From our calculations, a
maximum value of Purcell factor in the range 4.5-5
(depending on the dipole position) is theoretically expected
for a spacer layer around 2—3 nm (in agreement with ref 75);
experimentally, we are able to deposit a minimum of 10 nm
thick layer of PMMA (the spacer) in a controlled way, and
hence we would expect values in the range 2.8—3.8 (depending
on the dipole position), very close to experimental values (see
Figure 3a). Of course, the dispersion in the Purcell factor can
be also due to inhomogeneities in the spacer thickness and, to
a smaller extent (because of less sensitive), inhomogeneities in
the Ag/LiF layers; however, the position (or distance between
the dipole and the interface with the HMM surface or air) of
the radiant dipole will define the PL redshift.
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Figure 4 shows the fabricated structure that has been
modeled in 3D COMSOL Multiphysics, frequency domain, RF

(d)

Figure 4. (a, b) Distribution of the normalized electric field |El of a
horizontal and vertical dipole (arrows) located on top of HMM
substrate when d = 10 nm (c, d) are respectively, correspond to (a, b)
when d = 250 nm. The point source emits at 4 = 705 nm, and the
cones show the direction of the energy flows in logarithmic scale.

module, which is a software based on finite element method
(FEM). The oscillating electric point dipole, which emits light
at the wavelength of 705 nm, is located on the top surface of
the spacer in this simulation. To eliminate the reflection from
the outer boundaries, the model is truncated by a perfectly
matched layer (PML). This figure illustrates the normalized
spatial distribution of the absolute value of the electric field of a
point source dipole, with the polarization parallel (Figure 4a—
c) and perpendicular (Figure 4b—d) to the multilayer stacks,
when it is located at the top surface of the thinnest (Figure
4a—b corresponding to d = 10 nm) and thickest (Figure 4c—d
corresponding to d = 250 nm) spacers of the same HMM
structure (25 + 35 nm). To show the propagation of the
energy flux, we plotted the Poynting vectors in logarithmic
scale within the plane where the dipole oscillates. Additionally,
the electric field is spatially expanded into the Ag-LiF metal-
dielectric multilayer for both dipole polarizations when the
dipole gets close to the HMM structure (by using sufficiently
thin spacers). The power dissipated down to the HMM
structure is the key physics to understand the observed
increase of the spontaneous emission rate of our emitters. On
the contrary, for a very thick spacer (the case of our reference
device), the point dipole is very far from the multilayer, and its
interaction with the metal-dielectric multilayer is substantially
reduced, and hence a great amount of the dipole power emits
to the top side of the HMM structure.

B CONCLUSION

To summarize, we investigated an enhancement of the rate of
spontaneous emission of CsPbl; PNCs by means of HMM
substrates. These substrates have been fabricated by the
alternative deposition of thin metal (Ag) and dielectric (LiF)
layers by means of thermal evaporation. The coupling of
excitons photogenerated in CsPbl; PNCs to the optical modes
of these HMM substrates induces a reduction by more than a
factor 3 of the exciton radiative lifetime due to the Purcell
effect, as measured in the sample with a nominal spacer
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thickness (distance between HMM and QEs) of 10 nm. Along
with that, varying the spacer (and therefore the exciton-HMM
coupling) affects also the PL peak wavelength, which is shifted
to the longer wavelengths by up to 8 nm for the thinnest
spacer. These experimental results are in agreement with
theoretical calculations. These results are important for the
future development of single photon sources and other
quantum photonic applications based on the combination
and integration of perovskite nanocrystals (for which different
emission wavelengths are possible) and HMM structures, and
eventually nanostructure for further Purcell enhancing.
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