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ABSTRACT
The field of quantum technology has been rapidly expanding in the past decades, yielding numerous applications, such as quantum infor-
mation, quantum communication, and quantum cybersecurity. At the core of these applications lies the quantum emitter (QE), a precisely
controllable generator of either single photons or photon pairs. Semiconductor QEs, such as perovskite nanocrystals and semiconductor
quantum dots, have shown much promise as emitters of pure single photons, with the potential for generating photon pairs when hybridized
with plasmonic nanocavities. In this study, we have developed a system in which individual quantum emitters and their ensembles can be
traced before, during, and after the interaction with an external plasmonic metasurface in a controllable way. Upon coupling the exter-
nal plasmonic metasurface to the QE array, the individual QEs switch from the single-photon emission mode to the multiphoton emission
mode. Remarkably, this method preserves the chemical structure and composition of the QEs, allowing them to revert to their initial state
after decoupling from the plasmonic metasurface. This significantly expands the potential applications of semiconductor QEs in quantum
technologies.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0170535

I. INTRODUCTION

The impacts of the second quantum revolution will extend
across numerous sectors within the society, including healthcare,
finance, defense, weather modeling, and cybersecurity.1 They have
given rise to advanced fields in quantum communication and com-
puting, collectively referred to as quantum information, including

the transmission, storage, and processing of information using
quantum systems. The basic unit of quantum information is the
quantum bit (qubit), which is fundamentally different from the
classical bit. The latest quantum information protocols rely on
photon-based qubits. Quantum emitters (QEs), used as sources
of light in quantum information, require specific single-photon
emission statistics. Crucial traits of an optimal QE include a high

APL Photon. 9, 016107 (2024); doi: 10.1063/5.0170535 9, 016107-1

© Author(s) 2024

 10 February 2024 13:30:47

https://pubs.aip.org/aip/app
https://doi.org/10.1063/5.0170535
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0170535
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0170535&domain=pdf&date_stamp=2024-January-10
https://doi.org/10.1063/5.0170535
https://orcid.org/0000-0001-7972-5642
https://orcid.org/0000-0003-4571-8457
https://orcid.org/0000-0001-5607-3194
https://orcid.org/0000-0002-3712-5638
https://orcid.org/0000-0002-2878-8376
https://orcid.org/0000-0002-8391-040X
https://orcid.org/0000-0002-3458-8450
https://orcid.org/0000-0003-0111-2920
https://orcid.org/0000-0003-0280-2296
mailto:yury.rakovich@ehu.eus
mailto:victor.krivenkov@ehu.eus
https://doi.org/10.1063/5.0170535


APL Photonics ARTICLE pubs.aip.org/aip/app

single-photon purity, indistinguishability, high operation rate, and
high brightness.2 Apart from single photons, some of the advanced
quantum information protocols deal with quantum-entangled pho-
ton pairs.3,4 Therefore, controllable on-demand sources of photon
pairs are also regarded as QEs.5,6

Indistinguishable single photons and entangled photon pairs
are routinely generated by parametric down-conversion.7 However,
this nonlinear process yields a probabilistic quantity of photons, with
zero and multiple photons also generated, and it lacks the capability
for on-demand generation of single photons or photon pairs. Thus,
it cannot be used to obtain QEs. This is the cause of recent efforts
to designing QEs that are based on cold atoms or ions, supercon-
ducting circuits, and solid-state sources, including emitting vacancy
centers in diamond and fluorescent nanocrystals.8,9 Solid-state QEs,
among other QEs, offer an enhanced flexibility in terms of inte-
gration into optical logic circuits and interfacing with traditional
silicon electronics. Semiconductor quantum dots (QDs) and per-
ovskite nanocrystals (PNCs) are among the most promising types
of solid-state nanocrystal QEs. Given their high photoluminescence
(PL) quantum yield (QY), they can serve as on-demand sources of
single photons, with the ability to generate photon pairs.10–12 The
emission of a photon pair by a semiconductor QE occurs due to the
cascade recombination of the excited biexciton state to the ground
state via the single-exciton state. The photon pair emitted in this
process can be quantum entangled.4,9,13–16 However, the low PL
QY of the biexciton emission in semiconductor QEs strongly lim-
its their use as the source of entangled photon pairs. Due to the
strong Coulomb interaction of hot carriers (two holes and two elec-
trons) forming the biexciton, the Auger-like recombination process
in nanocrystals is very fast.17 Hence, the most likely mechanism of
the biexciton-to-exciton transition is nonradiative relaxation, which
considerably decreases the overall PL QY compared to the transition
of a single exciton to the ground state.

The light–matter coupling of QEs with optical microcavities
or plasmonic nanocavities can help overcome this constraint by
employing the Purcell effect to enhance the PL QY of the biexciton-
to-exciton transition.9,18,19 The Purcell effect also leads to an increase
in the QE operating rate,20 which determines a better indistin-
guishability of the emitted single photons and a high entanglement
fidelity of the emitted photon pairs.15,21 For attaining the Purcell
effect, two types of electromagnetic cavities can be used: optical
microcavities (such as Fabry–Pérot cavities, photonic crystals, and
Mie resonators) and plasmonic metal “nanocavities” (such as single
nanoparticles, dimer antennas, nanopatch antennas, and metasur-
faces). Optical microcavities offer high quality factors, but their
mode volumes are always larger than the diffraction limit, which
constrains the absolute values of light–matter coupling strength and
the Purcell factor.22,23 In contrast, plasmonic nanocavities are metal
nanostructures in which resonant oscillations of the electron density
(known as localized surface plasmons) emerge from their interaction
with light.24 These oscillations allow a much better localization of
the electromagnetic modes at the nanoscale even below the diffrac-
tion limit, leading to the maximum possible Purcell factor, up to two
orders of magnitude higher compared to those of optical microcav-
ities.25 Therefore, a significant acceleration of radiative relaxation
makes it possible to obtain highly efficient on-demand multiphoton
emission from an individual semiconductor QE.26–28 Furthermore,
plasmonic metasurfaces can be used instead of individual plasmonic

nanoparticles. As macroscale structures, metasurfaces are capable of
light–matter coupling with macroscopic ensembles of emitters.29,30

In photonic structures with QEs attached to plasmonic nano-
structures, QEs with an increased biexciton PL QY are multipho-
ton emission sources and can no longer serve as single-photon
sources.26–28 Our research presents an alternative solution to the
common problem of choice between single-photon and multipho-
ton emissions of individual QEs. Here, we demonstrate the possibil-
ity of plasmon-induced reversible switching of individual semicon-
ductor QEs from single-photon emission to multiphoton emission
by controllable manipulation of the distance between the QEs and a
plasmonic metasurface.

II. RESULTS
We used cesium lead-halide (CsPbBr2.5I0.5) PNCs synthesized

using the modified supersaturated recrystallization technique as
plasmon-controlled solid-state QEs.31 The size of the PNCs was
about 15 nm [Fig. 1(a)]. Their maximum PL in a hexane solution
under normal conditions was at a wavelength of 530 nm, with a full
width at half maximum (FWHM) of 20 nm [Fig. 1(b)] and a PL QY
of 25%. The corresponding PL decay kinetics is well fitted by a three-
exponential function [Fig. 1(c)] with an amplitude-weighted average
(AWA) lifetime of 11.5 ns. The QEs represented PNCs incorporated
into a 15 nm thick poly(methyl methacrylate) (PMMA) film on the
surface of a glass slide. The optical properties of the PNCs changed
when they were embedded into the film: The PL peak was shifted
to 520 nm and narrowed to an FWHM of 15 nm [Fig. 1(d)], and
the PL lifetime was shortened to an average of 6.3 ns [Fig. 1(c)]. We
can attribute these changes to partial loss of iodine ions by the PNCs
during the film fabrication. This is due to the possibility of migra-
tion of iodine ions within the crystal structure of PNCs.32 During
the film deposition procedure, some iodine ions can migrate to the
PNC surface, where they undergo oxidation into volatile I2 (iodine),
causing irreversible changes in the PNC stoichiometry. This, in
turn, leads to a blue shift and narrowing of the emission spectrum,
making it more similar to that of the emission of pure CsPbBr3
PNCs.31,32

The initial step of each experiment included identifying indi-
vidual PNCs [Fig. 1(e)] through the measurement of the second-
order cross correlation function g(2). The single-QE behavior of the
selected PNCs was considered proved if the central peak of the g(2)

function of a single QE was below 50% of the side peaks [Fig. 1(f)].33

In addition, we measured the PL intensity–time traces of these indi-
vidual PNCs, which showed the PL blinking behavior typical of
semiconductor nanocrystals [Fig. 1(g)].

Plasmonic metasurfaces were obtained using PVP-coated
75-nm silver nanocubes (SNCs) commercially available in the form
of an ethanol solution from nanoComposix (USA). Their SEM
images and optical properties are shown in Figs. S3(a) and S3(d).
Initially, we used the deposition of SNCs directly onto the sur-
face of the PNC–PMMA film by drop-casting the stock solution
[Fig. S3(c)], as done in previous studies.26,28 For details, see Sec. 2.2
of the supplementary material. However, the total PNC PL intensity
was significantly reduced after the treatment of PNCs with ethanol,
and the addition of SNCs only slightly increased the PNC PL inten-
sity, not restoring it to the initial value (Fig. S4). The drop in the PL
intensity due to PNC deterioration in the presence of ethanol did not
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FIG. 1. Characteristics of the PNCs used. (a) TEM image of an individual PNC; (b) extinction and PL spectra of the hexane solution of PNCs; (c) PL decay kinetics for the
hexane solution of PNCs (orange dots) and the PNC–PMMA thin film (green dots); (d) change in the PL spectrum of PNCs after transfer from the hexane solution to the thin
PMMA film; (e) measurement geometry; (f) characteristic g(2) function of an individual PNC; and (g) characteristic PL intensity–time trace of an individual PNC.

allow us to discern the PL-enhancing effect of SNCs on the biexci-
ton emission efficiency. Therefore, we changed the approach to the
formation of the PNC–SNC hybrid system. To achieve a greater PL
enhancement, we replaced the SNC deposition by drop-casting with
mechanical merging of the thin PNC film and a curved glass sur-
face (with a curvature radius of 50 cm) coated with SNCs [Fig. 2(a)].
Before the SNC deposition on the glass surface, the full width at half
maximum (FWHM) of the extinction spectrum of the SNC solution
was 110 nm, and the spectrum peak was at a wavelength of 508 nm
[the orange line in Fig. S3(d)]. The FWHM of the extinction spec-
trum of the metasurface was 140 nm, and the peak position was at
515 nm [Fig. 2(b)]. The spectral shift and the spectrum broaden-
ing can be explained by the collective interaction of SNCs in the
metasurface, which is corroborated numerically by calculating the
extinction spectrum of an SNC array on a glass surface [red squares
in Fig. S3(d)].

Before the formation of the plasmon–exciton hybrid system,
we identified individual PNCs in the thin PNC–PMMA film using
photon correlation spectroscopy [Fig. 2(c)]. In all experiments with
individual QEs, we used at least five independent samples of each
QE type. Then, we placed the SNC-covered curved plasmonic meta-
surface onto the PNC–PMMA sample. The geometry of the system
was designed to ensure that a distance between the plasmonic meta-
surface and the surface of the PNC–PMMA film was maintained
at less than 30 nm within the area of ∼0.2 mm2. For more details,
see Sec. 2.3 and Fig. S5 of the supplementary material. As shown
in previous studies, this distance was adequate for facilitating effi-
cient plasmon–exciton interactions.26,28 It should be noted that the
lateral position of the PNCs in the image after the positioning of
the plasmonic metasurface was not changed significantly, and we
were able to find the same individual PNCs before and after the

interaction with the metasurface (Figs. S7 and S9). During the inter-
action of individual PNCs with the metasurface, the PNC PL decay
time was considerably shortened [Fig. 2(i)]. The fastest component
of the PL decay kinetics of the individual PNC before the interac-
tion was ∼800–1100 ps. Once coupled with the metasurface, it was
reduced to 400 ps. This lifetime shortening was accompanied by
a more than twofold PL intensity enhancement [Figs. 2(f)–2(h)];
therefore, we can attribute this to the acceleration of the radiative
relaxation rate (Purcell effect) resulting from the coupling of the
PNC emission transition with the bright scattering plasmon mode.
During the plasmon–exciton interaction, the g(2) functions of the
PNCs were altered, not corresponding to the single-photon emis-
sion behavior anymore [Fig. 2(c)]. An increase in the g(2) central
peak to a value higher than 50% of that of the side peaks [Fig. 2(d)]
evidenced an increase in the biexciton PL QY and the switching
of the QEs to the multiphoton emission mode, as it was shown
in our previous study.28 After moving the plasmonic metasurface
apart from the PNCs, we were able to study the same individ-
ual PNCs. We found that the g(2) function was almost entirely
restored to the characteristic shape of the single-photon emission
mode and the PL lifetime became close to the value measured before
the establishment of the plasmon–exciton interaction [Figs. 2(e)
and 2(i), respectively]. Thus, we showed g(2) reversibility for all
samples in which the plasmon-induced multiphoton emission was
enhanced.

It is worth noting that the utilization of the plasmonic meta-
surface instead of the deposition of the SNCs from a solution
or employing techniques for obtaining a hybrid PNC–SNC sys-
tem preserved the morphology, internal structure, and chemical
composition of the PNCs. Therefore, we could restore the initial
properties of the PNCs after the plasmon–exciton interaction ceased.
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FIG. 2. Reversible effect of the interaction with the SNC plasmonic metasurface on the emission characteristics of individual PNCs. (a) Schematic representation of the
experiment. (b) Extinction spectrum of the SNC plasmonic metasurface (black curve) and PNC emission spectrum (green curve). [(c)–(e)] g(2) functions of the same individual
PNC before (c), during (d), and after (e) the interaction with the SNC plasmonic metasurface. [(f)–(h)] PL intensity traces of the same individual PNC before (f), during (g), and
after (h) the interaction with the SNC plasmonic metasurface. (i) PL decay curves of the same individual PNC before (green), during (blue), and after (pink) the interaction
with the SNC plasmonic metasurface.

The merging of the SNC plasmonic metasurface and PNCs increased
the PL intensity of individual PNCs [Figs. 2(f)–2(h) and S6]. How-
ever, upon cessation of the plasmon–exciton interaction, the PL
intensity was restored to its initial value, which indicates that the
observed PL enhancement can be attributed to the coupling with the
plasmonic metasurface.

The observed increase in the QE emission intensity may have
resulted not only from the Purcell effect but also from the excitation
enhancement caused by the SNCs.28,34 The essential condition for
the excitation enhancement is a spectral overlap between the exci-
tation band (peaking at 485 nm in our primary experiments) and
the plasmon resonance of the SNCs. This condition was met in our
experiments with the metasurface-based hybrid system [Fig. 2(b)].34

To understand the possible influence of the excitation enhancement
on the obtained results, we performed a control experiment using an
excitation wavelength of 405 nm. In this experiment, the excitation
of QEs was detuned from the plasmon resonance of the SNC plas-
monic metasurface. Despite this change, we observed effects similar
to those in the experiment with excitation at 485 nm (Fig. S7). Thus,
the spectral overlap between the excitation band and the plasmon
resonance had no effect on the results.

In all experiments on the interaction of SNC metasurfaces
with PNCs, the total plasmon-induced enhancement factor of the

emission intensity of individual PNCs was between 2.2 and 7.5. In
addition, the PL lifetime was decreased by a factor of 1.6 to 2.1
in these systems, although the expected factor of the radiative rate
acceleration calculated using Eq. (S1) was in the range from 5 to
12. It is worth noting that the PL intensity enhancement was more
pronounced for initially low-emitting PNCs compared to initially
high-emitting PNCs (7.5-fold and 2.2-fold, respectively, as seen from
Figs. S7 and 2). One possible explanation is that the increased radia-
tive recombination rate had a more significant impact on the final
PL QY of PNCs with an initially lower PL QY. Another contribut-
ing factor to the discrepancy in the PL intensity enhancement is the
variation of the position of the QEs relative to individual SNCs in
the metasurface. The calculated Purcell factor for the interaction of
the SNCs with the QEs emitting at 520 nm (the spectral maximum
of the PNC emission) located at a distance of 7.5 nm from the SNC
corner was 8.3. However, the Purcell factor for the PNCs positioned
close to the center of an SNC facet was only 1.3. Moreover, accord-
ing to the simulated spatial distribution of the SNC plasmon modes
[Fig. S3(d)], the area of the possible interaction with an SNC corner
is much smaller than the area of interaction with a flat facet surface.
Given the random distribution of PNCs relative to the SNCs, it was
more likely for them to be located near the flat surface of the SNC
facet rather than at the corner of SNC. For a large ensemble of PNCs
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interacting with the SNC plasmonic metasurface, the total emission
enhancement factor was about 2 (Fig. 3), which reflected the effects
on both initially low-emitting and initially high-emitting PNCs at
all possible positions relative to the SNC corners. For details on the
numerical simulation of the interaction of individual QEs with the
SNC, see Sec. 4 of the supplementary material.

In a second control experiment, we altered the overlap between
the PNC emission spectrum and the plasmon band peak to explore
whether the reversible interaction occurs under conditions outside
the resonance. For this purpose, we prepared a metasurface using
polyelectrolyte-assisted layer-by-layer assembly of SNCs on a curved
glass surface.35,36 As a result of chemical degradation and etching of
the SNC corners during deposition, the formed nanoparticle layer
corresponded to a layer of nearly spherical plasmonic nanoparti-
cles (PNPs) ∼75 nm in size, exhibiting a plasmon resonance at a
wavelength of 455 nm [Fig. S8(a)].37 Unlike SNC-based metasur-
faces, which had plasmon resonance at the same wavelength as PNC
emission, the plasmon resonance peak of the PNP-based plasmonic
metasurface was at a wavelength of 455 nm [Fig. S8(a)]. The spec-
tral position of this plasmon resonance exclusively aligns with the
excitation wavelength but not with the PNC emission spectrum. We
employed the PNP-based metasurface to assess its impact on the
emission of both an ensemble of PNCs [Fig. S8(b)] and individ-
ual PNCs (Fig. S9). As in the experiments with SNCs, we estimated
the emission characteristics of the same PNCs before the deposi-
tion of the PNP-based metasurface, during the interaction of PNCs
with the metasurface, and following the removal of the metasurface.
The results showed only a drop of the PL intensity signal, without
changes in other parameters studied. This confirmed that excita-
tion enhancement did not play an important role in the designed
technique.

To further explore the role of the Purcell effect in the designed
technique, we investigated how the spectral overlap between the
plasmon resonance and the QE emission affected the changes in
the PL characteristics of other types of semiconductor QEs. Lead
halide perovskites emitting in the red region of the optical spectrum
are unstable because of the presence of iodine ions in the crystal
structure.38 Our attempt at incorporating red-emitting PNCs into
the PMMA thin film using spin coating resulted in the destruction
of the PNCs. To solve this problem, we used CdSe-based core/shell

FIG. 3. PL signals collected from the ensemble of PNCs before the interaction with
SNCs (green) with an AWA lifetime of 7 ns, during the interaction (blue) with an
AWA lifetime of 1 ns, and after the removal of the SNC plasmonic metasurface
(pink) with an AWA lifetime of 6 ns.

QDs (QD560 and QD620 samples; see Sec. 2.1 of the supplementary
material for details) whose emissions were not in resonance with
the SNC metasurface plasmonic band, which weakened the Purcell
effect [Figs. 4(a) and 4(b)]. Thus, using QD samples, we gradu-
ally reduced the potential Purcell effect by shifting the emission
spectrum out of the resonance with the plasmonic band of the
SNC-based metasurface. This allowed us to study how it affects the
emission properties of QEs during the reversible plasmon–exciton
interaction. In addition, we estimated the impact of the bare curved
glass surface (not covered with SNCs) on the emission of individual
QDs and found no changes in their emission properties. As a result,
all the observed effects can be attributed to the interaction with the
plasmonic metasurfaces.

In the case of the hybrid system containing QD560, the overlap
between the QD emission spectrum and the plasmon resonance of
the SNC plasmonic metasurface was smaller than in the case of PNCs
[Fig. 4(b)]. In this experiment, the PL intensity was increased by 30%
[Fig. 4(c)] and the PL lifetime significantly decreased [Fig. 4(e)]. The
fastest PL decay component before the interaction was 3.2 ns, and it
was reduced to 500 ps during the plasmon–exciton interaction. This
considerable lifetime shortening was not accompanied by the corre-
sponding strong enhancement of the emission intensity; therefore,
we can conclude that it was related to the acceleration of both radia-
tive and nonradiative relaxation rates of QDs. The simultaneous
acceleration of both radiative and nonradiative processes results in a
greater reduction in the PL lifetime compared to the scenario where
only the radiative process is accelerated. Given that the PL intensity
increased only by 30%, we can infer that the acceleration of the radia-
tive relaxation (Purcell factor) for the interaction of QD560 with
the metasurface was smaller than that for the interaction of PNCs.
Indeed, as can be seen from Fig. 4(a), the calculated Purcell factor
for the case when the QE is near the center of the SNC facet is only
0.7 at the wavelength corresponding to the QD560 emission maxi-
mum [Fig. 4(a)], which can explain the relatively small enhancement
of the PL intensity. As in the case of PNCs, we observed switching
of the emission of individual QDs in the QD560–metasurface hybrid
structure to the multiphoton mode as a result of interaction with the
SNCs and then back to the single-photon mode after the removal of
the metasurface [Fig. 4(d)].

In contrast, plasmon–exciton interaction in the case of red-
emitting QDs (QD620) led to a strong quenching of the PL of
individual QDs, accompanied by a shortening of the PL lifetime
[Figs. 4(f) and 4(g)]. The acceleration of the radiative relaxation rate
induced by the coupling of the excitonic transitions with bright scat-
tering plasmon modes (due to the Purcell effect) may have been
weak or non-existent in the absence of resonance between QE emis-
sion and the plasmon band. Consequently, the observed reduction in
the PL lifetime and emission intensity can be attributed either to the
well-known effect of the metal-induced emission quenching or to
the coupling with dark non-scattering plasmon modes. These inter-
actions enhanced the nonradiative relaxation, which outweighed the
relatively weakly accelerated radiative relaxation. The radiative rate
acceleration calculated for the wavelength of 620 nm (corresponding
to the QD620 emission maximum) was determined to be 0.2 when
measured at the center of the SNC, indicating a possible fivefold
decrease in the PL intensity. Notably, the observed quenching factor
was smaller than the estimated value (approximately fourfold) due to
the high Purcell factor at the SNC corners [6.2, as seen in Fig. 4(a)].
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FIG. 4. Effect of the SNC plasmonic metasurface on the PL of individual QDs. (a) Calculated acceleration of the QE radiative rate 7.5 nm away from the center of the SNC
facet (black line) and from the SNC corner (red line). (b) PL spectra of the QD560 (yellow line) and QD620 (red line) samples compared to the extinction of the SNC plasmonic
metasurface (black line). (c) PL intensity trace and (d) second-order cross correlation function g(2) of the same single QD (QD560 sample) before the interaction with the SNC
plasmonic metasurface (green), during the interaction (blue), and after the removal of the metasurface (pink). [(e) and (f)] PL decay kinetics of the same single QDs from the
QD560 (e) and QD620 (f) samples before the interaction with the SNC plasmonic metasurface (green dots), during the interaction (blue dots), and after the removal of the
metasurface (pink dots). (g) PL intensity trace and (h) the second-order cross correlation function g(2) of the same single QD (QD620 sample) before the interaction with the
SNC plasmonic metasurface (green), during the interaction (blue), and after the removal of the metasurface (pink).

However, the contribution of the SNC corner area to the total area
of the QE–metasurface interaction was relatively low. Moreover, we
did not observe any effect of the metasurface on the g(2) function
[Fig. 4(h)] of individual QDs. This supports the assumption that
the increase in the radiative recombination rate (Purcell effect) led
to the enhancement of biexciton emission and leveling of the exci-
ton and biexciton PL QYs in the hybrid systems, characterized by a
large overlap between the emission maximum and the plasmon res-
onance. Thus, we assume that the Purcell effect was the main factor
ensuring the reversible switching between the single-photon and the
enhanced multiphoton QE emission modes.

III. SUMMARY AND OUTLOOK
We have designed a plasmon–exciton hybrid system with a

controlled Purcell factor based on disordered plasmonic metasur-
faces and semiconductor QEs (semiconductor QDs and PNCs). This
system allowed us to reversibly change (increase or decrease) the
emission intensity and shorten the emission lifetime for ensembles
of QEs of different types. Moreover, we achieved reversible switch-
ing of the emission mode from single-photon to multi-photon for
individual QEs. Unlike previously published methods, the proposed
technique does not require precise positioning of the AFM tip to
the QE.39,40 Instead, we treated a whole array of QEs in the same
way, and only the positioning of the objective lens was required for
selecting the target QE. Further development of the new technique
can include constructing an array of nano-patch antennas similar to

that developed by Dhawan et al.27 but with a controlled gap distance.
Moreover, precise positioning of QEs in hotspots of the plasmonic
metasurface will enable an increase in the Purcell factor and, hence,
a more efficient modulation of the emission mode. This concept
can be used for the production of arrays of QEs with controlled
emission characteristics, including the single-photon/multi-photon
mode, emission rate, and intensity. The system proposed here has
potential applications in the design of light-controlled QEs for quan-
tum information applications and QLEDs with switchable emission
characteristics controlled with the use of the light–matter coupling
phenomenon.

IV. MATERIALS AND METHODS
A. Experimental setup

To measure PL signals and perform photon correlation spec-
troscopy, we used a MicroTime 200 inverted fluorescent microscope
(PicoQuant, Germany) (Fig. S1). We used a water immersion ×60
objective lens with NA = 1.2. Picosecond lasers emitting at 485 and
405 nm, each with a pulse duration of ∼200 ps, were used as exci-
tation sources. Photon correlation spectroscopy experiments were
carried out using a setup with the Hunburry–Brown–Twiss geom-
etry containing two avalanche photodetectors. The excitation line
wavelength was separated using a long-pass optical filter with a
cutting wavelength of 500 nm. Additionally, we used a 100-μm pin-
hole to purify the PL signal. Time-resolved PL measurements were
performed in the time-correlated single-photon counting mode of
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the MicroTime 200 system with only one avalanche photodetector.
The system was used to measure both PL decay kinetics and PL
intensity trace over a long time period.

B. Synthesis of CsPbBr2.5I0.5 perovskite nanocrystals
All the reagents for the synthesis of CsPbBr2.5I0.5 perovskite

nanocrystals (PNCs) were purchased from Sigma-Aldrich and were
used as received without further purification. First, 20 mg of CsBr,
26 mg of PbBr2, and 11 mg of PbI2 were dissolved in 2.235 ml of
dimethylformamide (DMF). 223 μl of oleic acid (OA) and 112 μl of
oleylamine (OAm) were added to stabilize the precursor solution.
Then, 20 μl of the precursor solution was quickly added into 2 ml
of toluene under vigorous stirring at 2000 rpm. Immediately after
the formation of a green colored solution, it was transfused to 10
ml of n-hexane. The optical density of the final PNC solution at the
first exciton peak was 0.1. All the above-mentioned operations were
carried out under normal conditions.

C. Synthesis of quantum dots
CdSe/ZnS/CdS/ZnS core/multishell quantum dots (QD560

sample) were synthesized according to the procedure described in
our earlier study.28 The method for synthesizing CdSe/CdS QDs
(QD620 sample) is based on the method described by Chen et al.41

See Sec. 2.1 of the supplementary material for more details.

D. Preparation of quantum emitters in poly(methyl
methacrylate) film samples

Earlier, we reported that the PL enhancement was achieved
when the distance between QDs and plasmonic nanoparticles was
between 10 and 20 nm.28,42 Therefore, in this study, we prepared
QD–PNC arrays in poly(methyl methacrylate) (PMMA) films with a
total thickness of ∼15 nm. The thin films were deposited by the spin-
coating method using a Model KW-4A Spin Coater at 1000 rpm
for 60 s for each layer. First, the PMMA layer was deposited on a
previously cleaned glass substrate using 70 μl of 0.5 wt. % PMMA
(120 000 Da). Then, the QDs (or PNCs) were deposited onto the
PMMA surface from a hexane solution with a molar concentration
of about 10−6 M. The second PMMA layer was deposited in the same
way as the first one.

E. Preparation of the perovskite nanocrystal samples
covered with a silver plasmonic metasurface

We used an ethanolic solution of silver nanocubes ([Ag0]
= 0.6 mM) coated with a 3-nm layer of polyvinylpyrrolidone pur-
chased from nanoComposix (USA). For the formation of plasmonic
metasurfaces directly on the surface of the PNC–PMMA thin films,
we applied 2 μl of the SNC solution onto the PNC–PMMA structures
[Fig. S3(b)]. For “dry” reversible deposition of the SNC metasurface
onto the QE–PMMA thin films, we used a 2.5-cm round curved glass
surface with a curvature radius of 50 cm. Before the deposition, 2 μl
of the stock solution of SNCs was dropped into the center of the
curved glass surface and left until ethanol was evaporated and an
array of SNCs was formed on the surface.

In order to change the plasmon resonance spectral posi-
tion, the SNCs were attached to the curved glass surface using
a different deposition method. A control sample prepared by the

polyelectrolyte-assisted layer-by-layer assembly method was found
to have a different absorption spectrum compared to the drop-
casting deposition.35,36 First, the curved glass surface was washed
with an alkaline cleaning solution and sonicated in water and then
in ethanol. The clean substrate was then immersed in a freshly pre-
pared poly(diallyldimethylammonium chloride) solution purchased
from Sigma-Aldrich (1 mg/ml in 0.5M NaCl) for 20 min and rinsed
with Mili-Q water. Then, the curved glass was immersed for 1 h in
the SNC solution. The substrate was rinsed with Mili-Q water and
dried under argon flow.

F. Numerical calculations
All numerical simulations in this study were performed by the

finite element method (FEM), using the COMSOL Multiphysics
commercial software. The Radio Frequency Module of COMSOL
was used to solve the Maxwell equations in the frequency domain in
conjunction with proper boundary conditions. The optical constants
of the SNCs were taken from the study by Johnson and Christy.43

The refractive index of SiO2 was assumed to be 1.45. See Sec. 4 of the
supplementary material for more details.

SUPPLEMENTARY MATERIAL

See the supplementary material for details about the exper-
imental setup, nanocrystal synthesis and characterization, thin-
film sample preparation, deposition of SNCs onto the surface
of the PNC–PMMA film, and related experimental results; the
description of the preparation and use of the nanocrystal-coated
curved glass surface; the results of photoluminescence and pho-
ton correlation spectroscopies at an excitation wavelength of
405 nm using PNPs and SNCs and at an excitation wavelength of
485 nm using SNCs; and details of the calculation of the Purcell
factor.
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