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ABSTRACT: Lead halide perovskite nanoplates support strongly
quantum conﬁned excitons, high photoluminescence quantum yield,
fast and narrow photoluminescence spectra. Future use of these
nanomaterials is strongly dependent on the ability to enhance their
stability and engineer the out-coupling of excitonic emission. Optical
waveguides can harness their attractive optical properties enabling
integration into photonic devices and preventing degradation. In this
study we activate planar polymer waveguides of poly(styrene-ethylenebutylene-styrene) with colloidally synthesized CsPbBr3 nanoplates and
study interactions between perovskite conﬁned excitons and the optical waveguide modes. Beyond optical engineering, the polymer
forming the waveguide serves also to encapsulate the perovskite nanocrystals, protecting them from the environment. Angledependent photoluminescence measurements indicate coupling between the quantum conﬁned excitons in the nanoplates and the
planar guided modes. This is evident by the emission of photons with momenta and polarization states matching those of the guided
modes. We achieve an order of magnitude shortening of the emission lifetime via Purcell eﬀect. Achieving fast emission from
perovskite nanoplate activated waveguides is of interest in the context of searching for an eﬃcient and coherent single photon source.
These ﬁndings can serve as a ﬁrst engineering step in the direction for a more complex nanoperovskite waveguide based photonic
structure.
KEYWORDS: colloidal nanocrystals, Purcell eﬀect, conﬁned excitons, oriented emission, weak coupling
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their special properties, also render the NCs’ structure more
labile. One approach that has been demonstrated recently is to
use CVD grown nanowires and nanoplates11,12 (NPLs) on the
order of microns and hundreds of nanometers for photonic
applications.13,14 Such crystals have shown to be stable enough
to withstand signiﬁcant excitation cycles and demonstrated
spontaneous emission and lasing.15,16 Another approach is to
embed the NCs in a protective material such as glass17 or
polymers18 and isolate them from oxygen and moisture.
In this study we chose to work with fully inorganic LHPs,6
where typically large Cs+ cations replace the small organic
molecules of the organic−inorganic hybrids (Figure 1a inset);
all inorganic halide perovskites have higher crystal melting
temperatures and present better stability. Recent use of
inorganic LHP NCs in optoelectronic devices includes their
incorporation as both active layers of light-emitting

ead halide perovskites (LHPs) are direct band gap
semiconductors that possess intriguing optical and
electronic properties.1 The focus on LHPs began a few
decades ago with studies of organic−inorganic hybrid thin
ﬁlms in ﬁeld-eﬀect transistors,2 and rapidly evolved to their use
as highly eﬃcient absorbing layers in photovoltaic cells3 and
light-emitting diodes.4,5 More recently, motivated due to
several attractive physical aspects, the studies of LHPs
expanded to the ﬁeld of colloidal nanocrystals (NCs).6−8
The ionic nature of LHPs enables growth of perovskite
nanocrystals with good optical properties at low temperatures
and in ambient conditions. Additionally, it is possible to
modify and enhance their absorption and emission properties
by controlling their size, shape, and halide composition.9
Moreover, in contrast to traditional semiconductor NCs that
require a protective shell to shield the exciton from surface
traps, LHPs have shown to reach near unity quantum yield
without such a shell. The lack of a wide band gap shell
positions them as attractive luminescent nanocrystals that are
easily processed and with lower resistivity for electroluminescence charge injection.10 Despite these appealing
properties for optoelectronics, a major drawback of LHP
NCs is their relatively low stability. The ionic characteristics of
the atomic bonds in LHP, which are responsible for some of
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Figure 1. (a) Optical absorption and emission spectra for NPLs. Crystal structure of orthorhombic CsPbBr3 (inset). (b) HRTEM image of stacked
perovskite NPLs as viewed from their narrow side, where their thickness of ∼4 nm can be measured. (c) SEM image of the planar wave guides
showing columns of the stacked NPLs in SEBS aligned in plane with the waveguiding layer. (d) Illustration depicting 4−5 unit cells thick NPL
dimensions and stacking within the waveguiding layer. Schematic description of the fabricated waveguide, incidents light of the reﬂection
measurements and the polarization directions, where the ITO serves as an adhesive layer between the SiO2 and Ag layers. The TiO2 thin ﬁlm
separates and protects the silver fromabove.

diodes19−21 and absorbing layers in photovoltaic cells.22,23
Low-threshold ampliﬁed spontaneous emission and lasing from
experimental systems, where LHP NCs perform as a gain
medium, have been reported.24,25 The fast emission rate
attributed to the bright triplet excitonic states in LHP NCs26
motivated the use of individual NCs as a single-photon
source 27 even at room temperature. 28 Moreover, the
generation of indistinguishable entangled photon pairs for
quantum information processing was also reported.29 Previous
studies of optical waveguiding and LHP NCs include LHP
nanowires that were shown to support guided waves and were
used to make detectors30−32 and lasers.33−35 Thin ﬁlms of
LHPs were integrated and shaped in waveguiding platforms to
produce detectors,36 ampliﬁers,36,37 and lasers.38,39 In all these
experiments the LHP crystals used were orders of magnitude
larger than the exciton’s Bohr radius (7 nm in CsPbBr3);
therefore, quantum conﬁned excitons were eluded.
Here we present a study of CsPbBr3 NCs in a NPL
morphology in which the excitons are strongly quantum
conﬁned. The NPLs have been integrated into a polymerbased asymmetric planar optical waveguide. The system is
interesting since on one hand the exciton binding energy can
be synthetically controlled via reducing the thickness of NPLs
resulting in strongly quantum conﬁne localized exciton.40 On
the other hand, waveguides support macroscopic propagating
optical modes which interact with the aforementioned excitons
enabling photonic manipulation. In this study we selected the
planar waveguide geometry due to ease of fabrication and
characterization. However, the ideas are general and can be
expanded to other waveguiding geometries.
The polymer component of the system serves two purposes:
ﬁrst, to form the waveguiding dielectric slab and, second, to
encapsulate and protect the NCs from moisture and oxygen.18
Previous studies by us and others have shown that for
perovskite encapsulation not all polymers are equal.18 Rainò et
al.41 demonstrated that counterintuitively it is not the overall
water permeability of a polymer that is correlated with the
observed perovskite nanocrystals stabilities. The interfaces
formed between the polymer matrices and the NC surfaces
which are covered with alkyl chain ligands play a major role. In
the commonly used poly(methyl methacrylate) (PMMA), only
partial coverage of the NCs surface is achieved due to poor
NCs−polymer interaction, which is assigned to the presence of
polar ester groups in the PMMA. For hydrophobic polymers

such as polystyrene and poly(styrene-ethylene-butylene-styrene) (SEBS) which are more compatible with the highly
hydrophobic ligands on the NCs surfaces, a better interface,
and therefore encapsulation, is achieved, resulting in the longterm stability of the encapsulated NCs in the polymer matrix.
Here this work departs from other studies, as we selected
SEBS which is a low-cost triblock copolymer that combines
high formability and recyclability with high toughness. SEBS is
mechanically highly ductile and therefore superior to
polystyrene since it enables processing into thick samples
with eﬀectively zero cracking defects that form optically clear
matrices which are critical for high quality waveguides and
optical devices.
In the proceeding sections we present the design and
fabrication of planar waveguide activated with LHP NPLs.
Optical characterization of the fabricated sample together with
details about the experimental setup are discussed. Additionally, we present numerical calculations used for the evaluation
of the optical response and the identiﬁcation of the modes
interacting with the NPLs’ excitons. Finally, we examined the
lifetime of the modiﬁed emission to further assess the
interaction.
NPL NCs were colloidally synthesized using the method
previously reported by Bekenstein et al.9 (see Methods for
details). Post-synthesis the NPLs were cleaned and dispersed
in toluene for characterization and further processing. The
stoichiometry of a ﬁnite thickness LHP NPL is determined by
the composition of the crystal facets. Here we assume a
bromide surface termination following work of Weidman et al.
and stoichiomitries of [CsPbBr3]n‑1PbBr4, where n is the
number of unit cells.40 Transmission electron microscopy
(TEM) depicts the anisotropic shapes of the NPLs with lateral
dimensions of ∼20 nm and thicknesses of ∼4 nm (Figure 1b).
These dimensions can be assigned to 4−5 perovskite unit cells
according to a previous report9 which also agrees with the
absorption and emission spectrum presented in Figure 1a. The
peak of the NPL photoluminescence emission was measured to
be at a wavelength of ∼488 nm, as shown by the dotted line in
Figure 1a. The anisotropic shape of the plates favors face-toface stacking and assemblies into columnar structures
extending microns in length (Figure 1b). This has been
previously observed on slowly dried samples,9 and in this work
we see similar structures even when quickly dried in SEBS
mixtures.
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Figure 2. (a) Illustration of the measurement setup (details of the components used can be found in the main text). The white lines refer to the
broad-band source (used for the reﬂection measurements), blue line indicated the excitation laser, and the dashed green lines represent the
emission (only relevant in emission measurements). The interior of the small dotted circles represents a closeup to clarify the illumination direction
in the reﬂection/emission (top/bottom circle respectively) measurement. (b) Image of a waveguiding sample mounted on the prism and of
emission leaking from the waveguide, through the prism onto a viewing card. The dotted white\green lines mark the contour of the prism\sample,
and the dashed blue arrow represents the excitation laser.

was found at a wavelength of 494 nm (green dashed line),
slightly red-shifted compared to NPLs dispersed in toluene
(488 nm). This red shift can be attributed to the change in the
NPLs’ dielectric environment. Figure 3a shows the emission
spectra from the waveguide, at diﬀerent collection angles. The
cross section of this emission spectra at 494 nm is plotted at
the bottom of Figure 3a (green line) to emphasize the sharp
increase in the emission at speciﬁc angles.
Reﬂection measurements were performed to investigate the
nature of the angle-dependent emission and to reveal the
optical guided modes’ dispersion. A visible broad-band source
(Newport, Xenon arc lamp in 67005 housing) was coupled to
an optical ﬁber and was directed and collimated by a ﬁber
positioner (Newport, 9091) and an objective lens (Newport,
M-10X, 0.25NA). A polarizer (Thorlabs, WP25M-VIS) and an
iris were used to selectively excite the transverse electric (TE)
or the transverse magnetic (TM) modes at the same excitation
spot as in the emission measurements. For the reﬂection
measurements the incident angle was adjusted using rotating
stage 2 on which the prism with the sample were mounted.
The reﬂected light was collected using a ﬁber as done in the
emission measurements.
When the parallel momentum component of incident light
matches that of a guided mode (β), light is eﬃciently coupled
into the waveguide and a dip in the reﬂection spectrum
appears. This condition is described by

The waveguide is formed by spin-casting a mixed solution of
NPLs in SEBS dissolved in toluene, on top of a 50 nm thick
silver layer (see Methods section for details). The thickness of
the resulting dielectric slab was measured to be 330 ± 20 nm,
and the total layout of the waveguide is illustrated in Figure 1d.
SEM characterization of the NPL activated waveguides shows
the self-assembled NPL columns with in-plane horizontally
orientation (Figure 1c). This ordering forces the NPL narrow
dimension to favor the orientation parallel to the guided
modes’ propagation. Conﬁnement of light to the wave-guiding
layer is carried out by total internal reﬂection at the layer’s
interface with the air, and by partial reﬂection from the silver
ﬁlm. While the radiation loss through the silver layer reduces
the quality factor of the waveguide, this conﬁguration allows
prism-based in- and out-coupling of light through the substrate
(using a Kretschmann geometry-based setup Figure 2).
The initial experimental characterization is divided into two
parts. The ﬁrst consists of angle-resolved emission measurements of the NPLs from the photonic waveguide. In the
second, a characterization of waveguide modes’ dispersion was
performed by angle- and polarization-resolved reﬂection
measurements. A schematic description of the experimental
setup is illustrated in Figure 2a. As previously mentioned, the
waveguide requires steep incidence angles, above the critical
angle of the glass−air interface. This can be achieved by
mounting the sample on a right-angle prism (Thorlabs, PS908
N-BK7, uncoated). Additionally, the bottom of the glass
substrate has been applied with immersion oil, to enable
impedance matching and eﬃcient bidirectional light transfer
with the prism and provide eﬃcient means for measuring the
sample.
The NPL excitation was done nonresonantly (λexc = 434
nm), at normal incidence and through the air interface using a
femtosecond laser (Coherent, Chameleon Ultra and Chameleon compact OPO-Vis). The emission from the sample was
observed to leak out though the silver and the prism at speciﬁc
angles as seen in Figure 2b. The emitted light from the sample
was collected by an optical ﬁber held on rotating stage 1
enabling measurement of the angle dependent emission. The
other end of the ﬁber directed the emitted light into a
spectrometer (Andor, Shamrock 193i spectrograph and
Newton EMCCD camera). The excitonic emission spectra
were measured (blue line in Figure 1a) and the peak emission

β = nBK7

2π
sin θ
λ

(1)

where ηBK7 is the refractive index of the glass substrate that was
used (N-BK7), λ is the incident light’s wavelength in free
space, and θ is the angle of incidence. Thus, by measuring the
reﬂectance at diﬀerent incidence angles the guided modes’
dispersion can be revealed. By depicting the ratio between
reﬂection spectra of the two polarizations, one can present the
measured dispersion for both TE and TM modes in a single
graph (Figure 3b), where TE modes appear as peaks and TM
modes as dips. Figures 3a,b provide a comparison between the
angle-resolved reﬂection and emission spectra, which clearly
indicates an increase in the emission when the LHP NPL
excitonic emission overlaps with a guided mode (in
resonance).
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Figure 3. (a) Emission measured from the waveguide at diﬀerent collection angles and (b) normalized reﬂection (TM/TE) for diﬀerent incident
angles. The wavelength scale is identical in (a) and (b). The white and green dashed lines represent the exciton’s emission peak (494 nm) and the
cyan dashed line shows the wavelength of the excitation laser (434 nm). The green line represents the angle dependent photon count at a
wavelength of 494 nm. (c) Polarization measurements of the emission. The orange points show the measured emission coupled to TE mode (at θ =
43.5°) and the blue circles the emission coupled to TM mode (at θ = 49.9°), while the curved lines represent ideal linear polarization.

Figure 4. (a) Calculated normalized reﬂection (TM/TE) from the waveguide. (b) TE2 mode proﬁle for λ = 497 nm at θ = 43.4° and (c) TM1
mode proﬁle for λ = 499 nm at θ = 50.1°, marked by the white arrows in (a). The x and z axes refer to the same direction as mentioned in Figure
1d. The z axis is identical for both ﬁgures. The white lines mark the layers’ interfaces.

By comparing the emission with the reﬂection measurements (Figure 3a,b), we demonstrate that NPLs placed in an
optical waveguide emit photons predominantly with momentum matching that of guided modes. This is apparent since
when the excitons are in resonance with the guided modes, the
emission is 15 and 12 times brighter, for the TE and TM
modes, respectively (compared to background emission
measured at oﬀ-resonance angles). Unfortunately, we cannot
assign the diﬀerence in TE/TM emission intensities to
coupling strength of the NPL exciton to the diﬀerent modes.
This is for two reasons: (a) Indeed, the exciton dipole moment
is ﬁxed in plane of NPLs, but since the assembled stacked
plates orientation varies in the planar waveguides, both TE/
TM modes may be coupled similarly. (b) Increasing the
collection angle results in a consistent reduction in the
emission (due to a decrease in leakage eﬃciency out of the
waveguide and/or a decrease in coupling strength), which
aﬀects the TE/TM emission that is measured in diﬀerent
angles. From comparison of the emission of photons with
momentum values matching β to photons which are not, we
discovered that about 2/3 of the total amount of photons are
emitted to the guided modes. Additionally, analysis of the
emitted photons’ polarization is presented in Figure 3c. At
resonance angles, 43.5° and 49.9°, we ﬁnd the emitted photons
to be 95% and 92% linearly polarized in accordance with the
TE and TM modes (respectively) they are coupled with.

The results presented in Figure 3 show clear coupling of the
excitons to the optical guided modes. To identify the speciﬁc
interacting guided modes, we modeled the optical response of
the waveguide using a method introduced by Ohta and
Ishida.42 For the model we used the waveguide’s dimensions as
speciﬁed in Figure 1d, with frequency-dependent refractive
indices (n) and extinction coeﬃcients (k) of each of the
comprising materials. n and κ for the polymer−NPL layer
remain variables of the models which we wish to evaluate.
Comparison between the calculated reﬂection from the
stratiﬁed layers presented in Figure 4a to the experimental
results in Figure 3b enabled the evaluation of the eﬀective
refractive index and extinction coeﬃcient of the composite
wave-guiding layer. They were found to be n = 1.66 ± 0.151
and κ = 0.008 ± 0.002, with the variations related to the
frequency dependence. We used these parameters to calculate
the complex electric ﬁeld amplitudes within the diﬀerent layers
and constructed the modes’ proﬁles. These mode proﬁles are
sampled by selecting the wavevectors and polarizations in
which the exciton’s emission peak overlaps with the modes’
dispersion (marked by white tags in Figure 4a). The
similarities between the mode proﬁles shown in Figure 4b,c
to the familiar results from waveguide theory enable the
identiﬁcation of modes of the fabricated asymmetrical
waveguiding structure. In our speciﬁc case, the relevant
modes in the measured angles range are TE2 and TM1. We
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notice the ﬁeld enhancement found within the waveguide upon
resonance, another indication of an increase in the local
density of optical states. For oﬀ-resonance angles, the ﬁelds
within the waveguiding layer destructively interfere, and
negligible values of the normalized electric ﬁeld are found.
The variations in the local density of states alter the
isotopically spontaneous emission process of the unoriented
NPLs in the waveguide. As a result, emission of photons into
guided modes’ photonic states becomes favorable, with
agreement with our experimental observations.
An important evaluation of the interaction between excitons
and optical modes may be given by the variations in emission
rate due to the change in emitter’s optical environment, i.e. due
to the change in available radiative decay channels described
by the local density of states. This can be calculated by
performing time-correlated single photon counting (TCSPC)
measurements of the excitons’ lifetime. To measure NPLs’
exciton lifetime, the excitation laser beam was divided by a
beam splitter (Thorlabs, BS019-30:70), with one arm directed
toward a trigger detector (PicoQuant, TDA 200), and the
other arm excited the NPLs in the waveguide. The emission
was ﬁltered using a band pass ﬁlter (Thorlabs, MF510−42WGFP) and collected by a single photon detector (IDQ,
id100T). The two detectors were correlated by the TCSPC
system (PicoQuant, Picoharp 300). These measurements were
performed for angles where the emission’s intensity peaked.
The lifetime measured from the emission leaking out of the
waveguide at angles 43.5° and 49.9° (which related to TE and
TM mode respectively) presented similar decay rates (see
Supporting Information). This observation suggests that the
majority of embedded NPLs are simultaneously coupled to all
the energetically matching optical modes in the waveguide.
This experimentally enables us to combine the results from
diﬀerent angles and increase the signal-to-noise ratio in the
lifetime measurements. The combined measurements are
presented by the orange dots in Figure 5, together with the
blue x’s and gray circles which correspond to the original
lifetime measurement of NPLs in toluene and a bulk specimen
of NPLs in SEBS, respectively (see Supporting Information for
the complete lifetime measurements).
The excitons in LHP NPLs’ decay in a biexponential trend43

Letter

I(t ) = a1e−t − t0/ τ1 + a 2e−t − t0/ τ2

(2)

where I(t) is the photon count, t represents time, t0 is the
temporal shift, and τi and ai are the lifetime and amplitudes of
each exponential term. As each set of measured data was
normalized, we used a2 = 1 − a1. In Figure 5 the curves
represent the biexponential ﬁt for the presented data, and the
ﬁtted lifetimes are gathered in Table 1 (the complete list of ﬁt
parameters in Table S1).
Table 1. Fitted Lifetimes for the Diﬀerent NPLs Excitonic
Decay Measurements Presented in Figure 5a

a

sample

τ1 [ns]

τ2 [ns]

NPL in toluene
NPLs encapsulated in SEBS matrices
NPLs activated planar-waveguide

4.44 ± 0.02
3.97 ± 0.05
3.48 ± 0.08

13.26 ± 0.22
11.7 ± 0.8
0.82 ± 0.03

τ1 relates to non-radiative decay, and τ2, to radiative decay processes.

In bulk SEBS and toluene, the fast component (τ1) may
relate to nonradiative decay processes.43 We assume minor
diﬀerences between the nonradiative processes in similarly
made bulk SEBS and the waveguiding samples and then can
ascribe the longer lifetime component in the waveguide to the
nonradiative process. Focusing on the radiative lifetime (τ2),
we see how placing the NPLs in the waveguide makes it an
order of magnitude shorter. We evaluated the Purcell factor
using the ﬁtted radiative decay lifetimes for NPLs in SEBS
wg 44
(τbulk
2 ) and the waveguiding slab (τ2 )
FP =

τ2bulk
≈ 14
τ2wg

This factor is attributed to the modiﬁcation of the available
radiative decay channels for excitons in the waveguide. While
the resulted value is rather moderate for FP, evidently it is
enough to modify the characteristics of the emitted photons.
In conclusion, we introduced a simple method to fabricate
planar optical waveguides activated with LHP NPLs and
studied the coupling between the LHP excitons and the optical
modes of the waveguide. The NPLs emission shows clear
coupling to the optical guided modes, as indicated by emitted
photons’ momenta and polarization. The coupling to optical
modes with speciﬁc momenta may be utilized for achieving the
desirable directional emission from LHP-based light emitting
devices.45,46 The engineered dielectric environment of the
waveguide enables a decrease in the excitons’ lifetime by an
order of magnitude due to the Purcell eﬀect. Achieving fast
emission from perovskite NPLs activated waveguides is of
interest in the context of searching for an eﬃcient and coherent
single photon source. Further development of the waveguides
using state of the art lithography techniques or deposition
methods to control the orientation of anisotropic nanoparticles
in the polymer47 is underway. Another goal is to create
waveguide−exciton−polaritons hybrid modes. This may be
possible even at room temperature when in a strong coupling
regime by increasing the density of the NPLs, while retaining
the quality of the waveguide48 as was previously demonstrated
with organic dye molecules.49 These results motivate the use of
LHP NCs to activate the waveguide-based system for both
fundamental research and future potential applications.

Figure 5. Emission lifetime measurements for CsPbBr3 NPLs
activated waveguides (orange), NPL dispersed in toluene (black),
NPLs encapsulated in SEBS matrices (blue). Blue line, and black
dashed or dotted lines represent the biexponential ﬁt of these
measurements (respectively). The ﬁtted lifetime values are in Table 1.
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Nanoplate Synthesis and Characterization. Cesium
oleate solution was prepared prior to the synthesis by taking
0.4 g of Cs2CO3 and 1.2 mL of OA that were loaded into a
three-neck ﬂask along with 15 mL of ODE, they were then
degassed under vacuum at 120 °C for 1 h, following a second
degassing phase at 150 °C under Ar ﬂow until all Cs2CO3
reacted with OA. The resulting Cs-oleate was kept in a
glovebox as our Cs precursor.
For the Synthesis of CsPbBr3 NPLs. ODE (5 mL) and
PbBr2 (0.069 g, 99.999%, Aldrich) were loaded into a 25 mL
three-neck ﬂask and dried under vacuum for 1 h at 120 °C.
Dried oleylamine (0.5 mL, OLA, Aldrich, 70%) and dried OA
(0.5 mL) were injected at 120 °C under Ar. After complete
solubilization of a PbBr2 salt, the temperature was changed to
130−90 °C, hot (∼100 °C) Cs-oleate solution (0.4 mL, 0.125
M in ODE, prepared as described above) was quickly injected,
and the reaction mixture was immediately cooled by an ice−
water bath.
Isolation and Characterization of CsPbBr3 NPLs. The
NPLs were extracted from the crude solution by centrifuging at
8500 rpm for 5 min. Lower temperature reactions where the
crude solution concentration is smaller and thinner NPLs are
formed demand longer centrifugation times and cooling the
solution to 17 °C (above freezing point of ODE). After
centrifugation, the supernatant was discarded, and the particles
were redispersed in hexane forming stable colloidal solutions.
The clean NPLs were then characterized via HRTEM (FEI
Tecnai at 120 keV), and their absorption and emission
properties where measured (BioTek synergy II plate reader).
Waveguide Fabrication. The dielectric slab is made by a
mixture of NPLs and SEBS (Kraton MD1537). To fabricate
the waveguide, SEBS was mixed with toluene to obtain a 12.5%
concentration (by weight) and sonicated overnight. Before
further use, it was ﬁltered through a nylon syringe ﬁlter with a
pore size of 0.22 μm. The ﬁltered SEBS−toluene solution was
mixed in a 1:3 ratio (favoring the NPLs solution) with toluene
containing a high concentration of NPLs (optical density of 0.7
at 400 nm). The mixing process resulted in an unclear solution
due to scattering aggregates. Pipette use enabled careful
separation of the optically clear solution needed for the
formation of the wave-guiding layer from the sunken residues
in the bottom of the vial. The substrate used was a 12.7 × 12.7
mm2 glass slide coated with Indium Tin Oxide (ITO). To form
the optical waveguide, the substrate was coated with a 50 nm
thick silver layer that was evaporated on top of the ITO coated
glass (N-BK7). The ITO serves as an adhesive layer for the
silver. The silver was sealed by 2−3 nm of titanium, which
upon exposure to air is oxygenated to form a thin protective
ﬁlm of TiO2. The substrate was positioned on a spinner (SCS,
P6700) which has been set to accelerate from 0 to 500 rpm in
8 s. During this stage, 85 μL of the clear NPLs-SEBS solution
were gradually casted. This casting method has been found to
produce a more uniform ﬁlm with a smaller amount of
solution. This stage was followed by a rapid increase to 3500
rpm and retaining this rotation speed for 2 min to form the
thin dielectric slab. Finally, the sample was placed in a sealed
clean container for about 24 h to fully dry before performing
any kind of measurement. These steps produced a submicron
waveguiding layer as was measured by a proﬁler (Veeco,
Dektak 6M).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00478.
Additional reﬂection and emission measurements
performed on 3-unit-cells thick NPLs; complete lifetime
plot and a table containing biexponential decay ﬁt
parameters, in toluene and from waveguide at diﬀerent
angles (PDF)
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(36) Suárez, I.; Hassanabadi, E.; Maulu, A.; Carlino, N.; Maestri, C.
A.; Latifi, M.; Bettotti, P.; Mora-Seró, I.; Martínez-Pastor, J. P.
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