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Halide perovskite quantum dots (PeQDs) are characterized by a size-dependent emission spectrum and

an intrinsic lack of preferential emission directions. Thus, new means for shaping the typical Lambertian

angular profile of thin layers embedding such PeQDs are highly desirable for several photonics

applications, including solid-state lighting devices. Here, we show that the photoluminescence pattern

of PeQDs can be changed drastically by weakly coupling them to plasmonic lattices at emission

wavelengths. The coupling to extended collective optical modes supported by the lattices converts the

ensemble of incoherent randomly oriented emitters into a spatially coherent source of polarized light with a

wavelength-dependent intensity enhancement of about one order of magnitude. The dispersive character of

the narrow collective optical modes is key to achieving intensity enhancement of the entire perovskite

emission spectrum, especially its tails, together with beaming into definite directions. Further, we optimize

the thickness of the perovskite layer to realize simultaneous shaping of its emission by plasmonic lattices of

different symmetries. This flexibility paves the way to designing advanced photonic architectures based on

PeQDs for solid-state lighting applications requiring programmable emission patterns.

Introduction

Lighting is one of the primary energy-consuming sources in our
daily life. Therefore, it is of utmost importance to keep
developing new materials and technologies to streamline the
energy used for this purpose. Recently, halide perovskites have
emerged as one of the most promising materials for opto-
electronic applications.1 Specifically, their low cost, large light
absorption, high carrier mobility, defect tolerance, efficient free
charge-carrier generation, and high photoluminescence
quantum yield (PLQY) make them excellent candidates for
next-generation solid-state lighting (SSL) devices, like efficient
and miniaturized LEDs.2 SSL benefits from the combination of

quasi-monochromatic light sources and properly selected
quantum emitters. In a typical integration, a thin layer of
phosphor material, dyes, or quantum dots is pumped by a blue
LED or by a laser. In this way, a color spectrum ranging from
white to bright colors can be obtained depending on the mixing
between the transmitted blue light and the emitted one.

Perovskite quantum dots (PeQDs) can provide unit PLQY,
good photostability, low Auger recombination rate (compared
to CdSe, PbSe),3 a well-defined emission peak and a tunable
bandgap and emission wavelength.4 PeQDs can be classified
based on their chemical composition, size and shape.
This variety comes with outstanding optical properties, which
have determined the emergence of PeQDs as versatile photonic
sources. Mie resonances have been used to shape the
emission spectrum of relatively large nanoparticles.5 Amplified
spontaneous emission from nanometer-size crystals forming
densely packed aggregates has been reported.6 Lasing has
been observed for large individual perovskite crystals
with lateral size of hundreds of nanometers,7 nanoplatelets,8

and microdisks.9,10 Moreover, perovskite nanowires, acting as
Fabry–Perot waveguides, have been used to demonstrate large
Rabi splitting and lasing as a consequence of the exciton–
photon coupling.11
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In contrast to fluorescent dyes and phosphors, PeQDs
exhibit narrow and tunable emission, which is well suited for
applications where pure colors are required. In addition to this,
some modern applications, such as display technologies, document
authentication, and advertising, demand uniform colors over a
wide range of viewing angles. For some applications, a Lambertian
emitter of unpolarized light is the best choice. However, these
characteristics are a severe limitation for devices that require a
defined angular emission profile and light polarization. Indeed,
highly directional beams are critical in stereoscopic displays,12

holographic displays,13 optical communication,14,15 and integrated
lasers.16 To serve these applications, secondary optics are typically
needed, which may be bulky, lossy or degrade the total system
efficiency. A possible solution is nanostructuring the emitting
material to form metasurfaces and lattices that present enhanced
absorption and photoluminescence.5,17,18 Although viable, a more
straightforward way of achieving directional emission is to couple
the thin light-emitting layer to a nanostructure possessing an
angular-dependent optical response. For instance, perovskite con-
tinuous films have been used as active material in distributed
feedback and vertical-cavity surface-emitting lasers,19,20 as well as
in combination with photonic crystals.21 On the other hand,
metallic structures may be advantageous thanks to their plasmonic
response. For instance, hybrid systems composed of disordered
plasmonic nanoparticles and PeQDs have been realized to improve
light conversion to electron–hole pairs.22,23

A step forward in the light-management strategy leverages
the emergent properties of plasmonic lattices, i.e., ordered
arrays of coupled metallic particles. When the lattice parameter
of the array is comparable with the wavelength of the incident
light, radiative coupling occurs between the localized surface
plasmons of the individual metallic nanoparticles. This inter-
action is enhanced by in-plane diffracted orders that propagate
grazing the lattice plane.24 The resulting collective modes are
known as Surface Lattice Resonances (SLRs) and are characterized
by large spatial and temporal coherence.25 Moreover, since the
associated enhanced electromagnetic field extends over the lattice
unit cell, SLRs are excellently suited for tailoring light–matter
interaction over large volumes.26–29 By overlapping the optical
modes of the nanostructure with the photoluminescence
spectrum of the quantum emitters, their emission properties no
longer depend solely on the chemistry of the material, but can
also be altered by the properties of the photonic structure.

Herein, we use aluminum plasmonic lattices of different
symmetries to demonstrate enhanced directional and polarized
emission from a thin layer of CsPbBr3 cubic quantum dots
dispersed in a polymer matrix. The ease of deposition and no
need for functionalization make our emitting layer compatible
with solution-based and scalable fabrication processes.
Importantly, directionality is obtained even though the
emitting layer consists of randomly oriented and distributed
nanocrystals. We achieve this thanks to the diffraction
condition of the SLRs, which ensures a strong angular and
spectral dependence of the emission. Notably, the enhanced
emission is robust against surface imperfections of the aluminum
structures composing the lattice, which is advantageous for

applications in which achieving high fabrication precision is
challenging. Our results are the first demonstration of plasmonic
lattices shaping and enhancing the photoluminescence of PeQDs;
as such, they open the door to many other PeQDs and plasmonic
lattices to further control, enhance and exploit the optical proper-
ties of these promising materials.

Experimental section
Synthesis

CsPbBr3 nanocubes synthesis. In a typical hot-injection
synthesis, 0.2 mmol of PbBr2 (73.4 mg) and 5 ml of 1-
octadecene were loaded in a 25 ml three-neck round bottom
flask, the mixture was nitrogen purged at 120 1C for 1 hour,
then 0.5 ml of oleylamine and 0.5 ml of oleic acid were injected
into the reaction flask, the mixture was stirred until all PbBr2

was completely dissolved. Then 0.2 ml of OLA-HBr at 80 1C and
0.5 ml of Cs-oleate at 100 1C were injected successively.
Immediately after the last injection, the reaction was cooled
down in an ice bath. Then, 5 ml of the crude solution was loaded
in a centrifuge tube with 5 ml of acetone, and centrifugated at
7000 rpm for 20 min. After centrifugation, the supernatant
solution was discarded, and the precipitate was dispersed in
toluene. Further information can be found in the ESI.†

PMMA solution. Different concentrations of PMMA (MW
350 000) were dissolved in 10 ml of toluene with a molar PMMA :
toluene ratio of 2.5 mg : 1.0 ml. The solution was heated at 60 1C
and stirred for a couple of hours until all the PMMA was dissolved.

Thin film. 30 mg of the CsPbBr3 suspension were added to
the PMMA solution. The perovskites were deposited by spin
coating at 2000 rpm for 1 min. Afterward, the thin film was
dried at 80 1C in a hotplate for 10 min.

Nanofabrication

Plasmonic lattices made of ordered arrays of aluminum nano-
cylinders were fabricated by electron beam lithography followed
by reactive ion etching (see ESI†). Aluminum is chosen as the
preferred material to enhance light–matter interaction in the
green part of the visible spectrum, i.e., where the PeQDs
emission peaks. The diameter and height of the nanocylinders
equal to 80 nm and 150 nm, respectively. We designed two
Bravais lattices with square and triangular symmetry having
lattice parameters equal to 340 nm and 375 nm, respectively.
Fig. 1 shows SEM images of the plasmonic lattices fabricated on
a common glass substrate. On top of them a thin layer of PMMA
doped with CsPbBr3 quantum dots was deposited. Both layer
thickness and PeQDs concentration were systematically varied to
achieve directional enhancement from the two lattices and the
best extraction light, simultaneously. The optimal layer thick-
ness was found to be around 350 nm. This value is a trade-off
that provides an overall good performance of the two lattices.

Characterization

The crystal structure and the morphology were studied by
transmission electron microscopy (TEM) in a JEM 2010 F
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FasTem analytical electron microscope. Microstructures of
the thin films were studied by scanning electron microscopy
(SEM). Backscattering electron images were obtained using a
JEOL JMS-7800F Schottky Field Emission Scanning Electron
Microscope.

The optical properties were studied by UV-vis diffuse reflectance
spectra (DRS) in a UV-vis spectrophotometer (Shimadzu 2600)
equipped with an integration sphere (ISR 2600) in the interval
of wavelengths ranging from 400 to 700 nm and using BaSO4 as
a reference blank. The emission spectra of the sintered pellets
were measured in a spectrometer (Edinburgh F900, Edinburgh
Instruments, Livingston, UK).

Results

Since the very first report of the synthesis of CsPbBr3

nanocrystals,30 several attempts have been made to improve
the synthesis method. This is the case for the synthesis
reported by Dutta et al.31 in which CsPbBr3 nanocrystals size-
tunable in a wide window were prepared using preformed
alkylammonium bromide salt as a reagent to control the
dimensions without varying the reaction temperature or changing
the ligands. In the present report, PeQDs were fabricated by
following the procedure described by Dutta et al.31 The crystal
structure was characterized by HRTEM by using Fourier analysis.
Fig. 2 shows the HRTEM images and the FFT analysis. The
distance of 0.29 nm could be indexed to the (220) crystal plane

of the orthorhombic CsPbBr3 phase (see insets), which is in good
agreement with the work of Dutta et al.31 where the orthorhombic
phase is reported as the most stable one. A typical cubic
morphology was observed with sizes between 4 and 11 nm with
an average of 7.5 nm and a standard deviation of 1.6 nm (see
Fig. 3 inset). Although the improvement reported with this
synthesis method is the homogeneity of the particle size, we
obtained a heterogeneous distribution. The heterogeneity of the
size of the nanocrystals in the PeQDs can be attributed to two
variables: (1) acid–base balance. The use of oleil amine-HBr
reported in the synthesis technique used may have significant
effects on the acid–base balance, affecting the size distribution
of the nanocrystals.32 (2) The use of acetone as an antisolvent
contributes to the precipitation of smaller nanocrystals which
has an impact in the emission. A comparative study about the
effect of the antisolvent (methanol, 1-butanol, acetonitrile,
acetone, methyl acetate, and ethyl acetate)33 used in the purification
of CsPbBr3 shows that using acetone results in the widest full-width
at half-maximum (FWHM) and the lowest photoluminescence
quantum yield (PLQY), among all the antisolvent used. If a
homogeneous distribution is desirable, the best antisolvent is
methanol. Methanol is not soluble with ODE and, as a result,
only precipitates a small portion of the largest nanocrystals in
the sample, effectively resulting in size-selective precipitation.

We texturally characterized the thin layers using AFM and
SEM. Fig. S1 and S2 (ESI†) show the images of the layer

Fig. 1 SEM images of the (a) square and (b) triangular plasmonic lattices
fabricated on a glass substrate.

Fig. 2 TEM image and HRTEM with corresponding FFT pattern of PeQDs.

Fig. 3 Absorption and corresponding PL spectra of the CsPbBr3 thin film
and particle size (inset) measured by TEM.
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deposited at 2000 rpm. Although the PMMA–CsPbBr3 solution
was stirred for several hours, it is evident that the layer is not
completely homogeneous and is composed of cumulus of
different sizes, being the biggest of around 1 mm. Besides, the
thickness of the layer is an important feature that must be
studied deeper. We found that at thickness higher than 400 nm
the optical properties of our system (plasmonic lattice and
PeQDs) were obscured by strong Fabry–Perot modes within
the PeQDs layer. Therefore, in the experiments shown in
the following, we kept the layer thickness below this value. The
thickness was controlled by the PMMA concentration and the
spin coater speed; we found that with a molar PMMA : toluene
ratio of 2.5 mg : 1.0 ml, the thickness was lower than 500 nm.
Fig. S2 (ESI†) shows a 3D image of one of the biggest cumulus.
Although the cumulus’ area was around 1 mm2, the height was
only 36 nm, which is convenient because the contribution to the
total thickness of the layer is minimal.

The optical properties of the layer were studied by UV-Vis
and photoluminescence spectroscopy. The PL emission peak is
centered at 520 nm and has a full-width at half-maximum
(FWHM) of 30 nm. The Gaussian shape and the FWHM of
the emission peak are related to the heterogeneous CsPbBr3

particle sizes and the cumulus formed in the thin layer leading
to inhomogeneous broadening (see inset of Fig. 3). The emission
wavelength can be determined by the size of the PeQDs and is
tuned in a wide range of the visible spectrum when the particle
size is homogeneous and below the Bohr exciton diameter,31

which has been reported to be 7.0 nm for CsPbBr3.34,35 It is
accepted that particles with size below this value present strong
quantum confinement. Therefore, we associate the absorption
peak around 480 nm with the strong quantum confinement of
the particles with size below the Bohr diameter, which cause a
Stokes shift of around 40 nm. Finally, most PeQDs typically have
a large overlap between their absorption and photoluminescence
spectra, leading to reabsorption losses.36 The considerable
Stokes shift of around 40 nm helps limiting reabsorption and
improves the internal quantum efficiency. The PLQY in the
PeQDs solution was 60% which is similar to the PQLY found
by Zhang et al. when acetone is used as antisolvent.33 On the
other hand, the thin layer drops to 25%. The decay can be
associated with the heterogenous distribution of the PeQDs into
the thin film.

Aluminum is particularly well-suited to design systems with
optical resonances in the green region of the spectrum, besides
representing a low-cost alternative to the commonly used noble
metals. The optical response of the individual nanocylinder has
been simulated with the finite element method using COMSOL
Multiphysics. In Fig. S6 and S7 of the ESI† we show the
scattering and absorption cross-section spectrum, which
exhibit a well-defined peak with a quadrupolar-like charge
distribution, and a corresponding scattered electric field.
We also plot the total electric field intensity at the resonance
wavelength along two relevant symmetry planes. Once the
nanocylinders are arranged in a lattice, diffractive orders are

Fig. 4 Top (bottom) row relates to the square (triangular) plasmonic lattice and a wavelength of 520 nm. Reflectance [(a) and (d)] and PL enhancement
[(b and e)] as a function of the azimuthal and elevation angles. (c and f) First order Rayleigh Anomalies calculated with effective refractive indices of 1.4 or 1. In all
figures the circle indicates the maximum elevation angle measured.
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excited coupling the individual resonant nanocylinders (see
Fig. S8–S12 of the ESI†). The chosen lattice parameters ensure
excitation of the SLRs in the green region of the visible
spectrum, thus allowing the coupling to the PeQDs emission.
This effect is illustrated in Fig. 4, where measurements of the
unpolarized reflectance and PL enhancement (PLE) from the
same diffraction-limited spot are compared utilizing Fourier
microscopy (see ESI† for details on the experimental optical set-
up). The PLE is obtained by normalizing the PL measurements
with respect to the Lambertian emission from the same layer
without the plasmonic lattice (see Fig. S3 in the ESI†). Even
though we observed the presence of cumulus in the PeQDs
layer, we emphasize that the overall homogeneity achieved in
the layer was in general sufficient to conduct our PL and
reflectance experiments in a reproducible and illumination-
point independent manner.

The upper and lower rows refer to the square and triangular
lattice, respectively. These measurements are performed by
imaging on an sCMOS camera the back focal plane of the
microscope objective used to illuminate and collect the
reflected or emitted light from the sample. This means that
reflectance and PLE are collected as a function of the elevation
and azimuthal angles, (y, j), measured with respect to the
normal of the sample surface. For reflectance, shown in
Fig. 4(a and d), the sample is illuminated by a halogen lamp,
while for PLE, displayed in Fig. 4(b and e), a 473 nm laser is used.
For all cases, a bandpass filter centered at 520 nm with a FWHM
of 10 nm selects the wavelength range around the maximum of
the PeQDs emission spectrum (see Optical measurements in the
ESI†).

For both lattices, well-defined regions of reduced reflection
are observed, whose patterns reveal the symmetry of the
corresponding unit cell. Such features are consistent with the
zones of enhanced PL, which increases by a factor as high as 8.
The narrow PLE angular width is comparable for the two
lattices and makes the PeQDs a highly directional light source.
This small PL divergence and its associated enhancement are
explained in terms of the excitation of SLRs, hybrid plasmonic–
photonic modes arising from the diffractive coupling between
the localized resonances of the individual nanocylinders. For
this reason, SLRs dispersion closely follows the Rayleigh
anomalies (RAs), i.e., in-plane diffracted orders grazing to the
lattices. The black dashed curves plotted in Fig. 4(c and f)
denote the RAs for the two types of lattices. These are calculated
by enforcing the conservation of the parallel component of the
wavevector:

-

kout,8 =
-

kin,8 +
-

G(m1, m2), (1)

where
-

kout,8 and
-

kin,8 depend on (y, j), and ~G m1;m2ð Þ ¼ 2p
a

(m1, m2) is the reciprocal lattice vector of the array where m1 and
m2 the order of diffraction in the lattice plane, and a the lattice
parameter. For a specific wavelength, the incident and
diffracted wavevectors read:

~kin;k ¼
2p
l
sinðyÞ cosðjÞ; sinðjÞð Þ; (2)

and

~kout;k ¼
2p
l
neff cosðjÞ; sinðjÞð Þ: (3)

By substituting the above expressions in eqn (1), taking the
norm of the right- and left-hand side and rearranging the
terms, the RAs in the (y, j)-plane are obtained. The effective
refractive index of the system along the in-plane diffracted
beams, neff, is used to describe the wave propagation within
the emitting layer and at the air–PMMA interface. It takes
values of either 1.4 or 1.1, found by adjusting the diffraction
pattern to the optical measurements, with only a small dependence
on the type of lattice. The stronger features observed in the
reflectance correspond to the former case, meaning that the
SLRs responsible for the stronger PLE are those whose field
overlaps with the emitters. Interestingly, a moderate variation
of the PLE value can be appreciated along the enhancement
regions. Maximum PLE is found at the crossing points of RAs
due to the interference between SLRs propagating in different
directions within the PeQDs layer.

The spectral overlap between SLRs and the PeQDs emission
occurs in narrow angular ranges. Nevertheless, since the mode
dispersion extends over a broad wavelength range, we expect
different wavelengths to be beamed into different and well-
defined directions. To study the enhanced directional emission
for an extended wavelength range, we first need to characterize
the SLR dispersion relation. The latter can be extracted from
the reflectance measurement as a function of the incident
angle, y, and wavelength. To do this, we image the reflected
light from the sample onto the slit of a spectrograph coupled to
an sCMOS camera and we project the measurement in p- or s-
polarization.

Fig. 5(a) displays the s-polarized reflectance as a function
of the incident wavelength and angle for the square lattice. The
two main sharp dispersive features correspond to the excitation
of SLRs associated with (�1, 0) diffracted orders propagating
within the PeQDs layer. These are described by an effective
refractive index of 1.4 (white curves). The SLRs excited between
500 nm and 550 nm at larger angles are associated with the
(�1, 0) diffracted orders propagating close to the air–PMMA
interface and thus are described by a refractive index of
1.05 (black curves). Although the dispersion of both pairs of
SLRs overlaps with the whole PeQDs emission spectrum and
in the reflectance measurements no substantial intensity
difference is observed between them, only the former pair
contributes strongly to the PLE (see Fig. 4). This is because
the associated electric field is better confined to the emitting
layer, as the associated neff indicates. In the ESI† we present the
finite element method simulation of the reflectance, extinction
and near electric field intensity for the square and triangular
lattices. We obtain that the main SLR band is dipolar for
both the square and triangular lattice. We also calculated the
reflectance for different PeQDs layer thicknesses.

By applying the same optical technique to the PL instead of
the reflection, the polarized PLE as a function of the emitted
angle and wavelength can be imaged. This is shown in Fig. 5(b)
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for the s-polarization. A clear correspondence between the SLRs
dispersion and the enhanced emission bands is found. The
slight intensity asymmetry between these two bands is
attributed to a minor optical misalignment. The PLE value for
520 nm agrees well with what is observed in Fig. 4. We highlight
that the entire PL spectrum is enhanced and, in particular, the
long-wavelength tail associated with larger PeQDs exhibits the
highest PLE value (see Fig. S4 in the ESI†). Therefore, coupling
a layer of randomly distributed PeQDs to the dispersive lattice
modes allows taking advantage of the whole size distribution of
the sample. The wavelength-dependence of the PLE value is due
to the strength of the SLR at each emission wavelength. From
Fig. 5(a) we see that the SLR is better excited at wavelengths
longer than the peak one, which provides high emission
intensity from the otherwise weak tails. Importantly, the PL
modified by the coupling to the plasmonic lattices becomes
polarized, even though the nanocrystals are randomly oriented
within the layer. This characteristic is entirely determined by
the polarization properties of the optical modes to which the
emitters are coupled. Specifically, the near electric field of each
SLR mode presents an involved polarization state. The QDs
decay in presence of these SLRs. When the QDs emission is
coupled to an SLR, it inherits the polarization state of the SLR
mode to which it is coupled. Therefore the emission gets
polarized.

Finally, we notice that the collective modes observed in
reflectance do not participate significantly at the pump
wavelength. Therefore, from Fig. 4 and 5, we deduce that the
measured PLE mainly results from the emission enhancement,
while pump enhancement plays a marginal role. The emission
enhancement originates from the spectral overlap between the
SLRs sustained by the plasmonic lattice and the PeQDs
emission band. The angularly narrow PL features are explained
by the SLR’s enhanced spatial coherence that provides an
efficient additional path for the out-coupling of the emitted

light to free-space radiation. The remarkable observed PLE and
directionality belong to the phenomenology of the weak coupling
between the PeQDs emission and the lattice optical modes.
Similar considerations can be made for the triangular lattice,
although for this case a small contribution from pump enhance-
ment can be expected (see Fig. S5 in the ESI†). This latter derives
from the near-electric field intensity enhancement at the position
of the PeQDs, which consequently increases their excitation
efficiency. By leveraging it, the PLE from the PeQDs layer can be
further increased. This can be accomplished by engineering the
dispersion of the optical modes at the pump wavelength for
instance by choosing a different polymer.28 Also, using a high
numerical aperture microscope objective to illuminate the
sample facilitates the resonant coupling of the pump light in
the emitting layer.

As a final remark, we briefly comment on the differences of
using the triangular lattice with respect to the square one.
Although the coupling mechanism is common to the two
lattices and the enhancement and angular linewidth of the
modified emission are comparable between the two lattices
(see Fig. 4), the exact shaping of the emission spectrum and
polarization depends on the details of the near-field of each
SLR mode, which in turn may be sensitive to the symmetry of
the near electric field.

Conclusions

We have shown a strong modification of the emission
properties of PeQDs by coupling them to plasmonic lattices.
Our implementation leverages the enhanced spatial and
temporal coherence typical of the collective optical modes
supported by the lattices, which results in efficient beam
shaping. Specifically, we generate low divergent emitted beams
of polarized light, which are angularly and spectrally tunable

Fig. 5 Reflectance (a) and PLE (b) as a function of wavelength and angle of incidence and emission, respectively, for the square plasmonic lattice. The
dashed curves correspond to Rayleigh anomalies. White and black curves correspond to a refractive index of 1.4 and 1.05, respectively.
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through the geometrical parameters of the lattice, such as its
symmetry and lattice parameter. We stress that the beaming
effect is not significantly affected by defects of the single
nanoparticles because it mainly depends on the long-range order
of the lattice. Importantly, we demonstrated simultaneous
coupling of the fabricated quantum dot layer to lattices with
different symmetries. Since our approach can be adapted to any
PeQDs, we envisage that our strategy will have a broad impact in
the research field of perovskites for solid-state lighting. Our
strategy is helpful to construct complex photonic architectures
and hierarchically combined nanostructures that might
influence the development of next-generation photonic devices.
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