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Advancing the Coupling of III–V Quantum Dots to Photonic
Structures to Shape Their Emission Diagram

Erwan Bossavit, Oleksandra Yeromina, Dario Mastrippolito, Mariarosa Cavallo,
Huichen Zhang, Tommaso Gemo, Albin Colle, Adrien Khalili, Andrei Shcherbakov,
Lam Do Nguyen, Claire Abadie, Erwan Dandeu, Mathieu G. Silly, Bruno Gallas,
Debora Pierucci, Aloyse Degiron, Peter Reiss, and Emmanuel Lhuillier*

The development of optoelectronic devices based on III–V semiconductor
colloidal quantum dots (CQDs) is highly sought after due to their reduced
toxicity. While devices based on conventional CQDs (II–VI semiconductors,
halide perovskites) have achieved impressive technological leaps since their
discovery, the most mature of these compounds contain toxic heavy metal
elements (Cd, Hg, or Pb), which are highly undesirable for safe industrial
scale applications. The strong covalent bonds of III–V compounds like InP,
InAs, or InSb prevent the release of their toxic atoms, making them safer.
However, these same bonds create severe material constraints. Namely, their
harsher reaction conditions and increased sensitivity to oxidation have kept
most of the research focused on material development. Meanwhile, their
integration into devices and their coupling to photonic structures lag behind.
Here, the integration of InAs/ZnSe core-shell CQDs is advanced. First, the
material parameters necessary to design plasmonic gratings coupled to the
CQDs are elucidated and those gratings are fabricated. Angle-resolved
spectroscopy shows that the plasmon modes successfully couple to the CQD
layer’s emission leading to a tunable directivity with a 15° linewidth. A 3-fold
increase of the PL signal is achieved at normal incidence, thus advancing
toward the goal of efficient outcoupling in LEDs.
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1. Introduction

The success of colloidal quantum dots
(CQDs) is strongly connected to their abil-
ity to be obtained through the large-scale
synthesis of nanomaterials presenting an
atom-like spectrum. Among the main ad-
vances in the development of colloidal
syntheses, one can cite the achievement
of a roughness-free synthesis[1] (i.e., with-
out size dispersion) where the width of
the photoluminescence (PL) spectrum is
only limited by the homogeneous broad-
ening, as well as the successful growth
of complex colloidal heterostructures.[2–4]

Despite this progress, to date, colloidal
syntheses work best for compounds with
strong ionic bonds like II-VI semicon-
ductors and halide perovskites. The re-
duced formation energy of ionic bonds
compared to covalent bonds makes them
easier to be formed under mild condi-
tions, i.e., temperatures compatible with
solution synthesis. However, most of the
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strongly ionic compounds of interest for CQDs include at least
one heavy metal element (Cd, Pb, or Hg), whose presence is of-
ten seen as a bottleneck for the transfer of those CQDs toward
industrial applications.

To address this question, a large effort has been devoted to
the growth of III–V compounds made of InP,[5,6] InAs,[7,8] or
InSb.[9–11] Their strong covalent bonds make them less likely to
release toxic atoms, making them less dangerous from a safer-by-
design perspective. This same aspect however also makes them
less suitable for colloidal synthetic routes. Therefore, novel syn-
thetic schemes have been proposed recently, either through the
use of more reactive, and even possibly pyrophoric precursors,
the use of strong reducing agents,[12] the development of new
synthetic procedures,[12–14] or the use of molten salts[15] to raise
the reaction temperature (up to 350 °C). Beyond these challenges,
the III–V CQDs also show an increased tendency for oxidation,
pushing the need for the development of core-shell heterostruc-
tures. However, on top of the usual considerations of good band
alignment and reduced lattice mismatch, the constraint of be-
ing heavy metal-free further limits the choice of materials for
the shell, reducing the selection to Zn-based materials. Together,
these synthetic challenges have kept the research relative to III–
V CQDs (except for InP) mostly focused on material considera-
tions (i.e., new synthetic schemes,[16] doping,[17–19] pushing the
spectral range by growing a broader range of sizes,[20] or achiev-
ing core-shell[21–23] materials), while device[23–28] integration and
photonic coupling lag clearly behind.

This situation contrasts with the case of other narrow bandgap
CQDs such as PbS[29] and HgTe,[30] whose high maturity now
ensures their use as infrared photoactive solution-processable
inks. Hence, the focus for research is no longer driven by ma-
terial considerations but rather by advanced applications. Re-
cent results[23,31–33] have nevertheless pushed the growth of III–
V CQDs toward narrower bandgaps, while shell growth[7,34] has
greatly enhanced the stability of the material, making the explo-
ration of their optoelectronic performances worthwhile. When it
comes to infrared devices based on III–V CQDs, most of the re-
ported works are dedicated to vertical photodiode stacks either
for light emission[33] or photodetection.[23–25,27,28] The spotlight
is currently given to the electrical aspects, but such devices also
suffer from incomplete light-matter coupling. The absorption in
these stacks remains far from unity, while the emission from
light-emitting diodes is poorly coupled to the far field, requiring
more directive emission.

Here, we explore the integration of InAs/ZnSe core-shell
CQDs into a photonic structure as a strategy to achieve a directive
emission. We use the optical properties of the material as an in-
put to design a metallic grating supporting surface-plasmon po-
laritons (SPPs) while covered by a film of CQDs. We then demon-
strate that the emission from the CQDs couples to the SPP, which
allows the directivity of the emission to be tuned.

2. Results and Discussion

We start by growing and characterizing InAs/ZnSe core-
shell[35] CQDs on the basis of previously optimized reported
procedures.[14,32] The projection of the tetrahedral CQDs using
transmission electron microscopy leads to triangular shapes with

an edge length of 10.2 ± 1.8 nm, see Figure 1a. This size is
chosen[36] to obtain an optical feature in the near-infrared with
a maximum of absorption at ≈900 nm (Figure 1b), and a well-
defined PL peak centered at 1020 nm. The presence of a shell en-
sures that the PL is stable (Figure S1, Supporting Information)
enough to allow for later characterization in air, which is not the
case for films of core-only InAs. To obtain a film, the material is
spin-coated so that no ordering of the CQDs is expected.

X-ray photoemission spectroscopy is used to confirm the pres-
ence of the shell and quantify the oxidation of the material, see
Figure 1c, and Figures S2 and S3 (Supporting Information). The
survey spectrum confirms the presence of In, As, Zn, and Se. In
addition, we notice the presence of S, which results from the lig-
and exchange performed on the film (solid-state ligand exchange
carried out by dipping the film in a solution of Na2S in ethanol)
to increase its conductivity and therefore prevent sample charg-
ing. The ligand exchange is not conducted for the films dedi-
cated to PL characterization in order to maintain a higher PL
efficiency and ensure a better signal. Carbon is associated with
a leftover of the long-chained native ligands (oleylamine) used
during the growth. The presence of oxygen is also detected, with
nevertheless a limited amplitude. More information relative to
possible oxidation can be obtained by analyzing the core levels,
see Figures S2 and S3 (Supporting Information). The core lev-
els relative to the shell material, Zn 3d and Se 3d display single
contributions with binding energies at 10.3 and 54.5 eV respec-
tively, see Figure S2 (Supporting Information). Concerning the
core levels relative to the core material, the In 3d signal mostly
displays a single contribution with a main peak at 445 eV. This
value is close to what has been reported for In bounded to Sb
in InSb CQD when probed with soft X-rays.[37] A second, much
weaker contribution at 445.8 eV can be attributed to indium ox-
ide. The only core level that displays evidence for oxidation is As
3d. The comparison with the core-only material (Figure S3, Sup-
porting Information) shows that the relative weight of the oxide
is strongly reduced once the material is shelled. Summarizing,
these analyses confirm that InAs/ZnSe CQDs display optical fea-
tures in the infrared, while also being stable enough to envision
further coupling to a photonic structure.

To complete the preliminary studies, we prepared a thin film
of pristine InAs/ZnSe CQDs and measured its complex optical
index through spectrally resolved ellipsometry. The refractive in-
dex (n) is found to be weakly spectrally dependent with a typical
value of ≈1.9, i.e., much weaker than √ɛr, with ɛr = 15 the di-
electric constant of bulk InAs.[38] This discrepancy reflects the
presence of empty spaces and/or organic molecules in the CQD
film, which is expected as no ligand exchange was carried out
here. The extinction coefficient (k) spectrum follows closely the
absorption spectrum, while the value of k at the band edge is de-
termined to be 0.06.

In a second step, we prepared a series of plasmonic grat-
ings to give directivity to the emission of the CQDs. This ap-
proach has been proven as a viable strategy to shape and tune
the luminescence of a broad variety of CQDs including 2D
nanoplatelets,[39–41] perovskites,[42] PbS,[43] or HgTe.[44,45] Here,
we specifically designed the grating on the top of a gold mirror,
see Figures 2a and S4 (Supporting Information). This approach
has the combined benefit of enhanced absorption at the pump
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Figure 1. InAs/ZnSe CQD for near-infrared photonics. a) TEM image of the InAs/ZnSe core-shell CQDs. b) Absorption and PL spectra of the CQDs in
toluene. c) Photoemission survey spectrum from InAs/ZnSe core-shell CQDs acquired using a photon energy of 700 eV (the core levels analysis is given
in Figures S1–S2, Supporting Information). d. Spectrally defined refractive index and extinction coefficient for a thin film of InAs/ZnSe core-shell CQDs
with native oleylamine ligands.

Figure 2. CQD array coupled to plasmonic gratings. a) Optical microscopy image of the grating fabricated on a gold-coated substrate. b) Scanning
electron microscopy image of one grating. c) Schematic of a CQD film deposited on the plasmonic gratings with various periods. d) Dispersion map
(energy as a function of wavevector) for the CQDs on gold (i.e., away from the grating). e–h) Dispersion map for the CQDs on gratings with increasing
periods. The white dashed lines are used as guidelines for the uncoupled PL while red lines guide the contribution from the plasmon.

Adv. Optical Mater. 2024, 2401601 2401601 (3 of 8) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Directivity of the emission. a) PL spectra along three directions for the InAs/ZnSe core-shell CQD film deposited on gold. b) PL spectra along
three directions for the InAs/ZnSe core-shell CQD film deposited on an 800 nm period grating. c) Effective index extracted from the dispersion map as
a function of the grating period. d) (resp. e.; resp. f.) Radiative diagram at 1050 nm showing the PL intensity as a function of the sine of the emission
angle for the unpolarized (resp. TM, resp. TE) PL from InAs/ZnSe CQDs film deposited on the 800 nm period grating. The white circle has a radius of
0.65, corresponding to the NA of the collection objective of our apparatus.

wavelength and a magnified electromagnetic field at the emis-
sion wavelength. The resonance wavelength (𝜆r) is given by neff.
p with neff the effective index and p the period of the grating. To
obtain a resonance at 1020 nm with a refractive index of 1.9, the
expected value of the period should be ≈550 nm. However, the
electromagnetic field generated by the plasmon modes is not al-
ways located solely within the CQDs layer. The refractive index of
the material is thus averaged with the index of the environment,
only giving an upper bound for the effective index value. This
is why we build a series of gratings with periods ranging from
600 to 1000 nm by steps of 100 nm to be sure to match the grat-
ing resonance to the PL maximum of the CQDs, see Figures 2b
and S5 (Supporting Information). Due to their small period, we
use e-beam lithography for the grating fabrication, see Figure 2c.
The functionalized substrate is then coated with the InAs/ZnSe
core-shell CQDs without further processing. Thin films are tar-
geted (70–80 nm range), since they ensure a stronger coupling
to the plasmon as opposed to the case of thick films where the
upper part of the film is less coupled, leading to the superposi-
tion of the signal from the uncoupled PL and that related to the
plasmon coupling.

The film is then illuminated using a red laser (He-Ne line at
633 nm) and imaged using an optical microscope. The infrared
PL is isolated from the visible wavelengths with dichroic mirrors

and long-pass filters, then collected through a grating spectrom-
eter and onto an InGaAs camera. We use an objective with a 0.65
numerical aperture, which matches the angular range of emis-
sion outcoupled from inside an LED made on glass. The critical
angle for total internal reflection is given by 𝜃c = asin(1/1.5)≈40°,
where factor 1.5 accounts for the refractive index of glass. The
imaging of the back focal plane enables a direct measurement of
the dispersion map (i.e., energy as a function of incident wavevec-
tor), see Figure 2d–h. The PL of the pristine core/shell material
displays a non-dispersive E-k diagram, as illustrated in Figure 2d.
This situation drastically contrasts with the PL signal emitted by
the material on top of a grating. There, the PL appears as two
dispersive branches crossing each other. These two branches cor-
respond to the dispersion of the orders +1 and −1 of the surface
plasmon. The energy at which they cross strongly depends on
the grating period, following the equation neff = 𝜆crossing/p where
𝜆crossing is the wavelength at which they cross and neff the effective
index of the plasmon. The values of neff are given in Figure 3c. As
anticipated from simulations, the values are reduced compared
to the refractive index of the nanocrystal film, see Figure 1d. The
overall trend is a drop in the effective index with the grating pe-
riod which reflects the fact that the mode is less and less confined
at the metal/CQD interface and leaks more and more in the air.
Since SPP modes occur in transverse magnetic (TM) polarization

Adv. Optical Mater. 2024, 2401601 2401601 (4 of 8) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Impact of further integration of the grating. a) (resp. d.) Schematic of the InAs/ZnSe core-shell CQD film deposited on a gold grating fabricated
on a gold mirror (resp. with an extra 285 nm of PMMA atop the CQD film). b) (resp. e) Dispersion map for the CQD film on an 800 nm grating period
without (resp with) PMMA encapsulation for the unpolarized signal. c) (resp. f.) Radiative diagram for the CQD on an 800 nm grating period without
(resp. with) PMMA encapsulation. Polarized signals (TM and TE) are given in Figure S6 (Supporting Information).

only, the PL signal in transverse electric (TE) remains unpolar-
ized, see Figure S5 (Supporting Information) for the measure-
ment and Figure S6 (Supporting Information) for the simulation.

Here, we use the dispersion of the plasmon as a strategy to
induce directivity for the emission. In agreement with the dis-
persion map, the PL of the uncoupled material shows no angu-
lar dependence, see Figure 3a. For the material on the grating, a
preferential direction appears, which depends on the relative po-
sition between the crossing point of the two plasmon branches
and the maximum of the uncoupled PL energy. When both are
matched as is the case for the 800 nm period, the emission oc-
curs preferentially normal to the substrate, which corresponds to
the targeted emission for LEDs, Figure 3b. For this period, an in-
crease by a factor of 3 is observed at normal incidence compared
to the off-normal signal. For other periods, the PL matches the
plasmon branches at k ≠ 0, resulting in a favored emission at an
oblique angle.

The directive character of the emission is also well illustrated
by imaging the back focal plane of the emission that gives ac-
cess to the radiation pattern, see Figure 3d–f. The TE polarization
shows an isotropic emission, while the TM polarization clearly
shows emission along a preferential direction. The full width at
half maximum of the pattern is determined to be ≈15°.

In the last part of the study, we test the robustness of this ap-
proach for later integration into an LED. For this purpose, it is
critical for the generated mode not to be too strongly affected
by the modification of the CQDs electromagnetic environment.
Here, we use a model system that is a polymethyl methacrylate
(PMMA) layer, acting as both an encapsulant to prevent possible

oxidation of the material and as a model for an LED stack. We
additionally design the thickness of the PMMA layer (280–300
nm) to generate an additional guided mode, as discussed in the
following.

Figure 4 compares the PL of the film deposited on a grat-
ing with (bottom part – Figure 4d–f) and without (top part-
Figure 4a–c) a PMMA layer. The dispersion maps display two
main changes. First, the crossing energy for the two branches of
the plasmon is shifted by the addition of PMMA, thus affecting
the preferential direction of the emission. This can be attributed
to an increase in the effective index of the plasmon, coming from
the increased index of PMMA compared to air. However, the plas-
mon is still active and the shift can be balanced by reducing the
period. Second, we see a second pair of dispersive bands appear-
ing. A polarization study (Figure S7, Supporting Information)
confirms that the plasmon mode is still present along the TM
polarization, while the new feature made of narrower lines actu-
ally occurs in TE polarization (Figure 4e). The simulation of the
mode shows that the spatial distribution of the latter is mostly
located in PMMA, though leaking enough into the CQD layer to
enable PL coupling. The sharpness of the line in the dispersion
diagram is directly connected to the absorption of the mode. This
new mode, being located in PMMA which is mostly transparent
in the near IR, presents sharper lines than the plasmon mode
which is located at the metal/CQD interface, where both materi-
als absorb. An additional benefit of the PMMA coating is evident
by looking at the radiative pattern. For the grating-only structure,
only the TM polarization is directive, whereas the TE mode re-
mains isotropic. With the PMMA overcoating, the emergence of

Adv. Optical Mater. 2024, 2401601 2401601 (5 of 8) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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the dispersive guided mode gives this polarization additional di-
rectivity, see Figure S8 (Supporting Information).

The benefit of this approach can be quantified by looking at
the ratio of intensity of the overall PL to the uncoupled PL, for
different angles and at the maximum energy of the uncoupled PL.
Without PMMA, the plasmon coupling leads to an increase by a
factor of 4 compared to the uncoupled PL. This benefit is reduced
in the presence of PMMA, reaching a factor of 3; however, this
increase is present in both TM and TE polarizations, leading to a
better overall outcoupling.

3. Conclusion

To summarize, we propose a strategy to couple III–V near-
infrared emitting CQDs to a plasmonic grating to achieve direc-
tive emission, an important step toward better outcoupled light-
emitting diodes. Our study focuses on the case of core-shell het-
erostructures that are found to provide stable PL emission with
a strongly reduced tendency for oxidation with respect to core-
only structures. Dispersion mapping demonstrates that the PL
switches from a non-dispersive mode for the pristine material to
a plasmon-dominated mode for the same material placed on the
metallic grating. Fine control of the emission direction can be ob-
tained by varying the period of the grating. Our method enables
a concentration of the emission within a sub-critical angle cone
by a factor of at least 3. The encapsulation of the film within a
model stack brings the extra benefit of making the TE polariza-
tion directive which further increases the total light outcoupling
of the PL.

4. Experimental Section
Chemicals: Indium(I) chloride (In(I)Cl, 99.995%) was purchased from

Fisher. Tri-n-butylphosphine (TBP, 99%, anhydrous), selenium powder
(Se, 99.54%, 100 mesh), zinc chloride (ZnCl2, ≥98%), oleylamine (OLA,
≥98% primary amine), chloroform (anhydrous), methyl acetate (anhy-
drous), acetone (anhydrous), sodium sulfide nonahydrate (Na2S.9H2O,
≥99.99% trace metals basis) and tetrachloroethylene (>99%, anhydrous)
were purchased from Merck. Ethanol absolute (EtOH, >99.8%) and iso-
propanol (IPA) were purchased from VWR. Tri-n-octylphosphine (TOP,
97%) was purchased from STREM. All chemicals were used without fur-
ther purification.

Preparation of the Arsenic Precursor: In an Ar-filled glovebox, 75 μL of
tris(dimethylamino)arsine (DMAAs) in 1 mL of degassed OLA was heated
at 50 °C for 10 min.

Preparation of 1 m TOP-Se Precursor: In an Ar filled glovebox, 7.5 mmol
of Se powder was mixed with 7.5 mL of TOP and heated to 50 °C for an
hour under constant stirring until full dissolution of selenium.

Preparation of 0.8 m ZnCl2-OLA Precursor: In an Ar filled glovebox, a
mixture of 2 mmol ZnCl2 and 2.5 mL of OLA was heated at 50 °C overnight.

InAs Core Synthesis: InAs CQDs synthesis was performed following
a slightly modified published procedure:[14] InCl (1.25 mmol, 3.1 eq),
0.75mL TBP, and 18 mL of OLA were loaded into a 50 mL three-neck round-
bottom flask equipped with a magnetic stirring bar and reflux condenser.
The mixture was then degassed under vacuum at 50 °C for an hour and
heated to 210 °C under argon. Once the reaction mixture reached 210 °C, 1
mL of arsenic precursor was rapidly injected into the reaction mixture un-
der vigorous stirring. After one hour, the reaction was stopped by cooling
down the flask to room temperature. 0.5 mL of the crude sample was then
centrifuged (10 000 rpm, 1 min). The supernatant solution was collected
to give a crude colloidal solution of InAs QDs.

ZnSe Shell Synthesis: The ZnSe shell was synthesized following a pub-
lished procedure.[31] 3 mL of InAs crude solution was transferred in the
three-neck round-bottom flask equipped with a magnetic stirring bar and
reflux condenser under argon. The solution was then heated to 80 °C, sub-
sequently, 7.5 mL of TOP-Se and 2.5 mL of ZnCl2-OLA were injected. The
reaction mixture was then heated to 310 °C. The reaction was stopped after
5 h by cooling down the reaction mixture to room temperature.

Purification of InAs/ZnSe CQDs: 0.5 mL of crude colloidal solution was
mixed with 0.5 mL of anhydrous chloroform, 3 mL of anhydrous methyl
acetate, and 3 mL of anhydrous acetone. The resulting suspension was
centrifuged (8000 rpm, 2 min). The precipitate was dispersed in 0.5 mL of
anhydrous TCE for further characterization.

Transmission Electron Microscopy: A drop of a diluted CQDs solution
was drop-casted on a copper grid covered with an amorphous carbon film.
The grid was degassed overnight under a secondary vacuum. Imaging was
conducted using a JEOL 2010 transmission electron microscope operated
at 200 kV.

X-Ray Photoemission Measurements (XPS): For photoemission spec-
troscopy, the Tempo beamline of synchrotron Soleil was used. Samples
were handled in the glove box. A ligand exchange solution was pre-
pared by dissolving Na2S.9H2O in ethanol (10 mg mL−1). The solution of
InAs/ZnSe CQDs was diluted nine times in toluene, then drop-cast onto
a gold-coated SiO2/Si substrate. In total, two layers were drop-cast. For
each layer, the sample was dipped in the ligand exchange solution for 30 s
and then rinsed in ethanol for 10 s. The sample was kept under a nitrogen
atmosphere before its introduction in the ultra-high vacuum photoemis-
sion setup. Samples were introduced in the preparation chamber and de-
gassed until a vacuum below 10−9 mbar was reached. Then samples were
introduced into the analysis chamber. The signal was acquired by a MBS
A-1 photoelectron analyzer. The acquisitions were done at constant pass
energy (50 eV) within the detector. Photon energy of 150 eV was used for
the acquisition of the valence band while 700 eV photon energy was used
for the analysis of the core levels. The zero binding energy (BE) reference
(i.e., the Fermi level) was taken at the leading edge of a clean Au film. The
acquired data were processed by subtracting a Shirley/linear background
and using Voigt curves for peak fitting.

Spectroscopic Ellipsometry: Ellipsometry measures the changes in the
polarization state between the incident and the reflected light character-
ized by the angles 𝜓 and Δ.

𝜌 =
rp

rs
=
||||
rp

rs

|||| e
i
(
𝛿p−𝛿s

)
= tan𝜓 eiΔ (1)

where rp and rs are the reflection coefficients of p and s polarized light
respectively and where 𝛿p.and 𝛿s are the phase shifts at reflection in p and
s polarizations, respectively. The measurements were performed on a V-
VASE ellipsometer (J.A. Woollam) in the 500–1500 nm range in steps of 5
nm and at 3 angles of incidence of 50, 60, and 70°. The optical constants
of the films were described as a superposition of Tauc-Lorentz and Gauss
oscillators and inserted in an effective medium approximation to account
for the air and ligands in the films.

Simulations: The optical properties of the structure were simulated
using the finite element method (FEM) software COMSOL Multiphysics,
2D Frequency Domain Interface. A Floquet periodicity was set as the bound-
ary conditions for the edges on the left and right of the model. An exciting
periodic port was placed above the structure, separated by 20 μm of air
to avoid nonphysical interferences. The top-most region was defined as a
perfectly matched layer to absorb outgoing waves and minimize possible
nonphysical reflections due to the limited model size.

The total thickness of air was chosen to be 30 μm to avoid nonphysi-
cal interferences. The thickness of the gold stripes was set to 50 nm. The
thickness of the alumina layer was set to 40 nm. To account for uncertainty
acquired during fabrication, the thicknesses of the InAs/ZnSe and PMMA
layers as well as the width of the stripes were left as adjustable param-
eters within a reasonable range (70-90 nm for InAs/ZnSe, 200–250 nm
for PMMA, and 350–450 nm for the stripe width). These parameters were
then set on a case-by-case basis to best match the experimental results.
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The relevant optical property of the materials, the complex optical in-
dex, was obtained: from COMSOL’s built-in database for alumina, air, and
PMMA; from a Drude model for gold: ɛ(E) = 1–2.29 × 107/ [E(E+i130)],
with E the photon energy in meV; from optical ellipsometry for the NC
layer.

A physics-controlled mesh was enabled with extremely fine element
size.

The reflectance of the structure was determined by integrating the ab-
solute value of the time-averaged power outflow over a boundary placed
behind the “on” port and dividing it by the input power defined in the
port. The dissipated power per unit volume in the metals and CQDs can
be calculated using the formula P = − 0.5𝜔|F|2Im(ɛ), where F is the elec-
tric field, 𝜔 is the angular frequency of the incident wave, and Im(ɛ) is the
imaginary part of the material permittivity. The absorption of one material
was calculated by integrating the dissipated power over the volume of the
material, and then by dividing by the incident power defined in the port. Fi-
nally, the angular dispersion of the photoluminescence can be simulated
using the reciprocity principle between near-field excitation and far-field
emission:[46] the far-field emission from the structure with integrated in-
coherent emitters was reciprocal to the intensity of the near-field excited
in the structure by the incident external light averaged over the position of
the emitters. Thus:

P (𝜃,𝜙; 𝜆) ∝ Pi (𝜆) ×∭V
|E (𝜃,𝜙; 𝜆; r)|2 d3r (2)

where P(𝜃,ɸ;𝜆) is the power emitted from the structure in the direction
(𝜃,ɸ), at wavelength 𝜆, Pi(𝜆) is the power emitted at wavelength 𝜆 by a
single emitter (obtained from the measurement of the PL of CQDs in so-
lution), V is the volume of CQDs, and E(𝜃,ɸ; 𝜆; r) the local electric field in
position r excited by a plane wave of wavelength 𝜆, and incident along the
direction (𝜃,ɸ) (obtained from solving Maxwell’s equations using COM-
SOL).

Grating Fabrication: In a cleanroom, 5 nm of Ti and 80 nm of Au were
deposited on Si/SiO2 substrates (400 nm oxide layer) by thermal evap-
oration. After deposition, the substrates were thoroughly washed by first
spraying them with acetone and then sonicating them in an acetone bath
for 5 min. Acetone was sprayed a second time followed by IPA, which was
dried with N2. The substrates were then put into an O2 plasma cleaner
for 7 min at 30 W. Once the substrates were cleaned, PMMA was de-
posited on top to prepare them for E-beam lithography. Roughly 300 nm of
PMMA were deposited by spin-coating a pre-prepared solution of PMMA
in anisole at 4000 rpm for 30 s, followed by 3 min of annealing at 175 °C on
a heating plate. Thus prepared, the substrates were put into a Zeiss Supra
40 SEM with Raith ELPHYS Quantum device, and e-beam lithography was
performed according to the grating design. The operating bias was set to
20 kV, and the aperture to 10 μm. The dose was set depending on the grat-
ing period (600 nm and 700 nm: 140 μC cm−2; 800 nm: 145 μC cm−2;
900 and 1000 nm: 150 μC cm−2). The PMMA was then developed in an
MIBK:IPA solution (1:3) for 60 s, then washed with IPA and dried with N2.
The developed substrates were cleaned in an O2 plasma cleaner for 3 min
at 30 W. Using a VINCI thermal evaporator, 50 nm of Au were deposited.
The PMMA was lifted-off by putting the substrates in acetone for 1 day.
Once cleaned a last time for 3 min in an O2 plasma cleaner at 30 W, the
substrates were ready for film deposition.

Alumina Layer Deposition: When needed, an alumina spacer was in-
troduced between the gold grating and the CQD film. An Anric AT-400
Atomic Layer Deposition (ALD) system was employed to deposit 40 nm
of Al2O3. 450 cycles of ALD were performed, each with pulsed trimethy-
laluminium (TMA) and H2O reacted at 175 0C. The Al2O3 film thickness
was measured with reflectometry after the deposition.

Thin Film Deposition: InAs/ZnSe CQDs were deposited on the clean
substrates into a thin film by spin-coating at 3000 rpm for 60 s. The con-
centration of the CQD solution was tuned until the thickness of the film de-
posited on a glass substrate reached 100 nm. The same concentration and
spin-coating parameters were then used for all substrates. When needed,
a subsequent layer of PMMA was deposited by spin-coating a 25 g L−1

solution of PMMA in acetone at 2000 rpm for 45 s directly on top of the
CQDs. The depositions were performed in a glovebox to prevent oxidation.

Photoluminescence Characterization of the Grating: The photolumines-
cence was measured using an Olympus BX51WI upright microscope that
focuses the light emitted by a HeNe laser (wavelength 633 nm) onto the
surface of the samples. The 50X near-infrared objective used for this opti-
cal pumping also serves to collect the photoluminescence. The latter was
separated from the optical pump with a Thorlabs DMLP950R dichroic mir-
ror and imaged onto an InGaAs camera (Princeton Instruments NIRvana
640ST) with the help of a 20 mm Telan lens (an additional longpass colored
glass filter was put in front of the camera to remove any remnant of visible
light). To obtain a dispersion map (i.e. mapping in the k space), a 30 mm
Bertrand lens was inserted in the optical path after the dichroic mirror to
image the back focal plane of the microscope objective. A monochromator
(Princeton Instruments Acton SP2356) mounted before the InGaAs cam-
era provides the spectral information.
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