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ABSTRACT: We present a dual-resonance nanostructure made of
a titanium dioxide (TiO,) subwavelength grating to enhance the
color downconversion efficiency of Cd,Zn,_,Se,S,_, colloidal
quantum dots (QDs) emitting at ~530 nm when excited with a
blue light at ~460 nm. A large mode volume can be created within
the QD layer by the hybridization of the grating resonances and
waveguide modes, resulting in large absorption and emission
enhancements. Particularly, we achieved polarized light emission
with a maximum photoluminescence enhancement of ~140 times
at a specific angular direction and a total enhancement of ~34
times within a 0.55 numerical aperture (NA) of the collecting
objective. The enhancement encompasses absorption, Purcell and
outcoupling enhancements. We achieved a total absorption of 35%
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for green QDs with a remarkably thin color conversion layer of ~400 nm. This work provides a guideline for designing large-volume
cavities for absorption/fluorescence enhancement in microLED display, detector, or photovoltaic applications.
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microLED display

MicroLED is considered a game changer in display
technology for emerging applications such as wearable
devices, virtual reality (VR), and augmented reality (AR) due
to its superior performance in brightness, stability, contrast,
and color gamut."”” The main obstacles to this technology are
associated with the assembly of millions of microLEDs from
different wafers (i.e., for red, green, and blue (RGB)) on the
same backplane with zero tolerance for error, the low efficiency
of the green microLED, and different driving voltages for RGB
channels.®> To address these challenges, the research and
industry communities are now both turning to an alternative
approach based on a monolithic blue microLED backplane and
a color downconversion layer for green and red using colloidal
QDS4_8 (Figure 1a).

However, this approach also has its own drawbacks such as
low color conversion efficiency, crosstalk between pixels, and
the patterning of the QDs to sub 10 micron pixels.” '® In this
regard, a resonant structure can help to solve the
aforementioned issues by enhancing the absorption of the
QD layer and managing its emission directionality.'’ >’ There
have been numerous studies in the nanophotonics community
to use resonant nanostructures to enhance the fluorescence of
emitters based on the Purcell effect.”* ™ These studies have
one thing in common: a relatively small mode volume of the
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resonant structures. This means that only a small amount of
QDs within the “hot spots” can couple to the mode and thus
be enhanced. A few other approaches have also been studied to
enhance color conversion efficiency, such as using a Diffraction
Bragg Reflector (DBR),” incorporating QDs into InGaN
nanorod LEDs,” using a mesoporous QD layer,’’ and
incorporating high refractive index nanoscatterers (e.g.,
TiO,).***7** However, these approaches have several draw-
backs such as low enhancement efficiency, difficulty incorpo-
rating QDs into the structures, and requiring modification of a
microLED structure (e.g., in InGaN nanorods).

In this work, we propose a resonant nanostructure based on
the hybridization of a waveguide mode within the QD layer
and a resonant “Bloch mode” originating from the high-index
contrast grating made of TiO, stripes, as shown in Figure 1b.
The resonant structure is designed to have dual resonances at
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Figure 1. (a) Concept of RGB full-color display by color downconversion using a blue microLED monolithic backplane. (b) Dual-resonance
nanoantenna-assisted color downconversion concept used in this work. (c) SEM images of the fabricated TiO, nanostructure. The inset shows a
“zoomed in” view of an edge of the nanostructure to highlight the quality of the side walls.
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Figure 2. Simulated (a) and measured (b) angle-resolved transmission spectra, for an incident light coming from the glass substrate side with linear
polarization along the stripe direction (i.e., along the x axis), in two different planes of incidence: xz plane (bottom halves of the panels) and yz
planes (top halves of the panels). Simulated (c) and measured (d) absorption spectra for normally incident excitation (blue) calculated from
transmission (red) and reflection (black) spectra. (e) Field distribution at pumping wavelength (i.e., 460 nm) at different k values. (f) Field
distribution at the emission wavelength (i.e, 530 nm) at different k values. The k values are defined in air as sin 6, with 6 being the angle of

incidence.

the blue wavelength (emission peak of microLEDs) and green
wavelength (emission peak of green QDs), which can enhance
both incoupling (i.e., absorption) and outcoupling (ie.,
emission) of polarized light. Most importantly, it has a large
mode volume that results in the photoluminescence enhance-
ment of a large number of QDs within the structure.

Design Principle, Fabrication, and Integration of QDs
into the Resonant Nanostructure. We chose TiO, as the
grating stripe material because of its relatively high refractive
index and negligible optical loss in the visible region.” It is
well-known that such high-index contrast grating may support
“Bloch mode resonances” (also called “grating resonances”)
with strong angular response and polarization effects,**™*’
which we will exploit here to mediate the absorption and
emission of light by QDs. While the strong angular response
offered by such gratings can be an advantage for emission, to
make it more directional into a narrow angular cone and
enhance the collection efficiency, efficient absorption often
needs a rather wide angular response, especially if the source
has a nearly isotropic emission (e.g,, Lambertian light sources).
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This can be engineered by carefully controlling another
parameter in this design, which is the thickness of the QD
layer, in order to support a single waveguide/slab mode band
near the wavelength of absorption. In this case, the strong
coupling between the slab mode (which is excited by the
diffraction from the grating) and the grating/lattice resonance
can lead to an avoided crossing, resulting in a “flattening” of
the band over a wide angular range.37 In addition to this, the
hybridization of the modes leads to a higher mode overlap with
the gain medium, leading to a higher absorption, as will be
shown later.

We designed the TiO, grating to match two grating
resonances (for normal incidence) with the blue (4 = 460
nm) and green (4 = 530 nm) light wavelengths, which are
those of interest for absorption and emission, respectively. To
do so, the resulting grating has a period A = 270 nm, and the
stripes have a height H = 200 nm and a width W = 190 nm.
The total thickness of the QD layer is designed to be T = 400
nm (i.e, 200 nm additional layer on top of the stripes) to
support the first-order transverse electric (TE) slab mode, TE,,
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Figure 3. (a) Fluorescence image of nanoantenna enhanced color conversion with different pixel (array) sizes. The scale bar represents 20 ym. (b)
Experimental PL enhancement collected with an x-polarized analyzer for different excitation wavelengths for the SO ym array (red bars), recorded
for an unpolarized and normally incident laser excitation. The integrated PL for the nanoantenna array (black dots) and the bare QD film (blue
dots) are also shown, for a fixed excitation power and same laser spot size. (c) Experimental PL enhancement collected with an x-polarized analyzer
for different pixel sizes when pumping at 460 nm, with all other excitation conditions unchanged. (d, e) Experimental PL BFP images of QDs in a
planar film and in a S0 pm pixel, respectively, collected with an x-polarized analyzer. (f) Simulated PL BFP image of the light emission of QDs
inside the nanoantennas at 530 nm wavelength linearly polarized along the stripe direction (i.e., x-axis).

around 460 nm. For more details regarding the design, see
Section 2, Figures S1—S3 in the Supporting Information. The
measured optical constants of TiO, and the QDs are given in
Section 3, Figures S4 and SS in the Supporting Information.
We then fabricate the TiO, grating structures with different
array sizes (ie, S X 5, 10 X 10, 20 X 20, and 50 X 50 pm?®)
using e-beam lithography and dry etching processes. The
detailed nanofabrication parameters can be found in Section 1
in the Supporting Information. Figure 1c shows SEM images of
the fabricated 5 X S yum? grating structure. QDs are then spin-
coated onto the fabricated sample. The concentration of QDs
and spin-coating speed are controlled to yield an ~400 nm
total thickness of the QDs/TiO, grating structure as measured
by a profilometer (Section 3, Figure S6 in the Supporting
Information).

The optical properties of the samples are characterized using
a customized back focal plane microspectrometer (the detailed
measurement setup is described in Section 1 in the Supporting
Information and elsewhere).*' Figure 2a,b shows both the
simulated and experimentally measured angle-resolved trans-
mission spectra when the system is excited with incident light
polarized along the stripes (i.e.,, x axis) and in two different
planes of incidence: the yz plane (top half of the panel) and
the xz plane (bottom half of the panel) as defined in Figure 1b.
The presence of the resonances can be seen as “dips” in the
transmission spectra, as shown in Figure 2c,d (in red), which
represent a cut of the angle-resolved spectra at normal
incidence (0°). In particular, one can clearly see the two
resonance bands at 4 = 460 nm and A = 530 nm. For the
former, the avoided crossing between the grating resonance
and the slab mode is evident at an incident angle of ~7.3° in
the yz plane (ie, k,/ky = 0.13), which is a signature of the
strong coupling and hybridization between the two modes.””**
The strong coupling of these two resonance modes leads to a
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“flat” band over k,/k, = +0.13 in the yz plane, which
constitutes a total angular range of ~15° in that plane. For
completeness, the simulated angle-resolved transmission
spectra of the system when excited with incident light
polarized perpendicular to the stripe (ie., y axis) are shown
in Section 4, Figure S7 in the Supporting Information. There, it
can be seen that the mode hybridization does not occur, since
the design is made to reach the strong coupling condition
between modes polarized along the stripes (x axis), i.e. TE
Bloch mode and TE waveguide mode (see Section 2 in the
Supporting Information). Note that the transmission measured
in the xz plane does not present a strong angular dependence
since this plane has no periodicity and, therefore, no
diffraction, making it less sensitive to the angles of incidence
(and similarly for the other polarization, as seen in Section 4,
Figure S7 in the Supporting Information). To evidence the
importance to finely tune the grating parameters to achieve the
strong coupling between different resonances, we show in
Section 4, Figure S8 in the Supporting Information an
experimental comparison between grating structures having
different stripe widths, and how it affects the avoided crossing
behavior (i.e., strong coupling).

We then characterize the absorption spectrum of QDs inside
the grating structure, as shown in Figure 2c,d (in blue). The
absorption spectrum is calculated as A(1) = 1 — T(1) — R(4),
where T and R are the transmission and reflection (red and
black curves in Figure 2¢,d, respectively). The measured angle-
resolved reflection and transmission spectra used to calculate
the absorption can be found in Section 4, Figure S9 in the
Supporting Information. It is noted that there is a slight shift in
the absorption peak compared with that of reflection and
transmission which may stem from the measurement setup as
discussed in detail in Section 1D in the Supporting
Information. The result shows that absorption of 35% at 460
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Figure 4. (a, b) Experimental angle-resolved PL spectra in the yz plane of QDs in a planar film and the grating structure collected with an x-
polarized analyzer, respectively. (c) Experimental PL spectra of QDs in the planar film (black line) and the array structure at different emission
angles in the yz plane (red and blue lines), as shown in (b) (by horizontal red and blue dashed lines). (d) Experimental PL lifetimes of QDs in a
planar film (green) and the array structure (red). The instrument response function (IRF) is also shown (blue).

nm excitation is achieved for normal incidence, in excellent
agreement with the absorption of 36% obtained from
simulations (see Section S, Figure S10 in the Supporting
Information). One of the possible reasons for the moderate
absorption is the high reflection (i.e., ~55%) at the resonance
wavelength of 460 nm. It can also be seen that the reabsorption
of QD fluorescence may occur at 530 nm due to absorption
enhancement caused by the grating resonance at that
wavelength. The details of the numerical simulations can be
found in Section 1 in the Supporting Information.

Further understanding can be gained by looking at the mode
profiles (norm of the electric field) at different points in the
resonance bands, as shown in Figure 2ef. While there is
already a good overlapping at 4 = 460 nm between the grating
resonance and the QD medium at k,/k, = 0 (central panel in
Figure 2e, and also in the xz plane at k,/k, = 0.13, left panel in
Figure 2e), which leads to the absorption of 35% observed at
normal incidence, the grating resonance clearly gets the nature
of a waveguide mode at k,/ky = 0.13 (right panel in Figure 2e),
which is the result of the strong coupling and mode
hybridization. This leads to an even better spatial overlapping
between the resonance mode and the QDs layer, as can be
seen in the mode profile. Calculations of the absorption of the
QD:s at this angle k,/k, = 0.13 (7.3°), shown in Section S,
Figure S10 in the Supporting Information, reveal that the
hybridization of the resonant Bloch mode with the slab mode
leads to a maximum of the total absorption of around ~67% at
A & 460 nm (of which 93% comes from absorption of light in
the QDs), in addition to the “flattening” of the band described
previously. To achieve such a high value of absorption with a
bare QD film, one would need an estimated QD film thickness
of ~5.8 um (see Section S in the Supporting Information).

Regarding the band at 4 & 530 nm (k,/k, = 0), exploited to
enhance the emission by the QDs, we also show the
corresponding mode profile in Figure 2f (middle panel).
One can see that the electric field still extends outside of the
TiO, stripes, even if the overlap with the gain medium is less
than that of the resonance at 460 nm. Modal analysis of the
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electric and magnetic field components reveals that this
resonance at A = 530 nm is essentially an in-plane electric
dipole mode in nature (along the stripe direction, i.e. along the
x-axis). We also note that for the other polarization, there is no
resonance at 4 = 530 nm (see Section 4, Figure S7 in the
Supporting Information). Therefore, one can expect an
enhancement of linearly polarized light emission along the x-
axis at the QD emission wavelength, as we will see hereafter.

Color Downconversion Performance. Figure 3a shows
the wide-field PL images of the fabricated sample. The green
pixels correspond to the area where the grating structures are
present, while the “dark” area is the bare quantum dot film. It
can be seen that the nanoantennas have significantly enhanced
the PL of QDs down to a pixel size as small as 5 X 5 um® To
investigate the effect of the excitation wavelength on the PL
enhancement, a tunable laser (SuperK, NKT Photonics
equipped with SuperK Select optical filter) with a 40% degree
of polarization along x is used to excite the QDs at normal
incidence. The total PL signals are collected using a 50X
objective (0.55 NA) with a linear analyzer along the stripe
direction (i.e., along the x axis). The total PL enhancement is
calculated by comparing the PL of QDs in the 50 X S0 pum*
nanoantenna pixel with that of the bare QD film for each
excitation condition, as shown in Figure 3b. As expected, the
maximum total PL enhancement of ~34 is achieved when the
excitation wavelength is set at 460 nm, corresponding to the
designed resonance wavelength. By comparing the total PL
enhancement when pumping at resonance wavelength (ie.,
460 nm) and nonresonance wavelength (i.e,, 470 nm), we can
estimate the absorption enhancement of ~3.5 times. The rest
of the enhancement is attributed to the Purcell effect and
outcoupling enhancement of the emission at the second
resonance (i.e., 530 nm), which will be further demonstrated
below. Similar experiments were done for different pixel sizes
as shown in Figure 3c. It can be seen that as the pixel size
decreases from 50 to S um, the total PL enhancement drops
from ~34 to about 15. This can be explained by the fact that
the resonances are designed on the basis of lattice resonances,
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which strongly depend on the array size. Nevertheless, a
reasonable enhancement can be achieved with a pixel size as
small as 5 X § pum? which is enough for most VR and AR
applications.

Regarding the emission, Figures 3d,e shows the BFP images
of the QD emission in a bare film and in the 50 ym pixel,
respectively, for a linear polarization along the x-axis. It can be
seen that, in the nanoantenna sample, the emission of QDs is
concentrated in three lobes in the radiation pattern (Figure
3e). This observation agrees well with the simulated emission
pattern, as shown in Figure 3f. The narrower emission band in
the simulation compared to the experiment is because the
calculation is for a single wavelength at 530 nm rather than the
whole emission spectrum. In the radiation pattern, the central
lobe is coming from the coupling to the grating resonance at
normal incidence which is identified as an electric dipole
resonance along the x-axis, as discussed in Figure 2a,b, while
the two side lobes are coming from the coupling to another
grating resonance that can be seen at around 16.7° in the yz
plane (e, k,/ky = 0.29 and k/ky = 0) in Figure 2ab. The
simulation results for full radiation patterns of both linear
polarizations along the x- and y-axes can be found in Figure
S11 in the Supporting Information. As expected, there is no
central lobe for linearly polarized light along the y-axis, since
there is no resonance at normal incidence, while two side lobes
can be seen, corresponding to the coupling to another grating
resonance that can be observed at around 21.7° in the yz plane
(i.e., k,/ky = 0.37 and k,/ky = 0) in Section 4, Figure S7 in the
Supporting Information. Setting apart the side lobes, the
nanoantenna therefore enhances linearly polarized light
emission along the x-axis.

To further characterize the enhancement of QD emission in
the nanoantenna sample, angle-resolved spectroscopy measure-
ments are performed. Figure 4a,b shows the spectrally resolved
PL emission in the yz plane of the QDs in a bare film and in
the nanoantenna structure, respectively. It can be seen again
that the PL of QDs couples to two different resonances of the
nanoantennas. The mode profiles of the two modes (i.e., k,/kq
= 0 and k,/ky = 0.29) were previously shown in Figure 2f,
middle and right panels, respectively. Figure 4c shows the
emission spectra of QDs coupled to these two modes in
comparison to that of the bare film of QDs. It can be seen that
a maximum PL enhancement of 141 times at 525 nm for the
emission angle of ~17° in the yz plane (i.e., k,/ky = 0.29 and
k./ky = 0) is achieved. PL lifetime measurements are also done
at this particular wavelength (i.e., 525 nm), as shown in Figure
4d. It can be seen that the PL lifetime of QDs decreases from
9.8 ns for the bare film to 5.8 ns for the grating structure,
indicating a lifetime reduction (i.e., Purcell enhancement).

In conclusion, we present a concept of a dual-resonance
nanostructure with a large mode volume to enhance both the
absorption and the polarized light emission of quantum
emitters applicable for color downconversion in display
technology. The hybridization of a grating resonance in the
high index contrast grating and a waveguide mode within the
QD layer is responsible for better spatial mode overlapping and
an angularly “flat-band” resonance at the excitation wavelength
over an angular range of 15°. Thus, we report experimentally
an absorption of 35% at 460 nm for green QDs for an
excitation at normal incidence, which is remarkably high for
such a thin color conversion film of ~400 nm (inclusive of the
TiO, grating layer), while in simulations the total absorption
ranges from 36% (at normal incidence) to up to 67% within
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the angular range of 15°. Moreover, we obtain a highly linear
polarized light emission (along the stripes) without the need of
filtering, with a total PL enhancement of 34.3 times within the
field of view of +33° and a maximum enhancement of 141
times at 525 nm wavelength and viewing angle of 17° (ie., k,/
ko = 0.29) in comparison to a bare QD film. Our work suggests
that high-index dielectric nanoantennas can be used to create
efficient resonant structures suitable for color conversion in
practical applications such as microLED displays and
sensitizer-assisted detectors.
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