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ABSTRACT: Control over the concentration of light is of great
importance for many optical systems. Light-emitting diodes
(LEDs), lasers, and optical amplifiers necessitate control over the
emission of light inside and out of the system. Optical sensors, detec-
tors, and photovoltaic systems typically benefit from light trapping.
To achieve enhanced light trapping in an optical waveguide, we dem-
onstrate anisotropic luminophore emission in a luminescent solar
concentrator (LSC) waveguide geometry. By embedding CdSe-
CdZnS nanoplatelet emitters into high-index TiO2 nanocylinders,
we alter their angular emission profile to increase emission into total
internal reflection (TIR) angles. The emission direction can be
controlled by optimizing Mie-like multipolar resonances in the indi-
vidual nanocylinders and the interaction with the lattice. Angle-
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resolved photoluminescence measurements on the fabricated nanocy
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linder arrays corroborate this understanding. By optimizing the
cylinder shape and lattice spacing, we show an increase in emission into TIR angles from 75% (isotropic emission) to 83.5%. This
novel approach to the integration of nanoscale photonic structures and emitters paves the way for enhanced emission control in pho-
tovoltaic systems, as well as in solid-state lighting and smart displays.
KEYWORDS: light trapping, optical waveguides, luminescent solar concentrator, photovoltaics, photonics, anisotropy
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Solar photovoltaics (PV) currently makes up about 0.6% of the
world’s energy production, or 6.2% of electricity production,1

and keeps growing at a high pace (30% in 2024).2 To sustain
this growth, a large global research effort is well underway to
develop further several PV technological families.3,4 Besides
the continued deployment of solar farms, where economies of
scale push the installed capacity up by decreasing costs,5 many
other complementary PV technologies have emerged.6

Building-integrated photovoltaics (BIPV) is a set of such a tech-
nologies in which solar power generation is incorporated into
the built environment: e.g. in building envelopes,7,8 roofs,9

windows,10–14 greenhouses,15,16 public spaces,17 and art.18

BIPV receives much attention because of their potential to min-
imize the use of land for PV systems, decrease the overall sys-
tem and installation costs due to its multifunctional use, and
make PV systems more aesthetically appealing.

The photovoltaic luminescent solar concentrator (LSC) is a
BIPV device that consists of a dielectric waveguide with embed-
ded luminophores and integrated solar cells along the edges or
in a matrix (see Figure 1a).19 Part of the sunlight transmitted
into the waveguide is absorbed by the luminophores, given by
their absorption band and particle concentration (optical
nescence (PL) at lower energy, set by the Stokes shift. The pho-
toluminescence quantum yield (PLQY) indicates the efficiency
of emission after absorption. A fraction of the PL is trapped in
the waveguide by total internal reflection (TIR). The spectral
profiles and intensity of the absorption and emission of the
luminophores, in combination with the optical pathways in an
LSC (Figure 1b), determine the opacity and color of the LSC.20

Compared to conventional flat photovoltaic cells, LSCs offer
superior mechanical flexibility, lower operating temperatures,22

resistance to optical shading effects,23 and use less active photo-
voltaic material. Geometric concentrating photovoltaic systems
have limited acceptance angles and therefore require sun-
tracking, whereas LSCs are passive concentrators that absorb
both direct and diffuse irradiance.24,25 Finally, the distinct
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Figure 1. (a) Schematic representation of a luminescent solar concentrator as a building-integrated photovoltaic device. (b) Overview of the optical
pathways in an LSC: 1) represents light that is not absorbed by a luminophore, 2) reflection at the surface, 3) reabsorption, 4) escape cone loss,
5) parasitic absorption by the waveguide, 6) long-term luminophore instability, 7) parasitic losses in the solar cell, 8) limited photoluminescence
quantum efficiency, 9) internal scattering, and 10) total internal reflection.21
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absorption spectra of ultra-high (>99%) PLQY luminophores26

make the LSC a promising candidate for future tandem
devices.27–30

The key device parameters that must be tuned when designing
an LSC21,31 are the PLQY, OD, and the luminophore absorption
and emission spectra. The refractive index sets the critical angle
for TIR inside the waveguide, while the Stokes shift imposes
the maximum achievable concentration.32,33 The absorption
onset of the PV should be aligned with the luminophore emission
spectrum to minimize carrier thermalization in the PV. The geo-
metric gain (GG) of an LSC is the ratio of the waveguide’s top
surface area to the active PV surface area; higher GG due to
increased top surface area increases the average optical path
length to the PV cell, thereby amplifying loss pathways.

Despite several decades of LSC research, interplaying loss
mechanisms still limit its potential.21 Novel luminophores, such
as highly emissive perovskites and colloidal quantum dots,34,35

have largely replaced the traditional organic dye molecules that
suffered from limited spectral coverage, low PLQY, and small
Stokes shifts leading to strong reabsorption losses.36 Yet, the
record power conversion efficiency of 7.1%, for a GG of 2.5
and 1 sun illumination, is still reported for a dye-based LSC.37

Figure 1b shows the optical pathways in an LSC.21 The emis-
sion of photons through the escape-cone is a major loss chan-
nel, accounting for over 25% of all emitted photons. This is a
direct consequence of the typical isotropic luminophore emis-
sion in the waveguide matrix and the critical angle of a glass/
plastic, parallel-plane waveguide in air that sets the single-pass
trapping by TIR at 75%.

Much computational and experimental research has aimed to
reduce the escape cone losses in LSCs. For instance, by selectively
reflecting light at the luminophore emission wavelength with
Bragg mirrors placed on the top and bottom surface of the
LSC.38–40 Partially limiting escape cone emission angles with
Bragg mirrors has also been proposed for an LSC with an external
PV.41 An alternative approach is to alter the angular emission pro-
file of the luminophore to emit more into TIR angles, for example,
by adjusting the luminophore shape,42,43 orientation,44 or nano-
photonic environment.45 In a previous work, we systematically
evaluated the effect of anisotropic luminophore emission on the
power conversion efficiency using a Monte Carlo ray-tracing
model. The results imply that strong anisotropic emission into
TIR angles in combination with ultra-high PLQY26 unlocks power
conversion efficiencies towards the single-junction detailed-
balance limit.31

In this work, we present and demonstrate a novel nanopho-
tonic approach to anisotropic luminophore emission to enhance
light trapping in an optical waveguide, specifically with the
B

application in LSCs in mind. By directly embedding lumino-
phores into high-index TiO2 nanocylinder arrays, we increase
emission into TIR angles. The shape and size of the cylinder
arrays are optimized such that the Stokes-shifted luminophore
emission is resonantly directed in-plane. The simulations predict
that the escape cone losses at the single resonator level are
reduced from 25% to 14.7% in the optimized design.
Subsequently, rigorous coupled-wave analysis simulations are per-
formed to find the optimal lattice constant for the array of cylin-
ders, predicting reduced escape cone losses of 16.5%. We
fabricated arrays of TiO2 nanocylinders on top of a glass substrate
with integrated highly-emissive CdSe-CdZnS core-shell nanopla-
telets, according to the optimized design. Angle-resolved photolu-
minescence microscopy measurements show strong anisotropic
emission, in excellent agreement with the simulated profiles.

■ NANOPHOTONIC ANGULAR EMISSION CONTROL

Nanophotonic angular emission control of dipole-like emitters46–48

is a promising route to improve various photovoltaic systems
and has thus been studied extensively.5,49 Unidirectional emis-
sion was first demonstrated by placing QDs in the vicinity of
plasmonic nanoantennas.50,51 By employing an array of resona-
tors, the emitter can couple to diffractive lattice modes.52,53

Directional emission was demonstrated by coupling emitters to
all-dielectric nanophotonic resonators.54 Lasing from semicon-
ductor nanocrystals has also been demonstrated by coupling
them to plasmonic55,56 and dielectric nanoparticle arrays.57

Previously, we have shown directional emission of semiconduc-
tor QDs by soft-stamping them onto silicon nanocylinders that
exhibit Mie-like multipolar resonances.58

Here, we directly embed colloidal CdSe-CdZnS core-shell
nanoplatelets59 in high-index TiO2 nanocylinder arrays. The
nanoplatelets (NPLs) are identical to those reported in refer-
ence:59 they have a center emission wavelength of 655 nm, a
full-width half-maximum (FWHM) linewidth of 19.5 nm,
PLQY of 88%, excitonic absorption peak at 590 nm, and
Stokes shift of 209 meV. In this system, we avoid enhanced par-
asitic absorption losses typical of plasmonic or absorbing dielec-
tric systems, control the precise location of the emitters with
respect to the TiO2 resonator, and control the shape of the res-
onators. The TiO2 nanocylinders exhibit multipolar Mie-like
resonances60,61 due to the high refractive index (n ≈ 2.3 at
650 nm wavelength) and low extinction coefficient (k ≤ 0.003
beyond 400 nm wavelength)—see Figures S1–S3 in the
Supporting Information.
We embed the TiO2 nanocylinders in a silica glass environ-

ment (refractive index: n = 1.475) and optimize for the shape
https://doi.org/10.1021/acsami.5c21066
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with the best response. Following the procedure by Vaskin
et al.,46 we first optimize the emission into TIR angles for a sin-
gle nanocylinder. To find the optimal size of the individual
nanocylinder, we perform finite-difference time-domain
(FDTD) simulations (see the Methods section for details).
We use a single, monochromatic (λ = 650 nm) dipole source
in the center of the cylinder (Figure 2a) and optimize its height
and diameter. As a result, we obtain a maximum of 93.7% emis-
sion into TIR angles for a diameter of 450 nm and height of
150 nm. Figure 2b shows the corresponding angular emission
profile as calculated by FDTD (blue), averaged over the three
orthogonal dipole moments: x, y, and z oriented. The black line
shows the reference case of isotropic emission: 75% of the emis-
sion is within the TIR angular range, indicated by the red
dashed line (42.7° from normal incidence). The optimized
emission profile is normalized to the isotropic case, yielding a
local density of optical states (LDOS) enhancement of 4.25 at
the cylinder center (see the Methods section for details).

To achieve the desired absorption, a large amount of lumi-
nophores is necessary. Therefore, we extend our design to
that of a TiO2 nanocylinder with a planar center layer of lumi-
nophores (Figure 2c). The optimization now involves the
simulation of dipole sources at several radial and axial posi-
tions and subsequently a weighted incoherent summation
over positions and dipole orientations to emulate a full sam-
pling of all source positions in the layer. The single dipole
source optimization proves a good initial indicator because
Figure 2. (a) Single dipole-like emitter (red) embedded in the center of a Ti
sion profile (blue) at a diameter of 450 nm and height of 150 nm. (c) Layer
(d) its corresponding, optimized directional emission profile (blue) at a diam
with FDTD, averaged over the three orthogonal dipole moments. The black
into TIR angles (red dashed line indicates the critical angle for TIR). The in
isotropic case.

C

the optimal shape remains similar: a diameter of 500 nm
and height of 150 nm, now with a centered luminophore layer
of 30 nm in thickness. Figure 2d shows the resulting angular
emission profile (blue) for the ensemble of luminophores
positions, again averaged over the three dipole moments,
yielding 85.3% emission into TIR angles. The corresponding
LDOS enhancement is 3.5. The reduced LDOS is attributed
to a change in the coupling between the off-center dipoles
and the nanocylinder Mie-like modes.
The Stokes shift allows for the decoupling of the lumino-

phore absorption and emission probabilities, which are other-
wise coupled through the principle of reciprocity. This
decoupling allows for the optimization of the nanocylinder to
promote emission into TIR angles without compromising the
absorption of incident light. In fact, the optical cross-section
of the nanocylinder can be designed to also enhance absorption
in the spectral range that the luminophore absorbs. Here, how-
ever, we have not considered the luminophore absorption as a
figure of merit during the nanocylinder design. With the opti-
mized cylinder design established, we proceed to the fabrication
of TiO2 nanocylinder arrays with embedded luminophores on a
glass substrate (Figures 3a and 4a).

■ NANOCYLINDER ARRAY FABRICATION

We fabricate the designed structures using a top-down
approach, similar to that reported by Ha et al.62 First, a layer
O2 nanocylinder and (b) its corresponding, optimized directional emis-
of emitters (red) embedded in the nanocylinder at center height and
eter of 500 nm and height of 150 nm. Emission profiles are calculated
line shows the reference case of isotropic emission, with 75% emission
tensity of the optimized emission profiles in blue is normalized by the

https://doi.org/10.1021/acsami.5c21066
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Figure 3. (a) Sketch of a possible implementation of the nanocylinder array inside an LSC. (b) AFM height map of the TiO2 nanocylinder array with
embedded nanoplatelets.
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of 60 nm TiO2 was deposited on a borosilicate glass substrate
(500 μm thick) using electron-beam physical vapor deposition
(EBPVD). Then a 30 nm layer of CdSe-CdZnS core-shell nano-
platelets (NPLs) was spin-coated, and a final 60 nm TiO2 layer
was evaporated on top. Electron-beam lithography (EBL) and
reactive-ion etching were then used to pattern the triple layer
on glass into an array of cylinders. A negative tone resist, ma-
N 2400, was used as the EBL mask. After EBL exposure and
development of the resist, a combination of CHF3 and O2 gases
was used to etch the structures with RIE (see the Methods sec-
tion for details). On a single substrate, several fields of 100 ×
100 μm cylinder arrays were fabricated by raster scanning of
EBL. EBL gives full control over the shapes and sizes of the
arrays, which is particularly useful for prototyping but makes
the patterning rather slow. Upscaling of this nanostructuring
technique is fully feasible with stamping technologies such as
soft conformal imprint lithography (SCIL) to obtain large-
area RIE masks.63 Figure 3b shows an atomic force microscopy
Figure 4. (a) Optical microscopy image of the corner of the TiO2 nanocylind
map of the marked area in panel (a), indicating that emission is confined to
650 nm wavelength; pixels have been smoothed with a moving-average filter
corresponding to two positions in panel (b): on top of the cylinder and in b

D

(AFM) map of the resulting nanocylinder array for target
dimensions of 500 nm diameter and 1400 nm pitch. As the ini-
tial height of the layer stack was 150 nm, the much deeper AFM
profile shows the sample has been etched into the glass sub-
strate. This is not a problem for our experiment because our
design considers a homogeneous glass surrounding, and mea-
surements are performed with index-matching fluid covering
the cylinder arrays to mimic this glass surrounding. A scanning
electron microscopy (SEM) image is also shown in Figure S4
for a nominally identical nanocylinder array that was fabricated
on a silicon substrate for reference.

■ SPATIAL PHOTOLUMINESCENCE MEASUREMENTS

We measured the photoluminescence of the embedded NPLs
as a function of position on the nanocylinders array. Figure 4a
shows a microscope image taken with a confocal microscope
in reflection. In Figure 4b, we plot the photoluminescence
er array with embedded nanoplatelets. (b) Photoluminescence intensity
the nanocylinders. The color scale depicts the normalized intensity at
(original data are shown in Figure S5a). (c) Photoluminescence spectra
etween four cylinders.

https://doi.org/10.1021/acsami.5c21066
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intensity at λ = 650 nm as a function of position, correspond-
ing to the area marked by the red square in Figure 4a. Bright
PL is observed when the laser is positioned on top of a cylin-
der, confirming that the NPLs remain bright emitters after
going through all of the fabrication stages (see Figure S5b).
Moreover, most cylinders display similar PL intensity, showing
that a homogeneous sample was fabricated, and subsequent
angle-resolved photoluminescence measurements can be col-
lected from an extended area by exciting multiple cylinders.
In Figure 4c, two representative PL spectra are plotted corre-
sponding to the data in Figure 4b: on top of a cylinder (green)
and in between four cylinders (purple). We attribute the non-
zero intensity for laser excitation positions in between the cyl-
inders to emission from NPLs in the surrounding cylinders.
The neighboring NPLs can have been excited through a num-
ber of processes, for example due to excitation by the tails of
the diffraction-limited laser spot, light scattered by roughness
on the etched glass substrate, excitation of Bloch modes of
the cylinder array at the laser wavelength, and light funneled
towards the cylinders due to their increased optical cross-
section at the laser wavelength.61

■ ANGLE-RESOLVED PHOTOLUMINESCENCE
MEASUREMENTS

Next, we measured the PL as a function of angle with a Fourier
microscopy setup (see the Methods section). We measured on
a nanocylinder array with 800 nm pitch, illuminating several
hundreds of cylinders with the laser excitation spot.
Figure 5a shows the obtained angle-resolved PL intensity
image as a function of normalized parallel wavevector. The
white dashed lines correspond to NA = 1 (critical angle from
glass substrate to air) and NA = 1.45 (maximum for the objec-
tive), respectively. To analyze these data, we consider the pho-
tonic crystal waveguide modes that are described by dispersion
relations that relate the locus of allowed wave vectors (kx,ky)wg
to frequency. In a qualitative picture, where the cylinder-layer
can be viewed as an effectively homogeneous slab with just a
weak periodic perturbation, the locus of wave vectors is just
a circle concentric with k = 0, with radius depending inversely
on the wavelength, and determined by the guided mode index.
Emitters predominantly radiate into these guided modes. The
periodic perturbation makes these guided modes accessible to
free space light by virtue of grating diffraction, which in
k-space expresses as repetition of the dispersion relation of
the waveguide at each reciprocal lattice point.46,64 The data
in Figure 5a are well described by concentric circles repeated
on a square lattice: we observe vertical and horizontal oval
shapes resulting from parts of large, displaced circles.

To model the full angular emission profile of the
nanocylinder array, we perform rigorous coupled-wave analy-
sis (RCWA) simulations using the open-source software pack-
age S4 by Liu and Fan65 (see the Methods section). Similar to
the FDTD simulations, we model the structure with experi-
mentally obtained optical constants for TiO2, but now we
place the nanocylinder in periodic boundary conditions. We
use reciprocity, according to which far-field emission patterns
from sources in the structure can be predicted from the local
absorption generated by far-field plane wave incidence at the
same wavelength (see the Methods section). To this end, we
model the structure in RCWA and include absorption (imagi-
nary part of the refractive index, k ≈ 0.02) for the nanoplatelet
E

layer inside the TiO2 cylinders. At the target wavelength of
650 nm, we calculate the absorption in the center layer as a
function of azimuthal and polar angle. Figure 5b shows the
result for a pitch of 800 nm, normalized and plotted on the
same axis as the experimental values in Figure 5a. The experi-
mental and simulated results show clear similarities: a horizon-
tal and vertical shape is present with double bands, and the
center shows a cross and diamond shape. However, bands
do not appear at quite the same normalized kx,ky values, which
we attribute to differences between the nanocylinder shape in
the simulation and measurement. In general, the high-intensity
bands remain within the inner dashed white circle, corre-
sponding to the glass-air escape cone, so enhanced TIR light
trapping is not achieved at this pitch.
The measurement and simulation are repeated for nanocy-

linder arrays with a larger pitch of 1000 nm, 1200 nm, and
1400 nm; the results are shown in Figure 5c–h. Again, we find
a good comparison between the high-intensity features in the
measured and simulated data. Moreover, the comparison
becomes better as the pitch increases. For the largest pitch
of 1400 nm, the desired emission profile is obtained for which
the high-intensity emission bands are beyond the escape cone.
The pitches are chosen between 800 and 1400 nm to ensure
the lattice supports waveguide modes at the emission wave-
length. Differences in intensity between the simulated and
experimental data are partially attributed to the implication
of the ‘constant current’ source used in the simulations (see
the Methods section for a detailed discussion). The fact that
the features in the experimental data are broader than in the
simulated data is attributed to the finite, diffraction-limited
excitation spot.
The combination of higher and lower intensity features in

Figure 5b,d,f,h are understood as a superposition of photonic
crystal waveguide modes that are repeated over the reciprocal
lattice. The locations of the maxima are fully determined by
the lattice. The intensity distribution of this structure factor is
modified by the angular emission profile of the individual cylin-
der. We observe that the photonic crystal bands in the center
have lower intensity than the bands at higher wavevectors, pre-
cisely following our design.
Many broader features in the simulated results are combina-

tions of separate modes, as can be seen at some locations in
Figure 5b,d. These two modes are waveguide modes for
orthogonal polarization, i.e. electric field parallel or perpendic-
ular to the photonic crystal plane, which we will refer to as s
and p polarization, respectively. Figure S6 shows the same
polarization averaged result as in Figure 5, as well as individual
s and p polarization results. Those figures clearly show the two
separate modes at similar locations, indicating a slightly differ-
ent mode index for the orthogonal polarizations.
Extending upon the repeated rings in the kx,ky plane, we

can obtain a Fourier plane image at several frequencies
(wavelengths) of the emitted light. This three-dimensional
dataset describes the dispersion of the photonic crystal wave-
guide modes as the frequency and corresponding wavevector
is changed. The rings are extended to cones in 3D, as
described in ref 46. Instead of slicing the dataset along a cer-
tain wavelength to obtain subsets as shown in Figure 5, we
now slice along the ky = 0 plane to depict the dispersion
along kx, revealing the photonic crystal bands as a function
of wavelength in Figure 6. The red dashed line indicates a
wavelength of 650 nm. In panel (a), we find two bands with
https://doi.org/10.1021/acsami.5c21066
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Figure 5. Angle-resolved photoluminescence measured on and simulated for a (a, b) 800 nm, (c, d) 1000 nm, (e, f) 1200 nm, and (g, h) 1400 nm
pitch array. The measured results correspond well with the simulated photonic crystal bands. For the largest pitch of 1400 nm, 83.5% of the emitted
light is trapped under TIR angles. The white dashed lines correspond to NA = 1 (critical angle from the glass substrate to air) and NA = 1.45 (max-
imum for the objective). All data are averaged over s and p polarization. Polarization resolved results for the simulated and measured datasets are
shown in Figures S6 and S7, respectively, in the Supporting Information.
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high intensity that correspond to the high-intensity oval
shapes in Figure 5a. Upon increasing the array pitch
(Figure 6b–d), the bands move outwards to higher wavevec-
tors for equal wavelength. The slope of the bands remains
similar, indicating that the mode indices remain similar upon
expanding the array pitch. Given the similar mode index, we
explain the movement of the bands to higher wavevectors by
the decrease of the reciprocal lattice vector due to the
increasing pitch.
F

Finally, we calculate the emission fraction into TIR angles
based on the simulated results in Figure 5. For the 800 nm
pitch array, the TIR emission fraction is 68.5%, which is lower
than the isotropic reference case of 75%. This suggests that the
same design procedure described here could be employed to
increase the fraction of light emitted into the escape cone,
for example, to increase the outcoupling yield of LEDs or dis-
plays. Emission into TIR angles increases steadily from 68.5%
(800 nm) to 75.9%, 81%, and 83.5%, for 1000, 1200, and
https://doi.org/10.1021/acsami.5c21066
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Figure 6. Calculated dispersion diagrams for a (a) 800 nm, (b) 1000 nm, (c) 1200 nm, and (d) 1400 nm pitch array, averaged over s and p polar-
izations, along the kpar = kx axis and as a function of normalized frequency (2π/λ). The red dashed line indicates the target wavelength of 650 nm,
corresponding to a horizontal cut through the plots in Figure 5 at ky = 0. As we already observed in Figure 5 and Figure S6, the photonic crystal bands
are displaced outwards with increasing array pitch, which is attributed to a decrease in the reciprocal lattice constant. Polarization resolved results are
shown in Figure S8 in the Supporting Information.
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1400 nm pitch, respectively. Calculation of the TIR fractions
for the measured results is not readily possible because the
objective does not collect light emitted beyond the NA,
and thus, we do not obtain the emission for grazing
angles between 79.4° and 90°. Nevertheless, we can see in
Figure 5g,h that the experiment and simulation compare very
well, many fine features and relative intensity variations are
well reproduced.

■ CONCLUSIONS

In conclusion, we have demonstrated anisotropic luminophore
emission as a first step towards the realization of enhanced
light trapping in LSC waveguide geometries. By embedding
CdSe-CdZnS nanoplatelets into an array of TiO2 nanocylin-
ders, we alter their angular emission profile to increase emis-
sion into the angular range of total internal reflection (TIR).
First, we optimized the dimensions of a single nanocylinder
with an embedded layer of dipole-like emitters to maximize
emission into TIR angles of a typical LSC waveguide.
Changing the diameter and height of the cylinder alters the
multipolar Mie-like modes it sustains, as well as their strength,
and the coupling of the emitters with these localized modes
alters their angular emission profile. Subsequently, we
designed and fabricated a square lattice of nanocylinders such
that emission into lattice modes occurs at angles outside the
escape cone. Angle-resolved photoluminescence measure-
ments are in good agreement with simulated emission profiles,
G

corroborating our understanding of the coupling between the
emitters and the photonic structures. Finally, we show an
increase in light trapping from 75% (isotropic emission) to
83.5%, which could significantly increase LSC power conver-
sion efficiencies. This novel approach to directive emission,
by embedding emitters in dielectric nanostructures, can pave
the way towards enhanced emission control in photovoltaic
systems, as well as many other optical systems such as light-
emitting diodes (LEDs), lasers, and optical amplifiers, sensors,
and detectors.

■ METHODS

FDTD Simulations

The angular emission profiles for dipoles embedded in a single TiO2
nanocylinder were calculated using finite-difference time-domain
(FDTD) calculations performed in Lumerical FDTD Solutions.66

Perfectly matched layer (PML) boundary conditions were used in
three dimensions. A single, monochromatic electric dipole source was
used for each simulation, with a polarization axis along either the X-,
Y-, or Z-axis. A “scat_ff ” power monitor box was used to collect the
electric and magnetic field components surrounding the nanocylinder.
Convergence was found at a uniform mesh size of 5 nm, a distance of
250 nm from the structure to each FDTD box boundary, and confor-
mal mesh refinement. To convert the simulated near fields to far field
radiation intensities, we used the far field projection function from
Lumerical FDTD Solutions. The complex experimental optical con-
stants of TiO2 as determined by ellipsometry (see the Ellipsometry sec-
tion) were used.
https://doi.org/10.1021/acsami.5c21066
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By keeping a fixed electric dipole amplitude in each simulation
(‘constant current’ or ‘constant amplitude’ source), the total emitted
power is directly proportional to the Purcell factor and the LDOS.67

Thus, for the two optimized cases in Figure 2, the LDOS enhancement
is calculated as the emitted power divided by the emitted power in free
space (weighted by incoherent summation over positions and dipole
orientations).

RCWA Simulations

To simulate the angle-resolved emission intensities, we used the open-
source software package S4: the Stanford Stratified Structure Solver by
Liu and Fan.65 The rigorous coupled-wave analysis (RCWA) software
simulates the propagation of electromagnetic waves through 3D struc-
tures with 2D periodicity. Identical to the FDTD simulations, we sim-
ulate a TiO2 nanocylinder, but now in periodic boundary conditions.
The real part of the refractive index of TiO2 is set to n = 2.32, accord-
ing to the measured refractive index at λ = 650 nm. The extinction
coefficient is set to k ≈ 0.02 (Im(ε) = 0.1) for the center layer of
30 nm height; the rest of the cylinder is considered lossless.

The emission intensity results are obtained by performing the
reciprocal simulation: according to the Helmholtz reciprocity princi-
ple, absorption of light at a certain position that is incident from the
far-field at a certain angle and polarization is reciprocal with emission
of light with the same wavelength from the same position towards
the far-field at the same angle and polarization. In contrast to the
FDTD simulations, this allowed us to calculate the absorption at
all emitter positions in a single simulation with a plane-wave source.
The simulation was performed for a wide range of combinations of
wavelength, polarization, azimuthal angle, and polar angle.
Analogous to the FDTD simulations, the plane-wave source is a
“constant current” source. The implication is that the total power
in the RCWA simulations scales linearly with the LDOS. In the sim-
ulation this yields high-intensity at high-LDOS locations, whereas in
the experimental results the impact of high-LDOS locations on the
intensity is capped because the emitter is a ‘constant power’ source
(for each absorbed photon, a maximum of one photon can be
emitted).

The number of components used in the Fourier series (NG) and
the extinction coefficient were tested for convergence—the results
are shown in Figure S9, showing convergence for NG = 101 and
k = 0.1. To find convergence, we calculate the angle-resolved emission
with S4 for several NG values, σ(i), and determine the weighted differ-
ence between subsequent results, Δσ(i) and ΔσN(i), according to:

ΔσðiÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∫ ðσi–σi–1Þ2dr
∫ ðσiÞ2dr

s
;ΔσNðiÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∫ ðσi–σNÞ2dr
∫ ðσiÞ2dr

s

where r represents the variable of integration, in this case, the points on
the kx,ky plane, and N is the most accurate result in the convergence
test, in our case NG = 161. The curve for Δσ(i) indicates the differ-
ence between subsequent steps in the convergence test along the vari-
able, while the ΔσN(i) curve indicates the difference between a step
and the final step.

Electron-Beam Physical Vapor Deposition

The Ti3O5 precursor was evaporated by electron-beam heating and
precipitated onto the substrate. The base pressure of the chamber
was 10–7 mbar and was raised to 2.5 × 10–5 mbar by flowing O2 gas
into the chamber. The oxygen flow partially determines the final mate-
rial stoichiometry. The deposition rate was maintained at 0.2 nm/s.

Spin Coating of CdSe-CdZnS Core–Shell Nanoplatelets

CdSe-CdZnS core-shell nanoplatelets with a graded shell59 were dis-
persed in a hexane solution with a concentration of 10 mg NPLs per
1 mL hexane. The solution is spin-coated on top of the first TiO2 layer
H

at 2000 revolutions per minute (RPM) with 500 RPM/s for 60 s,
followed by a curing step on a 60 °C hot plate for 10 min.

Electron-Beam Lithography and Reactive Ion Etching

Ma-N 2403, a negative tone resist, was used as an EBL mask. First,
hexamethyldisilazane (HMDS), a resist adhesion promotor, is spin-
coated on the sample at 4000 RPM with 1000 RPM/s for 35 s,
followed by a curing step on a 150 °C hot plate for 1 min. Then,
the undiluted ma-N 2403 solution is spin-coated at 4000 RPM with
1000 RPM/s for 35 s and cured at 90 °C for 4 min. The resulting
ma-N mask thickness is 365 nm. When fabricating nanostructures
on an insulating substrate like glass, a final layer of Electra 92 is
spin-coated to help dissipate the e-beam charge, at 2000 RPM,
400 RPM/s for 40 s. When using a silicon substrate, no additional
charge-dissipation layer is necessary.

A Raith Voyager EBL system was used to write the patterns in the
mask, operating in 50 keV LC60 mode, write field of 500 μm and dose
∼250 μC/cm2.

The mask was then developed in ma-D 525 resist developer for 50 s,
rinsed twice in H2O for 30 s, and blow-dried under a nitrogen gun.

Finally, the sample was etched in an Oxford Instruments Plasmalab
80 Plus reactive ion etcher for 40 min. Flowing 50 sccm of CHF3 and
1 sccm O2 gases, we used a single TiO2 etch recipe based on ref 62—
the NPL layer was also properly etched, without significant over or
under etching. The ma-N mask was removed with a 15 min oxygen
plasma etch in the same etcher, using a 10 s plasma strike at the start
and otherwise 0 W forward power.

Ellipsometry

We used a variable-angle spectroscopic ellipsometer (VASE) from J.A.
Woollam Co. to measure the angle- and polarization-dependent reflec-
tion spectra of a TiO2 thin film on a silicon and glass substrate. Using a
Cody–Lorentz oscillator in CompleteEASE software, we fitted the
complex refractive index of the TiO2 thin film with a mean squared
error (MSE) of 4 (n,k values are plotted in Figure S1). We corrobo-
rated the fitted n,k values by measuring reflection and absorption from
the TiO2 thin film, showing excellent agreement with calculated reflec-
tion and absorption spectra based on the fitted n,k values (see
Figure S2).

Atomic Force Microscopy

AFM images were obtained with a ScanAsyst-AIR probe (Bruker, nom-
inal tip radius 2 nm), operated in PeakForce Tapping mode using a
Bruker Dimension Icon AFM.

Spatial Photoluminescence Measurements

For the photoluminescence measurements, a WITec alpha300 RS con-
focal microscopy setup was used in reflection mode with a 100× mag-
nification, 0.9 NA, air objective. The NPLs were excited with a 532 nm
excitation wavelength continuous-wave laser, 1 mW power, 100 ms
integration time, and diffraction-limited ∼300 nm-diameter spot size.
Spectra were collected using the fiber-connected WITec ultra-high
throughput spectrometer (UHTS), where the collection by the fiber
acts as the confocal pinhole. Given a fiber core of 100 μm in diameter,
we calculate a collection spot of 1 μm using FWHM = d

fiber/M, withM
the magnification of the objective.68 Given the 0.9 NA, angles up to
∼64° are collected.

Angle-Resolved Photoluminescence Measurements

Angle-resolved photoluminescence measurements were conducted in a
Fourier microscopy setup, where we illuminated the sample with a
515 nm wavelength pulsed laser, with a repetition rate of 1 MHz and
a power of 1.39 mW. The sample is placed facing down in the focus
of an inverted microscope immersion oil objective (Plan Apo λ 100×
NA = 1.45 oil). We illuminate the sample in epi-mode by focusing
the pump beam on the back-focal plane (BFP) of the objective to
https://doi.org/10.1021/acsami.5c21066
ACS Appl. Mater. Interfaces XXXX, XXX, XXX–XXX

https://pubs.acs.org/doi/suppl/10.1021/acsami.5c21066/suppl_file/am5c21066_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c21066/suppl_file/am5c21066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c21066/suppl_file/am5c21066_si_001.pdf
http://www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c21066


ACS Applied Materials & Interfaces www.acsami.org Research Article

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p

achieve a collinear spot of ∼40 μm diameter in the sample plane
(25 cylinders across for 800 nm pitch; 14 cylinders for 1400 nm pitch).
To image angle-resolved photoluminescence from the sample on the
detector, we place a lens (Fourier lens) on a flip mount in the focus
of the BFP of the objective, via a 1:1 telescope, as is done in ref 69.
We remove the pump from the PL signal with a combination of
514 nm dichroic and 550 nm long-pass filters. Given the refractive
index of the glass substrate and immersion oil (n = 1.475), we col-
lected angles up to ∼79.4°.
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