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4
Anisotropic luminophore emission for

enhanced light trapping in luminescent
solar concentrators

Building-integrated photovoltaic (BIPV) technologies integrate photovoltaic energy generation
into the design of semi-transparent and opaque building envelopes. The photovoltaic lumi-
nescent solar concentrator (LSC) is an example of such a technology and offers the potential
for low-cost, passive concentration of direct and diffuse light. Recent advances in the emis-
sion efficiency of semiconductor luminophores could significantly reduce parasitic losses, but
efficient light trapping remains elusive to achieve high conversion efficiency LSCs. Here, we
demonstrate anisotropic luminophore emission to enhance light trapping in the LSC waveguide.
By embedding semiconductor 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 tweaking Mie-like multipolar resonances
in the individual nanocylinders (form factor) and the interaction with the lattice (structure
factor). Angle-resolved photoluminescence measurements on the fabricated nanocylinders
arrays corroborate this understanding. By optimizing the cylinder shape and lattice spacing, we
show an increase in light trapping 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 photovoltaic systems, as well as in solid-state lighting and smart displays.
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4.1 Introduction

4.1 Introduction

The amount of energy from the sun that reaches the earth’s surface is practically inexhaustible
and free, providing a staggering 1.5 billion TWh annually [138]. This is about 9 thousand
times our annual primary energy production of 168 thousand TWh [5]. Solar photovoltaics
(PV) currently makes up about 0.3% of the world’s energy production, or 3% of electricity
production [139], and is growing at a high pace (20% in 2020). To sustain this growth, a large
global research effort is well underway to develop further several PV technological families
[15, 20]. Besides the continued deployment of solar farms, where economies of scale push the
installed capacity up by decreasing costs [32], many other complementary PV technologies
have emerged [140]. Building-integrated photovoltaics (BIPV) is a set of such a technologies,
integrating solar power generation into the built environment: e.g. building envelopes [35, 37],
roofs [34], windows [82, 83, 98, 141], greenhouses [84, 87], public spaces [96], and art [142].
BIPV receives much attention because of their potential to minimize the use of land for PV
systems, decrease the overall system and installation costs due to its multifunctional use, and
make PV systems more aesthetically appealing. Moreover, local generation in combination
with local consumption and storage of electricity is of benefit to a future energy grid with
large proportions of variational renewable energy sources [143].

The photovoltaic luminescent solar concentrator (LSC) is a BIPV device that consists
of a dielectric waveguide with embedded luminophores and integrated solar cells along
the edges or in a matrix (see Figure 4.1a). Part of the incident sunlight is absorbed by the
luminophores, given by their absorption band and particle concentration (optical density).
The luminophores subsequently emit photoluminescence (PL) at lower energy, set by the
Stokes shift. The photoluminescence 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 angular range of TIR is determined by the index of refraction contrast
between the waveguide and air. The spectral profiles and intensity of the absorption and
emission of the luminophores determine the opacity and color of the LSC, i.e., the average
visible transparency (AVT) [144]. Thus, using the LSC as a facade or roof component offers
additional aesthetic options due to its variable semi-transparent and/or colored surface.

Figure 4.1: (a) Schematic representation of a luminescent solar concentrator as a building-
integrated photovoltaic device. (b) An 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 [106]. Sketches drawn by Kyra Orbons.
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Photovoltaic LSCs exhibit several features that set them apart from other photovoltaic
devices. Compared to conventional flat photovoltaic cells, LSCs offer superior mechanical
flexibility, lower operating temperatures [95], and use less active photovoltaic material.
Geometric concentrating photovoltaic systems also use less active material but typically
operate at higher temperatures. Moreover, geometric concentrator systems have limited
acceptance angles and therefore require sun-tracking, whereas LSCs are passive concentrators
that absorb both direct and diffuse irradiance [93]. Finally, the combination of distinct
absorption spectra and developments in ultra-high PLQY luminophores make the LSC a
promising candidate for future tandem devices [101, 102, 104].

Many device parameters can be tuned when designing an LSC, many of which affect
each other [106, 145]. Among these are the aforementioned luminophore PLQY, optical
density (OD), and index of refraction of the dielectric waveguide, as well as the luminophore
absorption and emission spectra. The refractive index sets the critical angle for TIR inside the
waveguide, while the Stokes shift between luminophore absorption and emission imposes
the maximum achievable concentration [91, 146]. Moreover, the absorption onset of the PV
should be aligned with the luminophore emission spectrum to minimize carrier thermal-
ization in the PV. The ratio between the top surface area of the waveguide and the active PV
material surface area of the LSC is termed the geometric gain (GG) – a larger GG implicates a
larger average optical path from the emitter to the PV cell, amplifying loss pathways.

Despite several decades of LSC research, interplaying loss mechanisms still limit its
potential [106]. Novel luminophores, such as highly emissive perovskites and colloidal
quantum dots [147, 148], have largely replaced the traditional organic dye molecules that
suffered from limited spectral coverage, low emission efficiency (i.e., PLQY), and small Stokes
shifts leading to strong reabsorption losses [149]. 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 [115]. Figure
4.1b shows all the possible optical pathways in an LSC. These include reflection, absorption,
and transmission of incident sunlight; emission, reabsorption, and recombination by the
luminophore; parasitic losses by the waveguide and solar cell; scattering and escape cone loss;
and total internal reflection [106]. The emission of photons through the escape cone is a major
loss channel, accounting for over 25% of all emitted photons. This is a direct consequence of
the typical isotropic luminophore emission in the waveguide matrix and the critical angle of a
glass/plastic 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 [42, 117,
118]. Using a proper dichroic mirror, this approach completely eliminates PL escape cone
and scattering losses at the cost of the additional (expensive) mirror component and a
significantly altered AVT for the waveguide. Partially limiting escape cone emission angles
with Bragg mirrors has also been proposed for an LSC with an external PV [150]. An alternative
approach is to alter the angular emission profile of the luminophore to emit more into TIR
angles, for example, by adjusting the luminophore shape [43, 151], orientation [152], or
nanophotonic environment [123]. In Chapter 3, we systematically evaluated the effect of
anisotropic luminophore emission on the power conversion efficiency. Using a Monte Carlo
ray-tracing model, the impact of anisotropic emission was evaluated for a wide variety of LSC
parameter combinations. The results imply that strong anisotropic emission into TIR angles
in combination with ultra-high PLQY [128] unlocks power conversion efficiencies towards the
single-junction detailed-balance limit [145].

In this chapter, we present and demonstrate a novel nanophotonic approach to
anisotropic luminophore emission for LSCs. By directly embedding luminophores into
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4.2 Nanophotonic angular emission control

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, while (sun)light with energy higher than the luminophore
bandgap is resonantly absorbed in the out-of-plane direction. We use finite-difference
time-domain (FDTD) simulations to find the optimal nanostructure. The simulations predict
that the escape cone losses at the single resonator level (form factor) are reduced from 25% to
14.7% in the optimized design. Subsequently, rigorous coupled-wave analysis simulations are
performed to find the optimal lattice constant for the array of cylinders (structure factor),
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 nanoplatelets, according to the optimized design.
Spatially resolved photoluminescence measurements show that the luminophores are only
located inside the cylinders as designed. Angle-resolved photoluminescence microscopy
measurements show strong anisotropic emission. To emulate the incorporation of the cylinder
array inside an LSC waveguide, we use an immersion-oil objective, which also enables the
collection of luminophore emission beyond the critical angle of a glass waveguide in air. We
show excellent agreement between the simulated and measured angle-resolved emission
profiles that result from the single-particle Mie resonances (form factor) and photonic crystal
modes of the cylinder array (structure factor).

4.2 Nanophotonic angular emission control

Nanophotonic angular emission control of dipole-like emitters [153] is considered a promising
route to improve various photovoltaic systems and has thus been studied extensively [19, 32].
Unidirectional emission was first demonstrated by placing QDs in the vicinity of plasmonic
nanoantennas [48, 50]. The coupling of QD emission with the photonic modes in a plasmonic
resonator alters the angular emission profile. Directional emission control is achieved by
controlling the photonic modes, which depend on the resonator material and shape, and the
coupling of the modes with the dipole-like emitter, which depends on its position relative
to the resonator [154]. By employing an array of resonators, the emitter also couples to
diffractive lattice modes [49, 155]. Complementary to the plasmonic resonators, directional
emission was demonstrated by coupling emitters to all-dielectric nanophotonic resonators
[156]. Notable examples are QDs coupled to a leaky-antenna [157], QDs dispersed in glass Mie-
like resonators [58], rare-earth ions coupled to dielectric metasurfaces [158], and monolayer
MoS2 coupled to silicon nanowires [59]. Lasing from semiconductor nanocrystals has also
been demonstrated by coupling them to plasmonic [159, 160] and dielectric nanoparticle
arrays [161]. In Chapter 2, we have shown directional emission of semiconductor QDs by
soft-stamping them onto silicon nanocylinders, modifying the angular emission profile due
to near-field coupling of the QD transition dipole with Mie-like multipolar resonances in the
high-index nanocylinder [162].
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Here, we directly embed colloidal CdSe-CdZnS core-shell nanoplatelets [163] in high-
index TiO2 nanocylinder arrays. The nanoplatelets (NPLs) have a reported center emission
wavelength of 655 nm and a full-width half-maximum (FWHM) linewidth of 19.5 nm. In this
system, we avoid enhanced parasitic absorption losses typical of plasmonic or absorbing
dielectric systems, control the precise location of the emitters with respect to the TiO2
resonator, control the shape of the TiO2 cylinders, and fabricate arrays composed of tens of
thousands of resonators – a novel combination of features.

The photonic building block we use is a dielectric nanocylinder. These structures exhibit
multipolar Mie-like resonances [25, 164] when their size is on the order of the effective
wavelength, i.e., the free-space wavelength divided by their refractive index. Our material
of choice is TiO2 due to its relatively high refractive index (∼2.3 at 650 nm wavelength)
and simultaneous low extinction coefficient (below 0.003 beyond 400 nm wavelength) – see
Figures 4.7 and 4.8 in the Supplementary Information for the experimental complex refractive
index data. This refractive index gives sufficiently high contrast in a typical glass/plastic LSC
waveguide environment to support Mie-like resonances.

With the ingredients introduced above – dielectric TiO2 nanocylinders in a glass-like
environment (refractive index: n = 1.475) – we optimize for the shape with the best response.
Vaskin et al. separated the single unit cell response (form factor) from the lattice response
(structure factor) [153]. Using this description, we first design the form factor, i.e., the response
of the single nanocylinders, where the figure of merit is emission into TIR angles. The structure
factor is taken into account separately in the next section. To find the optimal size of the
individual nanocylinder, we perform finite-difference time-domain (FDTD) simulations (see
Methods for details). We start with a single, monochromatic (λ = 650 nm, similar to the
experimental peak emission wavelength) dipole source in the center of the cylinder (Fig.
4.2a) and optimize its height and diameter. As a result, we obtain a maximum of 93.7%
emission into TIR angles for a diameter of 450 nm and height of 150 nm. Fig. 4.2b 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 with unity normalized intensity. In the reference case, 75% of the
emission in within the TIR angular range, indicated by the red dashed line (42.7 degrees from
normal incidence). The intensity of the optimized emission profile in blue is normalized
by the isotropic case. This enables us to calculate the simulated LDOS enhancement at the
center of the cylinder to be 4.25 (see Methods for details).

From an implementation perspective, multiple luminophores are needed per cylinder to
achieve reasonable absorption in an LSC. Moreover, a layer of luminophores instead of a single
one also enables a layer-by-layer fabrication protocol. Therefore, we extend our design to that
of a TiO2 nanocylinder with a center layer of luminophores (Fig. 4.2c). The optimization now
involves the simulation of dipole sources at several radial and axial positions and subsequently
a weighted incoherent summation over positions and dipole orientations to emulate a full
sampling of all source positions in the layer. The single dipole source optimization proves
a good initial indicator because 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
4.2d 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. Thus, the lower efficiency than for the
dipole in the center above is attributed to a change in the coupling between the off-center
dipoles and the nanocylinder Mie-like modes. The position-dependent coupling alters the
LDOS enhancement slightly, from 4.25 to 3.5, but this does not explain the change in the
emission profile within escape cone angles. This change indicates that off-center dipoles
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4.2 Nanophotonic angular emission control

Figure 4.2: (a) A single dipole-like emitter (red) embedded in the center of a TiO2 nanocylinder
and (b) its corresponding, optimized directional emission profile (blue) at a diameter of 450 nm
and height of 150 nm. (c) A layer of emitters (red) embedded in the nanocylinder at center height
and (d) its corresponding, optimized directional emission profile (blue) at a diameter of 500
nm and height of 150 nm. Emission profiles are calculated with FDTD, averaged over the three
orthogonal dipole moments. The black line shows the reference case of isotropic emission, with
75% emission into TIR angles (red dashed line indicates the critical angle for TIR). The intensity
of the optimized emission profiles in blue are normalized by the isotropic case. Sketches drawn
by Kyra Orbons.

excite the Mie-like modes with different strengths than the center-dipoles, and the total
interference causes stronger emission into escape cone angles.

The Stokes shift allows for the decoupling of the absorption and emission probabilities
that otherwise are coupled through reciprocity. This makes it possible to maximize emission
into TIR angles without reducing the absorption of light coming from outside the waveguide.
In fact, the optical cross-section of the nanocylinders for wavelengths below the absorption
onset of the luminophores can be designed to enhance absorption. Here, however, we have
not considered the luminophore absorption as a figure of merit during the design. With the
optimized cylinder design, we proceed to the fabrication of TiO2 nanocylinder arrays with
embedded luminophores on a glass substrate (Fig. 4.3a).
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4.3 Nanocylinder array fabrication

We fabricate the designed structures using a top-down approach, similar to that reported by
Ha et al. [165]. First, a layer 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 nanoplatelets (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 Methods
section for details). On a single substrate, several fields of 100 × 100 µm cylinder arrays were
fabricated by raster scanning of EBL. While 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 [166]. Figure 4.3b
shows an atomic force microscopy (AFM) map of the resulting nanocylinder array for target
dimensions of 500 nm diameter and 1400 nm pitch. Given the initial height of 150 nm for the
triple layer, the sample has certainly been over-etched. However, the fact that we etched into
the glass is not a problem for our experiment because our design considers a homogeneous
glass surrounding, and measurements are performed with index-matching fluid covering the
cylinder arrays. A scanning electron microscopy (SEM) image is also shown in Fig. 4.9 for a
nominally identical nanocylinder array but fabricated on a silicon substrate for reference.

Figure 4.3: (a) Sketch of the implementation of the nanocylinders array inside an LSC. (b) AFM
height map of the TiO2 nanocylinder array with embedded nanoplatelets. Sketch drawn by
Kyra Orbons.

4.4 Spatial photoluminescence measurements

Before turning to directional photoluminescence measurements, we measured the photo-
luminescence of the embedded NPLs as a function of position on the nanocylinders array.
Figure 4.4a shows a microscope image taken in a confocal microscope in reflection. In
Figure 4.4b, we plot the photoluminescence intensity at λ = 650 nm as a function of position,
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4.5 Angle-resolved photoluminescence

corresponding to the area marked by the red square in Fig. 4.4a. Bright PL is observed
when the laser is positioned on top of a cylinder, confirming that the NPLs remain bright
emitters after going through all of the fabrication stages. Moreover, most cylinders display
similar PL intensity, showing that a homogeneous sample was fabricated, and subsequent
angle-resolved photoluminescence measurements can be collected from an extended area
by exciting multiple cylinders. In Figure 4.4c, two representative PL spectra are plotted
corresponding to the data in Fig. 4.4b: on top of a cylinder (green) and in between four
cylinders (purple). We attribute the nonzero intensity when the laser is positioned in between
the cylinders to emission from NPLs in the surrounding cylinders, which were excited by a
combination of the tails of the diffraction-limited laser spot, light scattered by small roughness
on the etched glass substrate, and light funneled towards the cylinders due to their increased
optical cross-section at the laser wavelength [164].

Figure 4.4: (a) Optical microscopy image of the corner of the TiO2 nanocylinder array with
embedded nanoplatelets. (b) Photoluminescence intensity map of the marked area in a),
indicating emission is confined to the nanocylinders. Color scale depicts the normalized
intensity at 650 nm wavelength; pixels have been smoothed with a moving-average filter
(original data are shown in Fig. S4). (c) Photoluminescence spectra corresponding to two
positions in (b): on top of the cylinder and in between four cylinders.

4.5 Angle-resolved photoluminescence

Following the spatial PL measurements shown above, we measured the PL as a function of
angle with a Fourier microscopy setup (see Methods). First, we measured on a nanocylinder
array with 800 nm pitch, illuminating several hundreds of cylinders with the laser excitation
spot. Figure 4.5a 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 objective), respectively. The
observed high-intensity curves set the result apart from the simulated results for single
resonators in Figure 4.2. To understand the origin of these curves, we must include the
photonic modes of the array in the description: the angular emission profile is determined
by the convolution of the structure factor given by the array and the form factor given by
the single cylinder. We can understand the structure factor as the modes of a square lattice
photonic crystal, which supports in-plane waveguide modes. The photonic crystal waveguide
modes 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 a weak periodic perturbation, the locus of wave vectors
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is just a circle concentric around 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 [61, 153]. The data in Figure 4.5a
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 analysis (RCWA) simulations using the open-source software package S4 by Liu
and Fan [167] (see Methods). Similar to the FDTD simulations, we model de structure with
experimentally obtained optical constants for TiO2, but now we place the nanocylinder in
periodic boundary conditions. Thus, the results from these simulations contain both the form
factor and structure factor. 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 (see Methods). To this end, we model the structure in RCWA, and insert
absorption (imaginary part of the refractive index, k =

p
0.1 = 0.316) exactly in the NPL 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 4.5b shows the result
for a pitch of 800 nm, normalized and plotted on the same axis as the experimental values in
Fig. 4.5a. The experimental and simulated results show clear similarities: a horizontal 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, corresponding
to the glass-air escape cone, so enhanced TIR light trapping is not achieved at this pitch.

The measurement and simulation are repeated for nanocylinder arrays with a larger pitch
of 1000 nm, 1200 nm, and 1400 nm; the results are shown in Figures 4.5c-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 where emission into TIR angles is stronger than
within the escape cone. The pitches are chosen between 800 and 1400 nm to ensure the lattice
supports waveguide modes at the emission wavelength.

The combination of higher and lower intensity features in Figures 4.5b,d,f,h are under-
stood as many photonic crystal waveguide modes that are overlaid by their copies, repeated
over the reciprocal lattice. The locations of the maxima are fully determined by the lattice,
which we call the structure factor. The intensity distribution of this structure factor is modified
by the angular emission profile of the individual cylinder, which we call the form factor. We
observe that the photonic crystal bands in the center have lower intensity than the bands at
higher wavevectors. This follows precisely our design, combining a form factor with strong
emission into TIR angles and photonic crystal bands that also lie in the TIR angular range.

Many broader features in the simulation results are actually a combination of two separate
modes, as can be seen at some locations in Fig. 4.5b,d. These two modes are waveguide modes
for orthogonal polarization, parallel or perpendicular to the photonic crystal, which we will
refer to as S and P polarization, respectively. Figure 4.11 in the Supplementary Information
shows the same polarization averaged result as in Figures 4.5b,d,f,h, as well as individual S and
P polarization results. The figures clearly show the two separate modes at similar locations,
indicating a slightly different mode index for the orthogonal polarizations. The differences
in the intensity and lineshape of the S and P polarization figures reveal that the coupling
efficiency is significantly higher for the S polarization waveguide modes.
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4.5 Angle-resolved photoluminescence

Figure 4.5: 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 glass substrate to air) and NA = 1.45 (maximum for the objective), respectively. All
data are averaged over S and P polarization.
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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 waveguide modes as the frequency and
corresponding wavevector is changed. The rings are extended to cones in 3D, as described in
reference [153]. Instead of slicing the dataset along a certain wavelength to obtain subsets
as shown in Figure 4.5, 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 4.6. The red dashed
line indicates a wavelength of 650 nm. In panel (a), we find two bands with high intensity that
correspond to the high-intensity oval shapes in Fig. 4.5a. Upon increasing the array pitch (Fig.
4.6b-d), the bands move outwards to higher wavevectors 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.

Figure 4.6: 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 polarization, 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 4.5 at ky = 0. As we
already observed in Figure 4.5 and 4.11, the photonic crystal bands are displaced outwards with
increasing array pitch, which is attributed to a decrease in the reciprocal lattice constant.
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4.6 Conclusions

Finally, we calculate the emission fraction into TIR angles based on the simulated results
in Figure 4.5. For the 800 nm pitch array, the TIR emission fraction is 68.5%, which is actually
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 yield of LEDs or displays. Emission into TIR angles increases
steadily from 68.5% (800 nm) to 75.9%, 81%, and 83.5%, for 1000, 1200, and 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 degrees. Nevertheless, we can see in
Figures 4.5g,h that the experiment and simulation compare very well, many fine features and
relative intensity variations are well reproduced, and their logarithmic color scales span about
one order of magnitude.

4.6 Conclusions

In conclusion, we have demonstrated anisotropic to enhance light trapping in an LSC wave-
guide. By embedding CdSe-CdZnS nanoplatelets into an array of TiO2 nanocylinders, we
alter their angular emission profile to increase emission 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 photonic 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 measurements are in
good agreement with simulated emission profiles, 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 conversion 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 solid-state lighting and smart displays.
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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 [72]. 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 conformal 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 constants of TiO2 as
determined by ellipsometry (see Methods on Ellipsometry) were used.

By keeping a fixed electric dipole amplitude in each simulation, the total emitted power is
proportional to the LDOS (and Purcell factor) [68]. Thus, for the two optimized cases in Fig.
4.2, 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 [167]. The rigorous coupled-
wave analysis (RCWA) software simulates the propagation of electromagnetic waves through
3D structures with 2D periodicity. Identical to the FDTD simulations, we simulate a TiO2
nanocylinder, but now in periodic boundary conditions. The real part of the refractive index
of TiO2 is set to n = 2.32, according to the measured refractive index at λ = 650 nm. The
extinction coefficient is set to k = 0.316 (Im(ϵ) = 0.1) for the center layer of 30 nm; the rest of
the cylinder is considered lossless.

The emission intensity results are obtained by performing the reciprocal simulation:
according to the Helmholtz reciprocity principle, 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 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. The simulation was performed for a wide range
of combinations of wavelength, polarization, azimuthal angle, and polar angle.

The number of components used in the Fourier series (NG) and the extinction coefficient
were tested for convergence – the results are shown in Figure 4.13, 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 weighed difference between subsequent
results, ∆σ(i) and ∆σN(i), according to:

∆σ(i ) =
∫

(σi −σi−1)2dr∫
(σi )2dr

, ∆σN (i ) =
∫

(σi −σN )2dr∫
(σi )2dr

(4.1)

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
∆σ(i) indicates the difference between subsequent steps in the convergence test along the
variable, while the ∆σN(i) curve indicates the difference between a step and the final step.
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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 material
stoichiometry. The deposition rate was maintained at 2 Å/s.

Spin coating of CdSe-CdZnS core-shell nanoplatelets

CdSe-CdZnS core-shell nanoplatelets with a graded shell [163] were dispersed 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 at 2000 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 a Oxford Instruments Plasmalab 80 Plus reactive ion
etcher for 40 minutes. Flowing 50 sccm of CHF3 and 1 sccm O2 gases, we used a single TiO2
etch recipe based on ref. [165] – 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 reflection 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 Fig. 4.7). We corroborated the fitted n,k values by measuring reflection and
absorption from the TiO2 thin film, showing excellent agreement with calculated reflection
and absorption spectra based on the fitted n,k values (see Fig. 4.8).

Atomic force microscopy

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

For the photoluminescence measurements, a WITec alpha300 RS confocal microscopy setup
was used in reflection mode with a 100× magnification, 0.9 NA, air objective. The NPLs
were excited with a 532 nm excitation wavelength continuous-wave laser, 1 mW power,
and diffraction-limited ∼300 nm-diameter spot size. Spectra were collected using the fiber-
connected WITec UHTS spectrometer, 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 = dfiber/M, with M the magnification of the objective [75]. Given the 0.9 NA, angles up
to ∼64 degrees 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 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 [168]. 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 collected angles up to ∼79.4 degrees.
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4.8 Supplementary information

Figure 4.7: Real (black) and imaginary (blue dashed) parts of the refractive index of a TiO2
thin film as fitted from ellipsometry measurements. A Cody-Lorentz oscillator model was used,
yielding a mean squared error (MSE) of 4.

Figure 4.8: Reflection (absorption) from a 100 nm TiO2 thin film on a silicon (glass) substrate,
measured in an integrating sphere setup and calculated using the n,k values obtained from
ellipsometry. The excellent agreement corroborates the fitted values. The nonzero absorption
for longer wavelengths is attributed to scattering by the glass substrate. The TiO2 thin film was
evaporated with EBPVD on the silicon and glass substrates simultaneously.
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Figure 4.9: Scanning electron microscopy (SEM) image of a TiO2 nanocylinder with embedded
NPLs, fabricated for reference on a silicon substrate. The image is taken under a 45 degree
angle. The silicon substrate facilitates charge dissipation in the SEM, enabling us to obtain
this high-resolution image, which is typically not possible on an insulating glass substrate.
In contrast to the homogeneous TiO2 layer on top, the NPL layer shows many features on its
surface. The ma-N e-beam resist mask is still on top of the cylinder.

Figure 4.10: Identical to the data presented in Fig. 4b, but without smoothing the data:
Photoluminenescence intensity map of the marked area in Fig. 4a, indicating emission is
confined to the nanocylinders. Color scale depicts the intensity at the target wavelength of 650
nm, in counts per pixel per second, for 1 mW input power of the 532 nm CW laser.
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Figure 4.11: Angle-resolved photoluminescence simulated for a (a) 800 nm, (b) 1000 nm, (c)
1200 nm, and (d) 1400 nm pitch array. The left and middle plots on each row correspond to
the S and P polarization, whereas the right plot shows the averaged polarization, identical to
the simulated plots in Figure 4.5 of the main text. The white dashed lines correspond to NA = 1
(critical angle from glass substrate to air) and NA = 1.45 (maximum for the objective).
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Figure 4.12: Calculated dispersion diagrams for a (a) 800 nm, (b) 1000 nm, (c) 1200 nm, and (d)
1400 nm pitch array. The left and right sides of the graphs show the S and P polarized emission,
along the kpar = kx axis and as a function of normalized frequency (2π/λ). The white dashed
line indicates the border between the S and P polarized data. The red dashed line indicates
the target wavelength of 650 nm, corresponding to a horizontal cut through the plots in Figure
4.11 at ky = 0. As we already observed in Figures 4.5 and 4.11, the photonic crystal bands are
displaced outwards with increasing array pitch.

Figure 4.13: S4 calculation convergence testing for (a) the number of Fourier series components
(NG) and (b) the extinction coefficient (Im(ϵ)) of the absorbing center layer. Convergence was
found at NG = 101, which is used in the extinction simulations, where convergence was found
for Im(ϵ) = 0.1. See methods for definition of ∆σ (delta-s) and ∆σN (delta-s-N).
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