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Luminescent solar concentrators (LSCs) are actively researched to be incorporated into multi-functional
building envelope systems. They consist of a plastic matrix with absorbing—emitting media, which guides
and concentrates light to edges where solar cells are located. A main drawback of LSCs is escape cone
losses at the surface intercepting light. This study investigates trapezoidal nanostructures for creating an
interface that enables asymmetric light transmission and reduces these losses. The study employs
alumina nanostructures on a PMMA substrate, materials of relevance to LSC applications. The geometry
of nanostructures was optimized to maximize asymmetry in the 700-1100 nm wavelength interval,
which corresponds to the range best utilized by silicon solar cells. The multiphysics software COMSOL
was utilized to simulate forward (air to PMMA) and backward (PMMA to air) transmission. Spectral
transmissivity was calculated for this wavelength interval for a variety of incident polar and azimuthal
angles. The largest difference between forward and backward light transmission was found at 720 nm, as
designed. The forward spectral transmissivity for all polar angles considered was found to be
approximately 77% in the 700-1100 nm range at an azimuth angle of zero. The backward spectral

directional transmissivity in this range was approximately 37%, resulting in a 40% difference. The
Received Lith Novernber 2020 diff for the enti length f 400-1200 imately 37%. Similar result
Accepted 3rd May 2021 ifference for the entire wavelength range o nm was approximately 37%. Similar results were

obtained when the azimuth angle was varied. All these show that the incorporation of nanostructured

DOI 10.1039/d0na00946f interfaces can effectively reduce optical losses in LSCs, which will help increase their efficiency. This will
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1. Introduction

Over 80% of available energy is used in cities and a significant
portion of this energy is used in buildings.* There is a relatively
recent recognition that building energy expenditure contributes
towards the greenhouse effect and climate change in a non-
negligible manner. Therefore, countries around the world are
enacting legislation requiring net-zero or near zero energy
buildings.” Meeting such requirements oftentimes necessitates
on-site energy production. While solar power generation is the
approach to go in such circumstances, due to the high pop-
ulation density and the complex architecture of urban envi-
ronments, it is exceedingly difficult to plan and implement
traditional solar installations. One of the solutions currently
explored to address this situation is luminescent solar
concentrators (LSC), which can be integrated seamlessly into
the building envelope.>* Although first proposed in the 70's,
research in LSCs is now undergoing a revival due to their
potential applications as building integrated sustainable energy
technologies. The market for these concentrators is expected to
boom as soon as 2023 and they are particularly exciting because
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make LSCs a more viable solution for use in zero or net-zero energy buildings.

they allow for a seamless architectural integration of solar
power harvesting technologies within the building envelope.>”

LSCs work by concentrating large areas of sunlight to smaller
solar cells imbedded on the sides. LSCs are made of a trans-
parent glass or plastic sheet that contains luminescent species
(organic dyes, quantum dots, and fluorophores), which can be
either uniformly distributed throughout the matrix or concen-
trated at the bottom of the LSC. These luminescent species have
a specific absorption range and an emission range. Their
purpose is to absorb light within a certain wavelength region
and to emit it at a slightly lower energy level. The role of the
reemission is double folded. It helps the light to travel at more
extreme angles enabling an increase in total internal reflection
(TIR), which enables the glass or plastic matrix to act as
a waveguide. The light is focused toward the edge, where the
solar cell is located. In addition, the luminescent species also
red-shift the light, towards the spectral range that is more effi-
ciently converted by the solar cell.

The main impediment to LSC applications has been their
very low efficiency. This is primarily due to light leaving the
device through the top surface via escape cone losses. Light is
able to escape through the top surface if the incident angle
falls below the “critical angle” which can be determined using
the indices of refraction of the two media. The escape cone is
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illustrated below in Fig. 1. In fact, up to 40-50% of all light that
was absorbed by luminophores is lost through the escape
cone, which correlates to a 50-70% loss of photons.>® Most
attempts to correct this problem focus on spectrally selective
mirrors, Bragg reflectors, organic mirrors, photonic struc-
tures, and “resonance shifting” bicavity layers.*™® They all
operate under a similar premise, and they are simply con-
structed through different means. While effective, their main
weakness is the narrow operating range. For example, spec-
trally selective mirrors are highly reflective in the “emission
range” and highly transmissive in the “absorption range” of
the LSC. The emission range is typically less than 200 nm,
which means losses at other wavelengths are unaffected by the
solution implemented by adding mirrors.

An alternative approach to these would be a broadband
solution that allows all wavelengths to enter, but also blocks
them from leaving the LSC. This concept of asymmetric light
transmission is known as the Woods-Rayleigh anomaly, and
was first discovered and quantified in the early 20th century.***
More recently, this effect was investigated numerically for
a number of nanostructured interfaces.'*> A recent study,
relevant to the study discussed in this paper, is by Ozer et al.*®
who showed asymmetric light transmission for normal inci-
dence through an interface between air and periodic trape-
zoidal aluminum nanostructures on a lossless sapphire
substrate.

The objective of this paper is to examine similar interfaces
with trapezoidal nanostructures as shown in Fig. 1, imple-
mented with materials of relevance to intended applications
and realistic properties, and explore the directional dependence
of forward (from air towards the interface) and backward (from
the substrate towards the interface) transmission. These
proposed nanostructures would coat the top surface of the LSC
to reduce escape cone losses from within the waveguide, as seen
in Fig. 1. This study is accomplished via numerical simulation
carried out in the COMSOL wave optics module.
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2. Simulation setup

The materials utilized in this study are polymethylmethacrylate
(PMMA) as the substrate with aluminum oxide nanostructures.
PMMA was chosen because it is used in LSCs,* it is already
commonly found in buildings and constructions, and it is easy
to manufacture/buy. Aluminum oxide was chosen for similar
reasons. Furthermore, alumina nanostructures could poten-
tially be obtained through large scale anodization techniques,
a key aspect of the cost sensitive building industry.** The
properties of the selected materials were based on the COMSOL
material library. The PMMA is from the study of Beadie et al.*®
The alumina is from Malitson and Dodge.*® Both are experi-
mental datasets pre-loaded into the COMSOL's wave optics
module. The effects of luminescent species light transmission
were neglected as most LSCs have relatively low luminescent
species concentrations or the fluorophores are located away
from the air/matrix interface.

To proceed with this study, the optimum periodicity of the
nanostructures that would lead to asymmetric transmission at
the wavelength of interest was determined. This was done by
predicting the wavelengths for which all diffraction orders will
be able to propagate in the “forward” direction, but only the
zeroth diffraction order will be able to propagate in the “back-
ward” direction with eqn (1):****

A= pn(1l + sin ) (1)

In eqn (1) A is the wavelength, p is the periodicity of the
nanostructures (Fig. 2), and n is the refractive index of the
material that light enters. By using this equation and knowing
the average index of refraction for the LSC substrate, an effective
range for p was calculated. For this study, the focus was on
preventing the escape of the wavelength in the interval between
700 and 1000 nm, which corresponds to wavelengths best
utilized by silicon solar cells.””
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Fig.1 AnLSC acts as a waveguide focusing light on its edges and consists of a transparent matrix embedded with luminescent species. Incoming
radiation is either reflected off the top surface or refracted into the waveguide. Once inside, the light can be absorbed and emitted by the
luminescent species that can be uniformly distributed or placed at the bottom of the LSC. When light is emitted, it will continue through the
waveguide. If it is emitted below the “critical angle” of the waveguide, it will escape through the top surface. Otherwise, total internal reflection
will take place and the light will continue to the PV cell. Azoomed-in picture of the top surface is shown to illustrate the repeating nanostructures

at the LSC-air interface.
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Fig.2 Geometry of the simulated nanostructure. P is the width of the
periodic substrate, h is the height of both the substrate and the height
of the trapezoidal pyramid, b is the width of the base of the pyramid, ¢
is the change in the polar incident angle off the z-axis and ¢ is the
change in the azimuthal angle, which rotates in the xy plane. The
aspect ratio of the pyramid is 0.55.

While eqn (1) was initially used to determinate the range for
p, the final results presented in this study were obtained by
performing a parameter sweep for both the periodicity and
geometry of the trapezoidal pyramid, including the height, #,
base side, b and aspect ratio. The aspect ratio is the ratio of the
side of the top surface of the pyramid to the side of the bottom
surface of the pyramid. In all these studies, the height of the
substrate was kept the same as that of the pyramid.

In a typical simulation run, in setting up the model, a “box”
of air was placed on top of the PMMA substrate with a height of
3h so that light could propagate downwards through a real
medium. Floquet periodic conditions were applied on all lateral
sides.?® They allow the user to select the directions that a model
will repeat. COMSOL was set to automatically calculate the
number of diffraction orders for this set up. A port boundary
was added on the top surface of the air box and a second port
boundary was placed on the bottom surface of the PMMA. Port
boundaries will control the propagation and collection of light
for transmission and reflection calculations. For the forward
direction, the upper port had wave excitation turned on with
a power of 1 W and 1 V m ™" electric field propagating in the x
direction. The lower port had the same settings except that the
wave excitation was turned off. To study light propagation in the
backward direction the ports settings were vice versa. The mesh
used was a predefined “finer” mesh for all geometric compo-
nents. A brief mesh analysis showed that a smaller mesh then
produced approximately 3% variation in results. In addition,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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prior to performing the studies presented in this work, we
benchmarked our simulation procedure using the results pre-
sented in ref. 19. The procedure was also checked by comparing
PMMA-air interface results with published transmissivity data
for forward and backward propagation directions.*

For a given set of parameters (p, h, b, and aspect ratio)
a wavelength domain study within a range of wavelengths from
400-1200 nm at 20 nm incremental steps was completed in
COMSOL. All parametric studies were performed at normal
incidence. For the set of parameters that gave optimum trans-
mission at normal incidence, further studies were performed to
understand the change in transmission with the direction of
incoming light.

3. Results

One of the most promising interface configurations was found
for p = 700 nm, b = 550 nm, 4 = 550 nm and an aspect ratio of
the top side of the pyramid to its bottom side of 0.55. For this
configuration, the calculated forward and backward spectral
transmissivity at normal incidence is shown in Fig. 3 as
a function of wavelength. The inset table in Fig. 3 shows the
transmission for all wavelengths for normal incidence along
with the difference between backward and forward trans-
mission. The total transmission shown in table 1 was deter-
mined by first summing the transmission over all wavelengths.
This was done by using the trapezoidal rule to find the average
area under the curve as shown in eqn (2):

6 =S 6 (M= e ) o

G is the amount of irradiance that is transmitted through the
surface, ¢ is the transmission value calculated in COMSOL, A is
the corresponding wavelength, and G, is the total incoming
irradiance (100%) which is, in this case, wavelength indepen-
dent. The total transmission at this polar angle of 0° is defined

All Wavelengths 700nm-1000nm

0.2 Forward 0.99 0.99
—+—Forward Backward 0.70 0.49
0.1 F Backward Difference 0.29 0.50
0 L L L . L L L s
0.4 0.5 0.6 0.7 0.8 9 1 1.1 1.2

0.
Wavelength (ium)

Fig. 3 Forward and backward transmission for the optimized geom-
etry at a normal incidence. Each dot represents the simulation result,
while the line connecting the dots is added for the visual purpose. The
inset table shows the total transmission in the forward and backward
directions for all the wavelengths simulated as well as the specific
range of 700—-1000 nm. The difference between the two total trans-
missions is also shown.
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as the fraction of the amount of irradiance transmitted through
the surface over the total irradiance at the surface. This is
calculated by using eqn (3):

Gt r

T(OO) = n—1
S Gl +1) - ()]

(3)

where G is the total irradiance (100% of light) across the 800 nm
bandgap studied.

As shown by Fig. 3, this interface exhibits asymmetric light
transmission within the full range of 400 nm to 1200 nm and is
particularly effective in the range of 700-1000 nm, based on
which the periodicity was initially determined. For example, at
720 nm (selected because it is a local minimum that could be
compared to the data collected in the forward transmission
simulation, which was sampled at a larger wavelength incre-
ment) the difference between forward and backward trans-
mission reaches approximately 90%, while the average
difference in 700-1000 nm is approximately 50%.

While this configuration was selected as being one of the
winners based on normal incidence data, in the intended
application, understanding transmission dependence on the
angle of incidence is critical as the sun position changes
continuously through the day and seasons. Thus, the effect of the
polar and azimuthal angles of incidence (Fig. 2) was investigated
next. The effect of the polar angle was first explored at 720 nm
keeping the azimuth angle as 0°. For this purpose, the simulation
was set as described above, but a parametric sweep study was
added to run cases of incident polar angles starting from 0° and
increasing incrementally by 5° to a final position of 80°.

The results are shown in Fig. 4 along with results from
a similar simulation of a plain air/PMMA interface, which were
found to agree well with literature data.”” As can be seen in this
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figure, asymmetric light transmission continues to occur over
all incident angles. The trend observed for forward trans-
mission as a function of polar angle is very similar to that
observed for the PMMA/air interface shown in the inset of Fig. 4.
Specifically, the total transmission decreases while the polar
incident angle increases. However, backward transmission is
mostly suppressed at this wavelength, approaching zero after
50°, as also seen at the PMMA/air interface where transmission
is cut to zero at this angle due to total internal reflection. Since
alumina covers much of the upper surface area and has a higher
index of refraction than PMMA, there is no total internal
reflection that can take place, according to Snell's law.** This is
why a hard cutoff for transmission is not applicable to the
nanostructured interface. Despite this, the difference between
forward and backward transmission is greater with the nano-
structure due to the light transmission
phenomenon.

The study shown in Fig. 4 was repeated for all wavelengths in
the 400-1200 nm interval. At each simulated wavelength, the
directionally averaged transmission (averaged over all 4 studied
at a specific wavelength) in both the forward and backward
directions was calculated and is plotted in Fig. 5. The inset table
in this figure shows the total averaged transmission, which
represents the total over the entire wavelength interval for
directionally averaged transmission shown in Fig. 5. Eqn (2) and
(3) were used for these calculations, with the difference that ¢, in
this case, is the directionally averaged transmission at a given
wavelength, and in these equations A is replaced with 6. As can
be seen in Fig. 5, this interface effectively induces asymmetric
light transmission given the simulation setup described that
uses realistic materials, and tests across various incident angles
within this 800 nm wavelength range. At A = 700 nm, there is
just over a 53% difference in averaged transmission, while the

asymmetric
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Fig. 4 Total transmission in the forward and backward directions as a function of polar angle of incidence. Simulation performed at 720 nm
wavelength. The inset graph shows the results of the same simulation but without the trapezoidal nanopyramids. Each dot represents the
simulation result, while the line connecting the dots is added for the visual purpose.
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Fig.5 Averaged transmission as a function of wavelength, averaged over all polar angles investigated. For each wavelength, the polar angle was
varied from 0° to 80° degrees in 5° increments. Each dot represents the simulation result, while the line connecting the dots is added for the
visual purpose. The inset table shows the total averaged transmission for all wavelengths across all incident angles, as well as within the range of

700-1000 nm.

total averaged transmission difference is 37% for the entire
wavelength range. For comparison, a baseline model was also
created. This baseline model was made exactly the same, except
that the repeating nanostructure was removed from the inter-
face, leaving only the air and the PMMA substrate. The same
simulations were preformed over all wavelengths and incident
angles. These results showed that the model with the nano-
structures outperformed the baseline by an average of 10% and
peaked at 30% around 700 nm.

The final study performed was to investigate the effect of the
azimuth angle. For this study, the transmission was calculated
as a function of azimuthal angle of the propagating light for
several different polar angles. Due to the symmetric design of
our structure, it is only necessary to investigate the azimuth
angle from 0° to 90°. However, the simulations were done

0 30

60 90 120 150 180
Azimuthal Angle (Degrees)
+—Forward 45 Degree
—+—Backward 45 Degree

—+—Forward 30 degree
Backward 30 Degree

Forward 60 Degree
—+—Backward 60 Degree

Fig. 6 Transmission as a function of azimuthal angle for several polar
angles at 720 nm. Each dot represents the simulation result, while the
line connecting the dots is added for the visual purpose.

© 2021 The Author(s). Published by the Royal Society of Chemistry

varying the azimuth angle up to 180°, in 10° steps, in order to
observe the effect of symmetry. This was done for a variety of
polar angles, between 0 and 80°, to determine the overall effect
that the azimuthal angle will have at a particular wavelength.
Not all the polar angles simulated are shown here to avoid an
overcrowded graph. The three polar incident angles of 30°, 45°,
and 60° were selected for illustration, because these angles
cover the range where transmission starts to drop as seen in
Fig. 4. The results for this are shown in Fig. 6. The effect of the
azimuth angle is illustrated at 720 nm, the wavelength at which
the difference between forward and backward transmission is
close to the maximum.

As can be seen in Fig. 6, asymmetric light transmission
continues to hold across all combinations of polar and
azimuthal angles. The transmission averaged across all
azimuthal angles and all polar angles considered was also
calculated. This was done for the full range of the azimuth
angles simulated for each of the six polar angles investigated (0,
15, 30, 45, 60, and 70). The total forward directional trans-
mission was found to be around 86%, which is approximately
10% higher than the averaged forward transmission found from
Fig. 4 at this wavelength.

Similarly, the backward transmission was found to be about
32%, which is again about 10% higher than the value found
from Fig. 4. However, the difference between the forward and
the backward transmission for all azimuth angles across all
polar angles investigated was approximately 53%. The averaged
transmission difference for the polar incident angle study
shown in Fig. 5 is also approximately 53%. While the azimuthal
angle does vary the results slightly, the overall trend and average
transmission difference remains virtually the same. Multiple
wavelengths were tested for these polar and azimuthal angles
and they all yielded similar results.

Nanoscale Adv., 2021, 3, 3627-3633 | 3631
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4. Conclusion

In summary, a nanostructured surface was investigated for
reducing optical losses in luminescent solar concentrators. This
nanostructure was geometrically designed to be optimal for
a wavelength range relevant to a silicon solar cell response. The
interface studied was based on common materials used in the
intended application. The results presented in this paper
suggest that is possible to create interfaces with broadband
asymmetric light transmission which operate over a wide range
of polar and azimuthal incidence angles. While spectrally
selective mirrors and other similar solutions may be more
effective than 50%, they are only effective within a very small
bandgap. The solution proposed here is the only wide bandgap
solution that allows light to enter across an 800 nm wavelength
range, while simultaneously permitting less than 45% of that
light from leaving within the wavelength interval of 700-
1000 nm averaged over all directions investigated. Such nano-
structured interface materials are envisioned to enable more
commercially viable incorporation of LSC technology into
building integrated photovoltaics, ultimately leading to a more
sustainable urban environment.
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