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ABSTRACT: Luminescent solar concentrators are a promising route to environmentally
integrated photovoltaics, acting as multifunctional systems that simultaneously generate
electricity and transmit sunlight. For agrivoltaic applications, the ability to tune the transmission
spectrum of the LSC to optimize crop growth while generating electricity is essential. Here we
study a bilayer luminescent solar concentrator composed of a film of Si nanocrystals embedded
in poly(methyl methacrylate) and a film of CdSe/CdS nanocrystals embedded in
poly(cyclohexylethylene) for potential application in agrivoltaics. Position-dependent photo-
luminescence measurements demonstrate exceptionally high waveguide efficiency for the Si NC
layer, and the films have relatively low diffuse transmission and reflection, indicating low levels
of scattering. Using Monte Carlo ray-tracing simulations and experimental characterization, we
show that the CdSe/CdS NC layer primarily increases the absorption efficiency of the Si NC-
based LSC through a combination of direct absorption enhancement and sensitization. This
bilayer system offers significant transmission spectrum tunability across the absorption bands of
chlorophyll, which may be useful for agrivoltaic studies of different crop species.

KEYWORDS: luminescent solar concentrator, agrivoltaics, nanocrystals, quantum dots, greenhouse, photoluminescence, nanocomposite,
photovoltaics

1. INTRODUCTION

The commercial greenhouse market is expected to expand over
the next several years, offering high-yield agriculture and

study grew red romaine lettuce under different combinations
of LED light sources and found a combination of a RGB (R =
635 nm, G = 520 nm, B = 460 nm) light, and a far red (745

reduced water consumption for expanding populations.
However, commercial greenhouses also have significant
power needs for precision climate control, lighting, sensing,
and other control mechanisms, highlighting the need for on-
site power generation under a variety of weather conditions.' ™
The luminescent solar concentrator (LSC) is an ideal
greenhouse window architecture: LSCs are semitransparent,
light-harvesting devices designed to spectrally shift and
concentrate broadband, diffuse sunlight onto small area
photovoltaic (PV) cells to generate electricity while maintain-
ing transmission.” The LSC itself is a semitransparent
waveguide with embedded luminophores; the luminophores
absorb solar radiation and reemit light into a spectral range
that is more optimal for PV conversion, and the waveguide
concentrates that emitted light onto adjacent PV cells. The
semitransparent nature of this PV system enables integration in
a variety of environments where partial transparency provides
either additional functionality or aesthetic benefits. For
agrivoltaic applications specifically, the LSC additionally filters
light transmission for enhanced crop growth.>®

Several studies have demonstrated plant sensitivity to
different illumination conditions and have obtained beneficial
results from manipulating the relative intensity from different
wavelength ranges incident on the crops.””'* For example, one
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nm) light yielded the best leaf expansion and shoot biomass.®
Other studies have shown that at higher blue light percentages
of the total incident spectrum there is a decrease in growth and
dry mass for various plant species.”'® Recently, CulnS,/Zn$S
quantum dot films were used to modify the spectral quality of
transmitted light incident on red romaine lettuce, and the
plants had increased edible dry and fresh mass.’ These studies
indicate that electricity generation solutions that decrease the
transmission of blue light and increase transmission of red
light, as in the LSC which absorbs blue sunlight and shifts
emission to longer wavelengths, are particularly promising
routes to cogenerating electricity and crop production.
However, to deeply understand the effects of the filtered
spectrum on the germination and development of different
crop species, LSCs with tailored and tunable transmission
spectra are needed.
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Figure 1. (a) Schematic of the bilayer device along with (b) two photographs of the bilayer device under room light and UV illumination. (c)
Normalized absorbance and PL spectra of the Si and CdSe/CdS NCs and the molar extinction coeflicient for chlorophyll a and b.

Here, we create bilayer LSCs consisting of two different
luminophores to tune the transmission while also improving
light collection for electricity generation. The first layer is
based on Si nanocrystal (NC) quantum dots, which have
received attention recently for use as LSC luminophores due to
their desirable optical properties.''~'* Si NCs are indirect band
gap semiconductors and exhibit exceptionally low overlap
between their absorption and photoluminescence (PL)
spectra, which result in remarkably high waveguide efficiencies
in LSCs. Si NCs are also nontoxic and composed of earth
abundant materials, making them safer and less expensive to
synthesize. To achieve high absorption efficiency with an LSC
composed of Si NCs, however, the NC—polymer nano-
composite films must be relatively thick and contain a high
concentration of NCs. There is an upper limit to the NC
concentration before significant nanocrystal agglomeration
occurs, which dramatically increases scattering and reduces
LSC optical efficiency.'""”

An alternative strategy is to make a bilayer system of two
different luminophores. This second luminophore could either
act as the LSC luminophore on its own, broadening the
absorption spectrum and emitting over a different spectral
range, or, if the second luminophore emits across a spectral
range that Si NCs absorb, it can sensitize Si absorption. This
type of device is fundamentally different from both tandem
LSCs and dual band LSCs,"*™"° as the luminophores are not
separated by a low index layer, and the PL from each
luminophore is coupled into the same waveguide and directed
onto the same PV cell. The low index air gap between
waveguides in tandem architectures induces more reflection
from the additional air—glass interfaces, which reduces
absorption efficiency of the second junction and reduces
overall LSC transmission. For the agrivoltaic applications
mentioned above, the bilayer system is advantageous as it
allows for the concentrations and thicknesses of each
luminophore to be tuned individually, enabling greater
tunability over the transmission spectrum. By putting the
nanocrystals in different polymer layers, the concentration and
chemical functionality can be optimized for each luminophore
rather than compromising to make a blended system.
Furthermore, the bilayer system simplifies the manufacturing
and installation process significantly, as a single coating with
one PV cell would be less expensive to install onto glass than
multiple waveguides each with their own solar cell.

Here we use CdSe/CdS core/shell quantum dots as the
second luminophore, since the band gap of these luminophores
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can be tuned across the visible spectrum, and these
nanocrystals exhibit high PL quantum yields (PLQYs) due
to the passivating CdS shell.'” We have previously shown that
CdSe/CdS NCs can be dispersed well into a matrix of
poly(cyclohexylethylene) (PCHE), creating high quality nano-
composite thin films for LSCs.'® This combination of material
systems allows for facile fabrication of bilayers, since PCHE
and PMMA are dispersed in orthogonal solvents.'® Our study
uses a combination of experimental and computational
methods to evaluate the absorption, light propagation, and
efficiency of these bilayer devices. We also evaluate how tuning
the optical density of each film influences the chlorophyll band
transmission for potential use in agrivoltaic applications.

2. RESULTS AND DISCUSSION

The overall structure of the LSC studied here is depicted
schematically in Figure la and consists of a glass substrate,
followed by a Si NC-PMMA film and then by a film of CdSe/
CdS-PCHE deposited on top of the Si-PMMA film. Details of
the synthesis of both sets of nanocrystals are provided in the
Methods section. To form this structure, we deposited a Si
NC-PMMA composite film with ~1.5 Si wt % and a thickness
of 83 ym on a 2 in. X 2 in. borosilicate glass slide using doctor
blade deposition, following a procedure described elsewhere.'”
A film of 7.5 monolayer shell CdSe/CdS NCs dispersed in
PCHE was spin-coated directly on the Si-PMMA. To measure
the thickness, a separate control film of CdSe/CdS-PCHE was
spin-coated on a Si substrate by using the same solution and
parameters. The thickness of this control sample was measured
at 324 nm by using spectroscopic ellipsometry. Additionally,
the thickness of the bilayer reference film of PCHE on PMMA
without nanocrystals was measured at 308 nm by using
spectroscopic ellipsometry after roughening the backside of the
glass substrate. The PLQY of both nanocrystal systems was
measured both in solution and embedded in polymer. The as-
synthesized Si NCs in chloroform had a PLQY of 0.4 and a
PLQY of 0.2 when embedded in PMMA in air. According to
the previous study,'’ the PLQY of Si NCs embedded in
PMMA is approximately the same as in chloroform under
oxygen-free conditions, while the PLQY of Si NCs decreases
when exposed to air. Therefore, the decrease of Si NCs PLQY
here can be avoided by fabricating the device in a nitrogen-
purged glovebox and deploying an encapsulant to isolate
oxygen during use. The PLQY of the CdSe/CdS in octane was
0.73 and 0.58 when embedded in PCHE. An encapsulant could
benefit the PLQY CdSe/CdS film as well, but the CdS shell
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Figure 2. (a) Total transmission, (b) total reflection, (c) diffuse transmission, and (d) diffuse reflection for the CdSe/CdS-PCHE single layer film,
Si-PMMA single layer film, and bilayer film. Measurements from an uncoated glass substrate and undoped PMMA and PCHE bilayer films are

included for reference.

passivates the surface of the CdSe and prevents significant
decrease in the PLQY from exposure to oxygen. The decrease
in measured PLQY from embedding the CdSe/CdS in PCHE
could be from increased agglomeration and phase separation or
from increased CdSe/CdS reabsorption when increasing the
concentration compared to the NCs dispersed in octane. *~>*

The photographs in Figure 1b visually indicate the PL from
the bilayer device. The absorption and PL spectra of the NCs
are shown in Figure lc along with the molar extinction
coefficients of chlorophyll a and b taken from the literature.”®
We note that the Soret bands of both chlorophyll a and b
overlap significantly with the absorption bands of the
nanocrystals, and the Q bands do not. However, the Q
bands overlap (by different amounts) with the PL maximum of
the CdSe/CdS NCs. Because some of the luminescent light
absorbed and emitted by the CdSe/CdS will escape from the
concentrator, this outcoupled light could be absorbed by crop
species underneath the concentrator. The intensity of PL that
would be outcoupled to the plants is lower than the intensity of
the PL coupled into waveguide modes, but the additional light
across the photosynthetic action spectrum of certain plant
species could still promote plant growth, as observed in
previous studies.” Tuning the exact size of the CdSe/CdS
nanocrystals could allow for greater overlap with the Q bands
of either chlorophyll a or b.

To characterize the spectral and angular properties of the
bilayer LSCs, we measured the total and diffuse transmission
and reflection (Figure 2). Measurements were also performed
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on single layer CdSe/CdS-PCHE and Si-PMMA LSCs, the
latter before CdSe/CdS-PCHE deposition, at the same
concentrations and thicknesses as the bilayer LSC. Both the
single layer CdSe/CdS-PCHE film and the single layer Si-
PMMA films showed decreases in total transmission (Figure
2a) compared to their respective undoped references,
corresponding to an increase in absorption from the NC
incorporation. When the CdSe/CdS-PCHE film was added to
the Si-PMMA film to create the bilayer device, the total
transmission decreased slightly. The total transmission results
confirm that the nanocomposite films are absorbing as
expected, with the CdSe/CdS-PCHE layer increasing the
absorption slightly compared to the single layer of Si-PMMA.
The total reflection (Figure 2b) for all samples containing a
PCHE film or a film of CdSe/CdS-PCHE exhibit oscillations
due to thin film interference effects. The oscillations from
CdSe/CdS-PCHE films have higher amplitudes due to the
higher refractive index of the composite, which is consistent
with previous results'® and with the expected reflection from
transfer matrix calculations for a PCHE film with and without
embedded CdSe/CdS NCs (Figure S6). The increased total
reflection seen for the single layer Si-PMMA film is from
backscattered light.

The diffuse transmission (Figure 2c) remained relatively low
upon addition of the NCs, which indicates minimal scattering
in the nanocomposite films. The highest diffuse transmission
occurred in the Si-PMMA film and the bilayer system, with a
maximum at around 480 nm. The diffuse transmission
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Figure 3. Wavelength and distance resolved normalized irradiance for the (a) CdSe/CdS-PCHE single layer, (b) Si-PMMA single layer, and (c)
bilayer film. (d) Peak normalized irradiance for the different devices with analytically derived solid angle estimates for different attenuation
coefficients. The normalization was performed with respect to the PL spectrum of each luminophore.

decreases at shorter wavelengths because of the strong increase
in absorption, which prevents the transmission of scattered
light. A similar trend is observed in the diffuse reflection
measurements (Figure 2d). The measured haze for the bilayer
film was 5.7%. On the basis of previous results where 83 ym
thick Si-PMMA films had a haze exceeding 40% from
nanocrystal agglomeration,'” we assume that the attenuation
of light propagating through these films is dominated by
absorption rather than scattering.

To investigate the light propagation and waveguide
efficiency of the LSCs, the PL at the edge of the concentrator
was measured as a function of the position of the excitation
light source. A 405 nm LED light source with a 0.5 mm spot
size directed downward on top of the films was scanned across
the samples in 1 mm steps, and an integrating sphere was
coupled to one side of the waveguide to collect the
concentrated PL at each excitation position. The collected
intensity spectra for each distance were calibrated to absolute
irradiance, and then the PL spectra at each position were fit to
a Gaussian distribution. Further details are shown in Figure S7.
The spectra with respect to the horizontal distance from the
edge of the LSC to the light source are displayed in Figures
3a—c. In Figure 3¢, normalization was performed with respect
to each NC’s own PL spectrum.

The CdSe/CdS nanocrystals emit in the visible, and the Si
nanocrystals emit in the near-infrared (NIR), as is clearly seen
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in the single layer samples (Figures 3a,b). The normalized
irradiance in these single layer samples decreases with
increasing excitation distance to ~60% of the peak for both
cases. The slight increase in irradiance at the end is real and
due to reflection and scattering off the back edge of the LSC.
When compared to the bilayer sample (Figure 3c), the Si PL
looks nearly identical with the single layer case, but there is a
noticeable increase in the CdSe/CdS attenuation in the bilayer
sample.

The attenuation observed in these measurements is a
combination of waveguide losses and the changing solid angle
between the light source and the detector. To unravel these
effects, Figure 3d shows the peak normalized irradiance as a
function of light source distance from the LSC edge. The
reference lines are the different attenuation coefficients,
assuming an analytically calculated decrease in irradiance
from the changing solid angle. More information about the
analytical derivation is provided in Figure S1. By using these
reference lines, we can graphically estimate the attenuation
coefficient of the PL propagating through the waveguide. The
Si NCs in both the single layer and the bilayer systems closely
matched the solid angle reference line with an attenuation
coefficient of 0 cm™'. This means the Si NC PL coupled into
total internal reflection modes did not significantly attenuate
from reabsorption or scattering, and the waveguide efficiency is
exceptionally high. The PL from the single layer of CdSe/CdS
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also corresponded to a near zero attenuation coefficient.
However, the CdSe/CdS PL in the bilayer film showed
increased attenuation, with an estimated attenuation coefficient
of ~0.17 cm™". The increased attenuation was expected and is
due to the absorption of the CdSe/CdS NC PL by the Si NCs.
Although the Si absorption is lower across the CdSe/CdS PL
spectrum than it is at shorter wavelengths, the optical density
of the Si-PMMA layer is ~0.025 at normal incidence across the
CdSe/CdS PL spectrum. The reabsorption of luminescence
from the CdSe/CdS NCs by the Si NCs is greater than
reabsorption by the CdSe/CdS NCs.

The results were also compared to Monte Carlo ray-tracing
simulations for a system of similar LSC size and luminophore
optical densities. The attenuation experiment was simulated by
using ray-tracing on 2 in. X 2 in. waveguides for a Si-PMMA
single layer, CdSe/CdS-PCHE single layer, and a bilayer
device. The PLQY of the Si and CdSe/CdS NCs were set at
0.4 and 0.73, respectively, which is close to the experimental
PLQY values of the NCs in solution. The resulting attenuation
coeflicients estimated from the ray-tracing for both single
layers and the Si PL in the bilayer device were close to zero
(Figure S2). The simulations on the CdSe/CdS PL predicted
an increase in attenuation in the bilayer device similar to the
experimental results, corresponding to an attenuation co-
efficient of ~0.19 cm™". The higher attenuation coefficient is
close to the estimated attenuation coefficient from the

14106

experimental results, ~0.17 cm™}, and is also due to the

absorption of the CdSe/CdS NC PL by the Si NCs.

Given the agreement between experiment and simulation at
the smaller scale, we used Monte Carlo simulations to
determine whether the addition of the CdSe/CdS layer
enhances the performance of the Si-PMMA LSCs for larger
area (60 cm X 60 cm) devices (Figure 4). To simulate a
strongly absorbing Si-PMMA film with a weaker absorbing
CdSe/CdS-PCHE film, the optical density at 350 nm
wavelength of incident radiation for the 40 pum Si-PMMA
film was set to ~0.5 and scaled proportionately with Si-PMMA
thickness. The thickness and optical density at 350 nm for the
CdSe/CdS-PCHE film were held constant at 10 gm and 0.08,
respectively. A thickness of 10 ym was used to stay within the
ray optics regime for the ray-tracing simulations. Simulations
were also performed for the films on separate, decoupled
waveguides with an air gap in between, as this configuration is
a common approach for tandem LSCs composed of multiple
luminophores. Reference lines are included for single layer Si-
PMMA and CdSe/CdS-PCHE efficiencies.

The optical efficiency (7,,) of both the coupled and
decoupled configurations increased when the CdSe/CdS-
PCHE layer was added to the system, with the decoupled
configuration showing slightly greater enhancement compared
to the single layer Si-PMMA LSC (Figure 4a). The optical
efficiency is defined as 77,,, = ®,/®, where ®, is the photon
flux concentrated to the sides of the waveguide and @, is the
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transmission while adjusting the optical density of the Si and CdSe/CdS NCs. The optical density is defined at 350 nm wavelength of incident

radiation.

photon flux incident on the LSC.”® We can also express the
optical efficiency as 7oy = Mapsllco Where 77, is defined as

_Ja-T-RE,
’/labs - -/'EE,/1

where T and R are the LSC transmission and reflection, E, , is
the solar spectral irradiance, and 7 is the fraction of absorbed
photons that are successfully concentrated toward the edges of
the concentrator. The waveguide efficiency (nwg) , which is the
fraction of emitted photons coupled into total internal
reflection modes that are concentrated to edges, is directly
proportional to the collection efficiency and is also useful for
characterizing how efhiciently light propagates through the
waveguide. More details are provided in the Methods section.

To understand the origin of the enhanced optical efficiency
for both device configurations, we calculated the different
efficiency terms (Figures 4b—d), as detailed in the Methods
section. We first consider the Si absorption, which includes
both light that is absorbed by the Si NCs directly and light that
was initially absorbed by the CdSe/CdS NCs, emitted, and
then absorbed by the Si NCs. Figure 4b shows that the
addition of the CdSe/CdS layer increased absorption in the Si
in the bilayer configuration, consistent with the experimental
measurements that showed that this layer sensitizes the Si
absorption. In the decoupled configuration, adding the CdSe/

CdS layer decreases the amount of light absorbed by the Si
NCs, since a significant fraction of the incident sunlight is
absorbed in the CdSe/CdS layer first. As expected, both
devices exhibited an increase in absorption compared to the
single junction Si-PMMA LSC because the addition of the
CdSe/CdS-PCHE layer added more absorbing material. The
absorption efficiency increase for the bilayer device was slightly
higher than the decoupled device because of the increased
reflection from the additional glass—air interfaces in the latter
case.

The waveguide efficiency 7, for both systems (Figures
4c,d) decreased with the addition of the CdSe/CdS-PCHE
film compared to the single layer Si-PMMA, with a more
dramatic decrease for the bilayer LSC. This occurs because the
reabsorption losses increase when the two luminophores are
coupled together. As the Si-PMMA thickness increased, there
was a slight increase in the waveguide efficiency in both cases,
since a slightly higher percentage of light is directly absorbed
by the Si NCs in thicker films. With such minimal reabsorption
for the Si NC PL, this results in an increase in waveguide
efficiency. The CdSe/CdS-PCHE single layer film had a lower
waveguide efliciency compared to all other LSCs tested due to
higher reabsorption losses. The experimentally estimated
attenuation coefficient for the single layer CdSe/CdS-PCHE
film was near zero (Figure 3), which would correspond to a
very high waveguide efficiency. We attribute this inconsistency
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to the larger LSC size for the ray-tracing simulation. For large
area LSCs, the larger overlap between the absorbance and PL
spectra for the CdSe/CdS NCs compared to the Si NCs
decreases the waveguide efficiency, as the PL coupled into total
internal reflection modes has to propagate further to reach the
LSC edge. The bilayer device is in a regime, however, where
the overall waveguide efficiency is higher compared to the
single junction CdSe/CdS-PCHE. This is in part due to the
energy transfer from the CdSe/CdS NCs to the Si NCs. Si PL
successfully emitted into total internal reflection modes has a
very high waveguide efficiency, regardless of whether the
absorption was from incident sunlight or from reabsorbed
CdSe/CdS PL.

The collection efficiency 7, shows different trends than 7,
with the bilayer exhibiting a decreased 7, and the decoupled
device exhibiting an increased 7, compared to the single layer
Si-PMMA. Similar to 77, . for the bilayer device decreased
because of the increase in reabsorption associated with having
the two luminophores in close proximity. For the decoupled
device, 7., was higher when compared to the single layer Si-
PMMA because the effective PLQY of the device has a strong
effect. The higher PLQY of the CdSe/CdS in these simulations
enhanced 7, despite the increase in reabsorption after the
introduction of CdSe/CdS.

Therefore, we see that the addition of the CdSe/CdS layer
has different effects for the two geometries. For the decoupled
device, the CdSe/CdS-PCHE layer increased both #,, and
Neol thus, more sunlight is absorbed, and the absorbed light is
utilized more efficiently. Adding the CdSe/CdS-PCHE layer to
the bilayer device only increases 7,,, but in this case the
increase in absorption was more dominant than the decrease in
Ncot Which led to the overall increase in 7,y In principle, it
would be possible for sensitization in the bilayer case to
enhance collection efficiency; if the top layer luminophore had
significant reabsorption or a low quantum yield, then
transferring these photons to the low reabsorption Si would
be beneficial. To test this, Figure S3 compares the waveguide
efficiency for the CdSe/CdS layer at different Si PLQYs. We
found that the PLQY would have to be close to unity
(assuming a CdSe/CdS PLQY of 0.75) for this strategy to
provide a collection advantage.

Another advantage of an LSC design with two different
luminophores is that the optical density of the luminophores
can be adjusted independently to tune the transmission across
different spectral regions. This feature may make the bilayer
LSC design advantageous for agrivoltaic applications such as
greenhouse panels where controlling the spectral quality can
influence plant growth and morphology. To demonstrate this
tunable transmission for our system, the transmission of the
Soret band and the Q-band was calculated for both chlorophyll
a and chlorophyll b while adjusting the optical density of Si
and CdSe/CdS NCs. We define the chlorophyll band

transmission as

_ /TLSC(/l)‘?ChI(/l) da
P feeu(d) da

with the Soret band integrated from 350 to 550 nm and the Q-
band integrated from 550 to 700 nm, shown in Figure 5.
Changing the optical density for both luminophores tunes the
Soret and Q-band transmission for both chlorophyll a and b.
The Soret band transmission spans a larger range than the Q-
band transmission because the absorbance of the luminophores

increases with decreasing wavelength, which is potentially
advantageous for cases where higher blue light percentage
decreases plant mass.”"”

3. CONCLUSION

This study of bilayer LSCs demonstrates that the addition of a
CdSe/CdS composite layer to the top of a Si LSC enhances
the optical efficiency by increasing the absorption and
sensitizing the low-loss Si absorption, while tuning the
transmission for modified spectral quality. Concentrated
photoluminescence from both luminophores was detected by
using attenuation measurements, with increased CdSe/CdS PL
attenuation from absorption by the Si NCs. This luminophore
interaction decreases the overall collection efficiency of the
device but boosts the absorption efficiency, which results in
higher optical efficiency. The CdSe/CdS NC to Si NC energy
transfer is advantageous as the Si PL has exceptionally high
waveguide efficiency with minimal reabsorption. Although the
simulations for the decoupled configuration predicted higher
optical efficiency than the bilayer, the bilayer device offers
numerous advantages, including overall simplicity. This system
also allows for control of the transmission across the spectral
range of the chlorophyll absorption bands, which makes this
type of device promising for agrivoltaic LSC applications.

4. METHODS

Si QD Synthesis and Functionalization. Si QDs were
synthesized and functionalized as previously reported.'' Hydride-
terminated Si QDs were synthesized in a nonthermal plasma. In the
primary plasma region of the reactor, 30 sccm of argon as carrier gas
and 14 sccm of 5% silane in 95% helium as precursor gas flowed into
the top of the borosilicate glass plasma reactor tube. In the afterglow
of the plasma, 100 sccm of hydrogen was injected through an
additional inlet for surface passivation purposes. Sixty watts (as
indicated by the power supply) of 13.56 MHz radio-frequency (RF)
power was applied through an impedance matching network to a pair
of concentric ring electrodes fixed on the outside of reactor tube to
excite a capacitively coupled plasma. Below the plasma afterglow
region, an adjustable orifice was located to control the pressure in the
plasma reactor which controls the nanocrystals size and accelerate the
nanocrystals for collection by impaction. After that, the synthesized Si
QDs were functionalized with methyl 10-undecenoate by hydro-
silylation. The hydrosilylation was performed under a nitrogen-purged
refluxing condition. Si QDs were dispersed in a S:1 v/v mixture of
mesitylene as a solvent and methyl 10-undecenoate and were heated
at 215 °C for 4 h to create an ester-capped particle surface.

Si-PMMA Film Fabrication. The Si-PMMA film fabrication was
performed following a similar procedure as previously reported.'> A
mixture solution of 2.25 mg/mL ester-Si QDs and 0.1 wt %
azobis(isobutyronitrile) (AIBN) as thermal initiator in S mL of MMA
was heated in water bath at 65 °C for about 1 h. The heated solution
was then transferred to a 0 °C freezer for at least 1 h to stop the
polymerization. After that, the prepolymer solution was brought to
room temperature and poured on a clean borosilicate glass substrate
behind a doctor blade with a fixed gap of 1270 ym between the blade
and the glass substrate. The blade was swept across the glass substrate
so that a thin layer of prepolymer solution over the glass substrate was
formed. This thin layer was dried overnight to form the final film. The
final film thickness (t) was estimated with

1
t= EGf;olid
where G is the gap height between the doctor blade and the glass
substrate; f,,;q is the volume fraction of PMMA in the prepolymer
solution and was estimated as 13%."*
Photoluminescence Quantum Yield Measurements. Photo-
luminescence quantum yield measurements were preformed by using
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a 2 in. integrating sphere coupled to an OceanOptics USB2000
spectrometer calibrated by using an OceanOptics HL-3 Plus lamp. A
395 nm LED emitted radiation into an integrating sphere where the
radiation became isotropic via diffuse reflection at the sphere walls.
The emission spectra of QDs were then integrated and divided by the
integrated change in excitation signal to calculate the PLQY.

CdSe/CdS-PCHE Film Fabrication. CdSe/CdS NCs were
synthesized according to the literature procedures'””>” and described
previously elsewhere.'®*® The nanocrystals were imaged by using
transmission electron microscopy (Figure S4). The particle size
distribution is seen in Figure SS, and the average diameter after
shelling is 8.2 nm. The CdSe/CdS-PCHE nanocomposite film
fabrication followed previous methods."® Briefly, a 200 mg/mL
solution of poly(cyclohexylethylene)/octane was created and stirred
for 2 h. The polymer solution was filtered through alumina to remove
reaction byproducts. 0.6 mL of the PCHE/octane solution, 260 yL of
CdS/CdSe dispersed in octane, and 1.14 mL of octane were mixed.

This solution was spun on 2 in. X 2 in. borosilicate glass to create
the single layer of CdSe/CdS-PCHE and on the Si-PMMA film to
create the bilayer device by using a Laurell WS-650Mz-23NPPB spin
coater. The solutions were spun with a spin speed of 2000 rpm for 20
s with 500 rpm/s acceleration and then 500 rpm for 40 s with —500
rpm/s acceleration.

UV/Vis Spectrophotometry. Transmission measurements of the
polymer—nanocrystal composite films were performed by using a
Cary 7000 UV/vis spectrophotometer with a diffuse reflectance
accessory. The total transmission measurement was performed by
mounting the sample to the integrating sphere transmission port and
blocking the back port with a PTFE standard. The PTFE standard
was removed for the diffuse transmission measurements. Haze
calculations were done according to ASTM D1003-00.”° For the
total reflection, the sample is rotated by 3°20’ to couple all reflected
light into the integrating sphere, and for diffuse reflection the sample
is fixed.

Photoluminescence Attenuation Measurements. The com-
posite films were mounted with the edge coupled to an integrating
sphere input port. A 400 nm LED light source with a 0.5 mm spot size
was positioned at normal incidence to the film’s top surface and
scanned across the centerline of the sample directly toward and away
from the integrating sphere input port. An Ocean Insight Flame vis—
NIR spectrometer was coupled to the integrating sphere to collect the
concentrated PL that coupled into the integrating sphere at each
excitation position. The spectrometer was calibrated to absolute
irradiance by using an Ocean Optics HL-3 plus light source.

Monte Carlo Ray-Tracing Simulations. A Monte Carlo ray-
tracing model is used to predict the efficiency of Si and CdSe/CdS
NC based LSCs. The simulations inject incident photons at normal
incidence on the top surface of the LSC at various wavelengths and
tracks the photons as they propagate through and interact with the
LSC. The inputs for the model include the optical properties of the
CdSe/CdS and Si NCs, the refractive index of the polymers matrices
and glass, the thickness of the nanocomposite films, and the optical
density of the luminophores. If the photons are moving through either
of the nanocomposite films, Beer’s law is used to determine the
absorption probability at each move step:

Pb =1- IO_OD(/Dlsxep/tﬁlm
abs

where OD(4) is the optical density of the film, I, is the optical path
length, and tg,, is the thickness of the film. All reflection and
refraction properties are determined by using Snell’s law and Fresnel
equations. Photons are considered collected if they are incident on
one of the four sides of the waveguide, and the optical efficiency is
calculated with

_ /(p()')Ee,l da
opt = JE., d2

where E,, is the solar spectral irradiance and ¢ is the fraction of
photons collected. The collection efficiency #., was calculated

Article
Mopt

P The waveguide efficiency 7, was calculated
abs

Mleol

according to 17, =

by using Mg =

Nirap'TpL,
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