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ABSTRACT: Escape cone loss is one of the primary limiting
factors for efficient photon collection in large-area luminescent
solar concentrators (LSCs). The Stokes shift of the
luminophore, however, opens up an opportunity to recycle
the escaped luminescence at the LSC front surface by utilizing a
photonic band-stop filter that reflects photons in the luminophore’s emission range while transmitting those in its absorption
range. In this study, we examine the functional attributes of such photonic filter designs, ones realized here in the form of a
distributed Bragg reflector (DBR) fabricated by spin-coating alternating layers of SiO2 and SnO2 nanoparticle suspensions onto a
supportive glass substrate. The central wavelength and the width of the photonic stopband were programmatically tuned by
changing the layer thickness and the refractive index contrast between the two dielectric materials. We explore the design
sensitivities for a DBR with an optimized stopband frequency that can effectively act as a top angle-restricting optical element for
a microcell-based LSC device, affording further capacities to boost the current output of a coupled photovoltaic cell. Detailed
studies of the optical interactions between the photonic filter and the LSC using both experimental and computational
approaches establish the requirements for optimum photon collection efficiencies.

KEYWORDS: luminescent solar concentrator, distributed Bragg reflector, photovoltaics, escape cone loss

T he concept of photovoltaic (PV) technologies exploiting
luminescent solar concentrators (LSCs) has been studied

since the 1970s.1,2 These devices utilize a fluorescent material
to absorb the incident illumination and emit lower-energy
photons into confined modes within a polymer waveguide,
which can then be redirected to an attached solar cell via total
internal reflection (TIR). The principal advantages of an LSC
are that it operates independent of the incident irradiance
angle, collects both direct and diffuse sunlight, and thus
eliminates the need for precise mechanical tracking required by
a geometric solar concentrator (GSC). The intention for an
LSC is to replace expensive active PV materials with relatively
inexpensive luminophores.3−5 Recent reports from our group
illustrate an unconventional geometry for LSCs whereby arrays
of silicon- or GaAs-based solar microcells (μ-cells) are directly
embedded in a much thinner (∼30 μm) polymer matrix doped
with organic or inorganic luminophores.6−8 In this LSC system,
the sidewalls and bottoms of the μ-cells are utilized to capture
the luminescence, while the top surfaces absorb the direct
sunlight. A key feature of this layout is the large geometric gain
achieved within a relatively small waveguide area due to the
small dimensions of the semiconductor device. The prospective
cost-effectiveness of this design follows from the low semi-
conductor material consumption of these lightweight devices

and the capability of optimizing device spacing via a transfer-
printing process.9

The achievable concentration ratios and efficiencies of LSC
devices have been limited historically by several loss
mechanisms, including (1) incomplete absorption of the
incident illumination due to the limited spectral coverage of
the luminophore; (2) a portion of absorbed photons not being
reemitted, as the quantum yield (QY) of most dyes are typically
less than unity; and (3) a portion of the emitted light being
refracted out of the waveguide through an escape cone rather
than being trapped inside it via TIR.10,11 In addition, for
luminophores with an absorption/emission band overlap,
emitted photons in the TIR mode can be reabsorbed by
adjacent luminescent molecules, further increasing their
chances of being lost via the above-mentioned mechanisms
(2) and (3).12 These features have been discussed in earlier
reports from leading research groups.8,13−17 The current work
addresses in great detail one of these issues, escape cone losses,
to establish quantitative guidance for designs we have described
for its mitigation.18
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Escape cone loss is one of the primary limiting factors for
large LSC devices. As illustrated in Figure 1, all emitted

photons impinging on the internal surface with an angle smaller
than the critical angle leave the waveguide and are lost. The
trapping efficiency (η) in this process is determined by the
refractive index of the waveguide (n):

η = −
−
n1 2

(1)

For a typical organic polymeric material as an example (n =
1.5), η is around 74%, which means that 26% of the emitted
photons are lost through the front and back surfaces.19 An
attached backside reflector (BSR) does not change this number,
as photons still leave the LSC through the front surface after
being reflected at the backside. However, the Stokes shift
between the dye absorption and emission spectra opens up an
opportunity to trap all of the potentially escaping photons at
the front surface using a photonic band-stop filter, which
reflects all the light in the dye emission range while transmitting
all the light in the absorption range (see Figure 1).20,21 Such an
idealized filter would eliminate the escape cone losses
completely. A real filter, however, will show a reduced
performance for several reasons. First, as an absorption/
emission overlap exists in all dye species, it is impossible to
design a filter that reflects all the emitted luminescence without
some measure of losses in the luminophore’s absorption band.
Second, the reflectivity of the filter’s stopband will be lower
than unity, and so not all light in the escape cone will be
recycled. Finally, the most important challenge with a photonic
band-stop filter originates from the dependence of reflectance
on the photon incidence angle. The stopband typically is
shifted toward shorter wavelengths, with a decreasing
reflectivity seen for increasing incidence angles. As the
directions of the luminescent photons impinging on the front
surface of the LSC are isotropic, photons with oblique angles
are subjected to a lower trapping efficiency with a photonic
mirror as compared to ones with a steeper angle of incidence.
Light with steep angles, however, results in extremely long
effective path lengths within the waveguide before it reaches the
solar cell. It therefore suffers more strongly from path-length-
dependent losses, including dye reabsorption, matrix absorp-
tion, and scattering. As a consequence, the photon recycling
efficiency of the top filter will be dependent on the photon
incidence angles, a result of both the filter’s angle-dependent
reflectivity and the path-length-dependent propagation losses.
These complexities make the demands placed on the quality

of the photonic structure very high.22 Only a filter with very low
reflectance in the absorption range of the dye, a very high

reflection in the emission range, and a very steep edge between
these two spectral ranges has the potential to produce large/
useful increases in light collection efficiency. The bandwidth
and central wavelength of the filter further therefore need to be
carefully designed to overcome the angle dependence of the
reflectance and the resulting path-length-dependent loss of
recycled photons. Suitable candidates for such structures
include organic cholesteric mirrors,23−26 inorganic Bragg
stacks,27−30 and rugate filters.31−35 These optical structures
are all one-dimensional photonic crystals, consisting of
alternating layers of two materials with a refractive index
contrast. The reflected waves at each layer boundary can
interfere constructively, creating high reflectance for a certain
wavelength range, the so-called photonic stopband. These
photonic structures have been used as band-stop filters directly
on solar cells36 and LSCs37−40 to selectively reflect photons
within the escape cone and to achieve enhanced photon
recycling. In a recent report from our group, we described an
LSC design utilizing core−shell quantum dots combined with a
photonic mirror that reflects the entire narrow emission band at
nearly all angles, achieving a concentration ratio exceeding 30
for blue photons.18

In this study, we examine in quantitative form the design
sensitivities for the improvements realized in the power output
of the Si microcell-based LSC system by incorporating a top
photonic mirror, which serves as an angle-restricting optical
element that traps luminescence that would otherwise be lost.
The model photonic structure was realized by fabricating a
distributed Bragg reflector (DBR) that consists of alternating
layers of suspensions of spin-coated SiO2 and SnO2 nano-
particles. The position and the width of its photonic stopband
can be effectively tuned by the layer thickness and the refractive
index contrast between the two dielectric materials. The
versatility of this fabrication process allowed us to systemati-
cally study the light management effects of the DBR on an LSC
device by employing a series of DBRs with different central
wavelengths (λc). The stopbands of these mirrors were tuned to
be relatively narrow compared to our previous work, so that the
recycling behavior for the emitted photons at different angles
could be examined. The luminophore chosen in this study is an
organic dye (4-(dicyanomethylene)-2-methyl-6-(p-dimethyla-
minostyryl)-4H-pyran, DCM) instead of quantum dots, as it
enables us to better study the optical physics related to escape
cone losses by generating LSC waveguides at high optical
densities with minimum scattering. Our experimental results
show that the optimal λc is the one that is red-shifted from the
emission peak. For the LSC studies reported here for a
microcell incorporating a diffuse backside reflector, adding the
best-performing DBR results in a marked (23%) relative
enhancement in the photocurrent generated from the
luminophores. The detailed mechanism of the photon recycling
process between DBR and LSC is elucidated by the results of
spectrum-resolved quantum efficiency measurements. In
addition, a Monte Carlo ray-tracing simulation was developed
to capture the photon traveling behavior and further under-
stand the characteristics of light propagation inside the
waveguide.

■ FABRICATION AND OPTICAL PROPERTIES OF THE
DBR

A series of DBRs with different λc values were fabricated via
layer-by-layer spin-coating of SiO2 and SnO2 nanoparticle
suspensions with a subsequent calcination step to remove

Figure 1. Effects of a photonic band-stop filter on top of an LSC
device: the filter selectively reflects back luminesced photons in non-
TIR modes and guides them to the attached solar cell to generate extra
power, while allowing the transmission of light in the dye absorption
range.
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residual organic components, as reported by Puzzo et al.41 The
as-prepared dielectric multilayer, here supported on a quartz
substrate, displays high optical uniformity over a large central
region of the optic, with minimal adventitious defects, as
illustrated by the optical images presented in Figure 2a. It is
noteworthy that the size of the DBR is only limited by that of
the underlying substrate and could be expanded by using a
larger quartz plate and optimized coating processes. A cross-
sectional secondary electron microscopy (SEM) image of the
fabricated DBR is presented in Figure 2b. The spin-coating
method yields a periodic multilayer stack with well-defined, flat

interfaces between the adjacent layers, which are critical to
minimize undesired scattering/refraction and ensure excellent
optical properties. The first-order stopband central wavelength
(λc) of the DBR is determined by the Bragg equation:

λ = +n d n d2( )c 1 1 2 2 (2)

where n1 and d1 and n2 and d2 are the refractive indices and
thicknesses of the two dielectric materials in the stack,
respectively. In this fabrication protocol, the thickness of each
dielectric layer can be effectively manipulated via the spin-
coating speed and suspension concentration (see Figure S1),

Figure 2. Characterization of fabricated photonic structure. (a) Optical images of a spin-coated DBR. Its central region shifts from blue to purple as
the viewing angles become more oblique. (b) Cross-sectional SEM image of a DBR with alternating layers of SiO2 and SnO2. (c) Reflectance
(normal incidence) of six DBRs with various stopband positions, achieved by tuning the thickness of the spin-coated dielectric layer. (d)
Experimental and (e) simulated reflectance spectra of a DBR. Its stopband shifts to shorter wavelength range with increasing incidence angles.
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generating DBRs with various values of λc. The reflectance
spectra of the as-prepared DBRs were measured at normal
incidence and are plotted in Figure 2c. The experimental
spectra agree well with ones simulated using the transfer-matrix
method (see Figure S2), confirming the high optical quality of
the DBRs. The reflectivity of a DBR increases with the number
of alternating layers, owning to the increasing number of
constructive and destructive interferences occurring at its layer

boundaries. Each DBR for which data are presented in Figure
2c consists of 16 alternating layers, leading to peak reflectance
values as high as 95%. These values are suitable for use in
studies exploring their utility as photonic band-stop filters for
LSCs. The stopbands of the DBR shift to shorter wavelengths
as the light incidence angles (θ) increase, as shown by the
experimental and simulated reflectance data presented in Figure
2d and e. This effect can be seen visually by looking at the DBR

Figure 3. (a) 3D illustration of an LSC device composed of a silicon solar microcell (gray) and a polymer matrix doped with DCM (orange)
supported on a thin glass substrate (light lavender). (b) Cross-sectional schematic of the LSC device with a top DBR. (c) Comparison between
DCM absorption/emission spectra and DBR reflectance. A DBR allows the transmission of dye emission at close to normal incidence, while it
reflects dye emission at larger incidence angles. (d) I−V curves. Adding a DBR on top results in an increase of Isc for an LSC device. (e)
Experimental and (f) simulated EQE for an LSC device with various DBRs. The photon recycling effects are evidenced by the enhancements in the
blue region.
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at different viewing angles (Figure 2a). The angle-dependent
reflectance of the DBR provides a critical constraint for the
design of an LSC-DBR system, as an optimized DBR should
allow high optical transmission in the dye absorption range
while providing angle restriction for escaped luminescence, as
discussed in greater detail in sections that follow.

■ PERFORMANCE OF AN LSC WITH A DBR ON TOP

The LSC system utilized in this study consists of transfer-
printed silicon solar microcells42 (30 μm thick, 100 μm wide,
and 1.5 mm long) embedded in a polymer matrix doped with
an organic luminophore (DCM), supported on a thin (180 μm
thick) quartz substrate, as illustrated in Figure 3a.8 An
embedded PV microcell provides what is an essentially weakly
perturbing means for measuring the photon fluxes present in
the waveguide. A DBR (λc = 735 nm, sample D in Figure 2c) is
placed directly on top of the LSC device with a natural air gap
in-between to trap the escaped luminescence, while photons
already in the TIR modes remain unaffected by the photonic
structure (a cross-sectional illustration is presented in Figure
3b). This particular photonic mirror is designed to allow high
transmission of incident illumination within the DCM
absorption range, while providing high reflectance for emitted
luminescence at larger incidence angles. This can be seen in the
comparison of the dye absorption/emission spectra and the
DBR reflectance data presented in Figure 3c: it is notable that
the DBR reflectance peak matches that of the dye emission
when θ = 60 degrees (i.e., not at normal incidence). The
relationship between dye emission and stopband frequencies in
terms of the LSC performance is discussed further in the
following section. With the addition of the DBR (λc = 735 nm),
the short circuit current (Isc) of the device increased 6%, from
100 μA to 106 μA (Figure 3d). In contrast, the Isc of the blank
control sample (no luminophore in the polymer matrix)
dropped from 56.0 μA to 51.8 μA after applying the DBR, due
to the fact that the DBR stopband blocks part of the incoming
solar radiation that can be utilized by the microcell through
non-TIR waveguiding. To isolate the luminescence recycling
effects from the top photonic structure, the current output
contributed from the dye emssion (Idye) was calculated by
subtracting the Isc of the blank control sample. Compared with
the LSC value without a DBR (Idye = 100−56 = 44 μA), the Idye
value (106−51.8 = 54.2 μA) of an LSC with a DBR showed a
23% relative enhancement, indicating that otherwise escaping
photons are being recycled back into the waveguide by the top
photonic mirror.
The light management properties of the different DBRs were

further elucidated by the results of the external quantum
efficiency (EQE) measurements, the data for which are
presented in Figure 3e. The benefits from the luminophore
on PV performance are highlighted by the marked blue
spectrum enhancements that are seen, ones corresponding to
the dye absorption (curves in red vs black in Figure 3e). This
illustrates the changing fraction of the emitted photons from
the luminophore that are trapped in TIR modes and
subsequently collected by the embedded solar cell in the
waveguide. The DBR series A−F (reflectance data shown in
Figure 2c) were placed directly on top of the LSC device.
Adding photonic band-stop filters results in a significant dip in
the EQE curves at frequencies corresponding to their photonic
stopbands. This effect is also seen in the EQE measurements
made of a blank control sample without a luminophore present
when the same DBRs are applied on top (Figure S3). These

results show that the photonic filter brings intrinsic challenges
in that it blocks the part of the solar spectrum corresponding to
its stop-bandwidth. This blocking of illumination results in a
decrease in the short-circuit current. This negative effect can be
mitigated, however, by reducing the bandwidth of the DBR,
with the caveat that a lessened coverage of the dye emission
spectrum will lead to a lowered luminescent photon trapping
efficiency. The key point is that, for an overall positive effect,
the illumination blocking loss will need to be exceeded by the
current gain from the photon recycling afforded by the DBR.
Experimentally, the enhanced EQE responses seen after adding
a DBR are observed at two distinctive regions (Figure 3e): the
first occurring on the high-energy side of the DBR stopbands
(580 to 700 nm) and the second in the dye absorption region
(300 to 580 nm).
The features seen on the high-energy side of the stopbands in

the EQE plots are due to the angle restriction effects of the
DBR on the photons reflected by the diffuse backside reflector.
Here the photons transmitted through the LSC film bounce
back with randomized directions and, when they reach the top
photonic mirror again, have new, angular-dependent chances of
being recycled into propagating modes (non-TIR) inside the
cavity between the DBR and diffuse backside reflector before
reaching the cell. Since the DBR reflectance blue-shifts as the
incident angle increases, photons with a higher energy than the
DBR band gap have a larger chance of being recycled, leading
to enhanced collection efficiencies on this side of the stopband.
It is important to note that this enhancement is not large
enough to compensate for the total current loss due to the
stopband, a conclusion further supported by the fact that all
current output from a blank control sample (i.e., without
luminophore) decreases when it was coupled with a DBR
(Figure S3).
Significant UV-blue region enhancements associated with

dye absorption are observed with all the DBRs (Figure 3e), as
each can reflect fluorescent photons within a certain range of
incident angles. As its stopband red-shifts away from the dye
emission peak, the photons that can be reflected by the DBR
will be at a larger angle of incidence. For example, the
reflectance of DBR A (λc = 620 nm) matches the dye emission
at an angle close to normal incidence, while for DBR D (λc =
735 nm), matches it at around 60 degrees (Figure 3c). To
assess the quantitative impacts of these effects, an integration of
the EQE with excitation by the AM 1.5G solar spectrum was
carried out between 300 and 580 nm (the dye absorption
range) to quantify the current contribution coming from the
dye luminescence for each of the different DBRs. These results
are presented in Table 1.
As is shown by these data, DBRs B to E have similar current

outputs in this particular spectral region as compared to the
control sample (see Table 1 for ΔI values, defined as the
difference between the samples with and without a DBR),
where sample D performs the best, showing a relative

Table 1. Calculated Current Contributed by Photons in the
DCM Absorption Range

λc (nm)

no
DBR

620
(A)

656
(B)

690
(C)

735
(D)

760
(E)

800
(F)

I300−580
(μA)

52.9 57.6 63.0 63.6 64.4 61.9 58.7

ΔI (μA) 0 4.8 10.1 10.8 11.5 9.1 5.8
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enhancement of ∼22%. For DBR A, the enhancement is the
lowest, as its stopband blocks the low-energy side of the
absorption edge of the DCM dye. Its angle restriction property
further limits its efficiency, being subject to higher path-length-
dependent losses. The properties of DBR F are also limited for
reasons that fall at the other limit. Here, the stopband red shift
is too large to cover the dye emission effectively, even at very
large incidence angles. As a result the DBR reflectance drops
significantly at oblique angles, which leads to a low photon
recycling efficiency. To extend understandings of these optical
effects, a Monte Carlo ray-tracing model was constructed using
measured material optical constants, with the reflectance for
each DBR being calculated using the transfer-matrix method.
All of the features observed in the experimental EQE plots
(Figure 3e)stopband dips, diffuse light enhancements, and
the UV-blue region enhancementsare also well captured in
the simulated EQE curves, as shown in the data presented in
Figure 3f.
The results of measurements of the total current output from

the LSC device with each DBR are plotted in Figure 4a (black
dots and line). The optimum system among these DBRs is that
afforded by sample D, with a central wavelength of 735 nm.
From these data it is clear that the center wavelength of the
DBR needs to be red-shifted substantially from the dye
emission peak (600 nm) for best performance. For sample D,
the DBR stopband fully overlaps with dye emission at around
60 degree incidence angles (Figure 3c), indicating that the
design of the photonic structure’s stopband should target
photons in this range as they have the highest chance of being
guided to the cell. The Monte Carlo ray-tracing simulations
affirm this interpretation. The results of simulations addressed
to this point are shown plotted against the experimental data in
Figure 4a (blue curve). The agreement in the general trend
versus DBR central wavelength confirms the inferred trends in
the efficacy of enhanced light trapping of the LSC system.
These results thus provide and affirm a theoretical guideline for
designing a DBR with respect to the dye emission profile of the
LSC. The relative current enhancements integrated from the
dye absorption range (300−580 nm) in EQE plots are plotted
in Figure 4b, demonstrating a similar trend to Figure 4a, and
further confirm the relationship between DBR center wave-
length and device current enhancement.
In order to investigate light propagation behavior inside the

LSC film, the device performance was also measured with a
circular aperture centered on the solar cell while controlling the
illumination area of the LSC device with DBR D affixed on top.
The photocurrents extracted from these measurements are
plotted as a function of aperture radius in Figure 4c. At smaller
aperture radii, the LSC without the DBR (black curve)
performs better, as the stopband of the top photonic structure
blocks incident light that can be waveguided to the device via
non-TIR modes within short ranges.42 The DBR-LSC coupled
device (red curve) exhibits a faster growth rate in the current
output as the aperture area expands, outperforming the control
device at larger radii. This indicates that a longer propagation
distance of luminescent photons occurs inside the waveguide
with a top photonic mirror being affixed and, thus, illustrates a
beneficial role for their use in improving performance in large
LSC devices.

■ CONCLUSION

The design-rule-dependent light management effects of DBR
photonic structures on a microcell-based LSC device are

demonstrated by both I−V and EQE measurements, where the
best DBR results in a marked 23% current enhancement
generated from the dye emission. The spectral response
measurement maps out the enhancement for emitted photon
and diffuse photons, as well as the blocking of illumination
within the DBR stopband. Comparing the experimental data
from different DBRs, we found that the center wavelength of

Figure 4. (a) Both experimental and simulated enhancements show
that the optimal stopband of the DBR red-shifts from the dye emission
peak. (b) Relative current enhancements integrated from the dye
absorption range (300 to 580 nm) in the EQE plots. The DBR with a
center wavelength of 735 nm shows the best performance. (c) An LSC
with a DBR shows a faster increase in current output with increasing
illumination area, indicating a longer photon propagation length.
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the DBR needs to be red-shifted significantly from the dye
emission peak for optimal performance. These results show
good agreement with Monte Carlo ray-tracing simulations.
Finally, we have shown that the photons in the LSC with a top
photonic mirror possess a longer propagation distance,
confirming the photon recycling effects that result from the
angle-restricted reflectance.
There exist many opportunities to improve performance in

this design, and we have shown in our own work the important
improvement that attends careful design of the lumino-
phore.8,12 It is also possible to use a transfer-assembly process
with other solid inks, including III−V devices (e.g., InGaP)
with larger band gaps that could potentially minimize the
stopband loss observed here with a silicon device. Thus, using a
luminophore with a larger Stokes shift and narrower emission
bandwidth (such as obtained with core−shell quantum dots or
quantum rods)18,43,44 and selective, omnidirectional (e.g., meta-
surface) reflectors could potentially lead to much higher photon
recycling and conversion efficiencies for LSC-based solar
concentrators.

■ METHODS

SiO2 and SnO2 nanoparticles were purchased from Sigma-
Aldrich (Ludox SM-30, 30 wt %) and Nyacol Inc. (15 wt %),
respectively. A SiO2 suspension was diluted to the desired
concentration. Each suspension was filtered through a 2 μm
pore syringe filter to remove any nanoparticle agglomerates.
Piranha-cleaned quartz discs or silicon wafers were used as
substrates for the nanoparticle DBRs. The prepared SiO2 and
SnO2 nanoparticle suspension was spin-coated sequentially
onto the substrate between 2000 and 5000 rpm for 30 s until
16 layers were deposited. Following each layer deposition, the
substrate was baked on a hot plate at 400 °C for 30 min. A
small opening the size of the solar cell was carved in the center
of the DBR with a razor blade to allow direct solar radiation on
the top surface of the cell.
Fabrication of an LSC Integrated with a Si Solar

Microcell. Fabrication and transfer-printing of solar microcells
have been described previously. A glass substrate is prepared by
spin-coating a layer of partially cured UV-curable adhesive
(NOA61, Norland) at 3000 rpm. Then 30 μm soda lime glass
beads (SPI product #2714) were sparsely sprinkled onto the
four corners of the substrate. A repel silane (GE Health)-
treated quartz plate was then secured on top of the printed cell
module. A solution of DCM in NOA was then capillary-filled
into the cavity with the flow parallel to the long axis of the
microcell. The assembly was cured for 20 min under UV light,
and the quartz top plate was peeled off afterward. The top
contact of the device was achieved by screen-printing a silver
epoxy (E4110, Epoxy Technology) line on two top contacts of
the cell and curing at room temperature for 48 h. The DBR was
directly applied on top of the LSC device with the solar cell
aligned with the carved opening in the middle of the DBR. The
control sample was measured with a quartz plate the same as
the DBR substrate applied on top to compensate for the
reflectance of the quartz plate surface.
SEM images were obtained on a JEOL 7000 FE scanning

electron microscope. Film thickness and angle-resolved
reflectance of the DBR were measured using a J.A. Woollam
VASE ellipsometer. Photovoltaic characterization was per-
formed with a Keithley 2400 sourcemeter. The illumination
source was an Oriel 91192-1000W solar simulator with an
AM1.5G filter. Its light intensity was calibrated to one sun and

monitored by a radiant power meter and probe (New Port
70260 and 70268), with a measured intensity fluctuation of
∼1%. External quantum efficiency was measured using a Gooch
& Housego OL-750 automated spectroradiometric system.
Monte Carlo ray-tracing simulation code was written in a

MATLAB program. The geometry was simulated the same as
the experimental device. Luminescence, scattering, and
reflection were all treated probabilistically with a random
number generator by the program. The polarization of the
photon was set at 45 deg for all incoming photons and is
subject to change when scattering or luminescence occurs.
Reflection and refraction were calculated with Fresnel
equations, assuming the refractive index of the glass was 1.5
and the NOA was 1.56 at all wavelengths. The absorption
probability of each photon in the solar cell was calculated with
the external quantum efficiency measurement result with the
bare silicon solar cell.
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