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Public summary

m Scattering solar concentrators based on SiO, aerogel were fabricated, which have excellent optical performance and
moderate photoelectric performance.

m A Monte Carlo ray tracing program was developed and the multiple scattering mechanism that damages the efficiency
was analyzed.

m An anisotropic scattering device was proposed to suppress the damage of the multiple scattering.
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Abstract: Scattering solar concentrators (SSCs), an important component of transparent/translucent photovoltaic devices,
can concentrate large-area sunlight on small-area solar cells while allowing some sunlight to pass through the devices.
However, owing to the lack of suitable scattering materials, there have been few reports on SSCs in recent years. In this
study, we fabricated SiO, aerogel-based SSCs and tested their performances. The photoelectric performance was found to
be moderate. Additionally, the results demonstrated excellent transmittance and color rendering index, which meet the
lighting requirements of the windows. A Monte Carlo ray tracing program was developed to simulate an SSC and analyze
the fate of all photons. We also analyzed the multiple scattering mechanism in SSCs that damages the photoelectric effi-
ciency of a device via theoretical simulation. Finally, we proposed an anisotropic scattering device that can increase the
primary scattering and suppress multiple scattering, resulting in excellent photoelectric efficiency.
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1 Introduction

With further increases in the global energy crisis and pollu-
tion problems, solar energy has attracted increasing attention
as an abundant and clean renewable energy source' . With
the introduction of building integration photovoltaics (BIPV),
the demand for transparent/translucent photovoltaic devices is
increasing. A solar concentrator, which constitutes a trans-
parent waveguide with fluorescent material or scattering
particles dispersed within and solar cells attached to the side-
walls of the waveguide, can perfectly meet this requirement!”.

When sunlight is directed toward the transparent wave-
guide, some of the photons will be absorbed by the fluores-
cent material or scattered by the scattering particle, and the
reemitted or scattered light is transmitted in all directions. Be-
cause the refractive index of the waveguide is higher than that
of air, total reflection occurs at the waveguide/air interface.
Therefore, a part of the reemitted or scattered light is trapped
inside the waveguide until a solar cell is attached to the side-
wall. Thus, transparent/translucent photovoltaic devices can
be achieved.

To date, only organic dyes"'” and quantum dots"'" " have
been successfully used as fluorescent materials and TiO, nan-
odots as scattering particles. Luminescent solar concentrators
(LSCs) suffer from durability and efficiency issues owing to
their limited lifetime and efficiency.

The scattering solar concentrator (SSC) was first demon-
strated by Chau et al. in 2010, As the scattering effect
strongly depends on the refraction difference between the
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scattering particle and the waveguide, high-refraction materi-
als, such as TiO, (n = 2.55), were selected as scatterers while
the waveguide matrix was polymethyl methacrylate (PMMA,
n = 1.49). Since then, few studies have been reported on
SSCs, which may be due to the limited available material’* ",
Therefore, acrogels may be a suitable scattering material.

An aerogel is a low-density material foam, first reported by
Kistle in 1931"". At the micro level, aerogel particles have a
nano core-shell structure with a thin solid shell and an air
core. Aerogels can be made from a variety of materials such
as silica, carbon, and various oxides. For the SiO, aerogel, the
refractive index of the shell is almost the same as that of op-
tical waveguide materials such as glass, PMMA, and ethylene-
vinyl acetate copolymer (EVA), which helps the outside shell
to readily merge with the waveguide optically. The differ-
ence in the refractive index between the air core and shell is
0.5. Although this is smaller than that between TiO, and
PMMA, it is already sufficiently large to cause significant
scattering. In addition, the microscopic closed structure of the
aerogel particles prevents the inside air from macroscopic
convection, which improves the thermal insulation of the
doped waveguide. According to these advantages, SSCs are
an excellent choice.

In this paper, a nano SiO, aerogel (n = 1.0) was chosen as
the scattering particle. Compared with TiO,-based SSCs,
aerogel-based SSCs have comparable efficiency while pos-
sessing the advantages of light weight and heat insulation,
which are also critical characteristics for BIPV applications.
We fabricated a series of nano SiO, aerogel-based SSCs and
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measured their efficiency and transparency as a function of
the aerogel doping concentration. Moreover, we developed a
Monte Carlo simulation program to trace the trajectory of an
individual photon, similar to Refs. [18—20]. Through statistic-
al analysis of the fate of a large number of randomly incident
photons, the effects influencing the efficiency of the SSC
were identified, and cascade scattering was found to be pre-
dominant. An anisotropic scattering SSC was proposed to fur-
ther improve the efficiency.

2 Experiments

2.1 Aerogel

Our SiO, aerogel brick was purchased from Xiamen Nameite
New Materials Technology Co., Ltd., and SiO, aerogel
powder was obtained by ultrasonicating the brick in water
for 30 min. The density of the aerogel was approximately
30 kg/m’ and its porosity was above 90%. Fig. | shows a
TEM image of the aerogel. We observed that most aerogel
particles had spherical or polyhedral shapes. The size of the
internal air core was 20-50 nm. Because the porosity was
above 90%, the shell thickness was approximately 1/10 of the
aircoresize. Wecandeducethatthethicknessoftheoutershellwas2—
5 nm.

2.2 Fabrication of aerogel-based SSC

Amounts of 0.05, 0.1, 0.2, and 0.4 g of SiO, aerogel powder
were weighed using an electronic balance and added into a

Fig. 1. TEM photograph of SiO, aerogel.
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Fig. 2. (a) Structure of SSC; (b) photograph of 20.2% aerogel SSC.
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beaker containing 30 mL of toluene solvent. The powder was
dispersed in solvent using an ultrasonic cleaner for half an
hour. Then, 50 g of EVA was added to the beaker, and the
beaker was placed in a 70 C stirring heater to allow suffi-
cient dissolution of the EVA and mixing with the aerogel.
Finally, uniform SiO, aerogel-dispersed EVA sol with mass
concentrations of 0.1%, 0.2%, 0.4%, and 0.8% were obtained,
and according to the densities of the SiO, aerogel (30 kg/m®)
and EVA (948 kg/m’®), the corresponding volume fractions are
2.9%, 5.8%, 11.2%, and 20.2%, respectively.

The sol was poured into a petri dish and placed in a vacu-
um oven to remove any residual solvent. The dried sol was
tableted into a 2 mm thick EVA film using a flat vulcanizer.
Two ultra-white glasses of 100 mm X 100 mm x 4 mm were
ultrasonically cleaned with acetone and deionized water in se-
quence and then placed in a vacuum drying oven before use.
The film was cut into pieces of 100 mm % 100 mm and sand-
wiched between two 4 mm thick ultra-white glasses of the
same size (refractive index of 1.53). Then, the laminated glass
was placed into a vacuum laminator at 110 ‘C for 20 min.

The solar cells used were single-crystal silicon solar cells
purchased from Zhejiang Aiko Solar Energy Technology Co.,
Ltd.. The efficiency of the cell was approximately 17%, and
each was cut to the size of 100 mm x 10 mm via laser cutting.
Circuit boards of the same size were attached to protect the
cells. Welding strips were welded onto the cells as electrodes.
Four crystal silicon solar cells with the size of 100 mm x 10
mm were attached to the four edges of the laminated glass
using a UV adhesive (refractive index of 1.49) to form the
final SSC device. The four cells were connected in series to
form an electrical output. Fig. 2a depicts the structure of the
SSC and Fig. 2b presents a photograph of the SSC.

2.3 Cost

The main materials used in this device include ultra-white
glass, EVA, solar cells, circuit boards, aerogels, welding trips,
and UV glue. The welding trip and UV glue were only used
in small amounts, and the cost is negligible. The prices of the
ultra-white glass, aerogel, EVA, and solarcell (100 mm x 10 mm)
were approximately ¥100 per square meter, ¥1000 per kilo-
gram, ¥30 per kilogram, ¥1 per piece (including the cell cut-
ting cost, the cell with size of 125 mm x 125 mm was ¥5 per
piece), respectively. The circuit board was ¥0.5 for each
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piece. Therefore, the total cost of a single device (100 mm x
100 mm) is

05%x4+4x1+100x2x0.01+

(30%x0.05+1000x 0.0004) = ¥9.9. (1)

As the process matures, the circuit board can be cancelled,
and the cost of cell cutting decreases. The final cost of a
single device is expected to be controlled within ¥5.

3 Results and discussion

3.1 Efficiency and transmittance

Fig. 3 shows the efficiency and transmittance of the SSCs as a
function of the volume fraction of the SiO, aerogel. As the
size of our SSCs exceeded the uniform region of the AM1.5
solar simulator, the efficiency was measured using a relative
method. A Si solar cell was first calibrated under the AM1.5
solar simulator, and then the /-V curves of the solar cell and
the SSCs were recorded with a Keithley 2400 digital source
meter under the same sunshine. Efficiency was deduced from
the ratio of the output. Fig. 4 displays the transmitted
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Fig. 3. Measured and calculated efficiencies and transmittances as func-
tions of SiO, aerogel concentration.
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Fig. 4. Transmitted light intensity spectrum (red line) of a 20.2% aerogel
SSC measured under sunshine, sunlight spectrum (blue line), and the
measured (black line) and calculated (dash-dotted line) transmittance
spectra.
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spectrum of a 20.2% SSC under sunshine measured using a
portable spectrometer (EVERINE Company). Plots include
the spectrum of sunlight measured under the same conditions,
as well as the deduced transmitted spectrum.

It can be seen from Fig. 3 that the efficiency gradually in-
creases with an increase in the volume fraction, while the
transmittance decreases with an increase in the volume frac-
tion. As the volume fraction increases from 2.9% to 20.2%,
the efficiency increases from 0.58% to 1.27%, whereas the
transmittance decreases from 89% to 57%. This is mainly be-
cause the higher the concentration, the more photons are
scattered to the edges and converted into electrical energy.
Consequently, fewer photons are transmitted to the SSCs. In
addition to the transmitted photons and the photons reaching
the cells, there is still some photon loss, which is probably be-
cause some photons leave the SSC through multiple scatter-
ing. The multiple scattering loss mechanism of the cone
escape is discussed below.

This result can be explained by the Rayleigh scattering the-
ory. As the diameter of the SiO, aerogel particles is approx-
imately 20-50 nm, which is much smaller than the
wavelength of sunlight, the transmittance can be calculated

ast'l:
3

I=Ioexp[3z%(2—:—l)], 2)
where [, is the incident intensity, x is the thickness of the
EVA film, V}, is the volume fraction of the aerogel, » is the
particle radius, 4 is the wavelength of light, and », and n,, are
the refractive indices of the aerogel particles and the transpar-
ent matrix, respectively.

The calculated transmittance and efficiency as functions of
concentration are plotted in Fig. 3. It was found that the cal-
culated transmittance is consistent with the measured one,
while the calculated efficiency was much higher than the
measured counterpart. The difference in efficiency is mainly
because of the cascaded scattering. The effect of the cas-
caded scattering will be discussed in the following chapter.

3.2 Color rendering

Color rendering is a critical parameter in window or skylight
applications. The color rendering index (CRI) of sunlight
filtered by an SSC of 20.2% aerogel concentration is shown
in Fig. 5, where almost all color rendering indexes (R1-R15)
changed less after filtering, while the general color rendering
index value Ra was as high as 97. The correlated color tem-
perature (CCT) for sunlight filtered by the SSC was 4800 K.
Thus, when using the SSC, no color distortion occurred and a
comfortable color temperature range was obtained, as defined
by Debije et al.””. For comparison, the CRI and CCT of sun-
light filtered by a RED305 LSC were 60 and 3100 K, respect-
ively, hence the SSC had good prospects compared with LSC
in applications such as windows and skylights, among others.

3.3 Monte Carlo simulation

To further understand the optical process, a Monte Carlo sim-
ulation program was developed to trace the trajectory of
photons inside the SSC. A flowchart of the program is presen-
ted in Fig. 6, similar to Ref. [18]. First, a photon with random
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Fig. 5. Color rendering index (Ra) and monochromatic color rendering index (R1-R15) of the SSC (20.2%).

wavelength and position was launched. Thus, it has probabil-
ity p to be scattered by the aerogel particles according to the
aerogel concentration, which can be calculated by Eq.(3):

_1 3vxr' (n, 1
p=t-on| S ()

It is worth noting that the nanoparticles agglomerated, but
during processing, the microcosmic structure of the aerogels
was not destroyed, and the air core and SiO, shell structures
remained. Each nanoparticle couls still be regarded as an air
core (20-50 nm, refractive index = 1)-SiO, shell (refractive
index = 1.5)-EVA (refractive index = 1.5) or other aerogel
shell (refractive index = 1.5) structures from inside to outside.
Therefore, in the calculations and simulations, the data were
reasonable.

The unscattered photons were transmitted to the device. In
contrast to the situation in the LSC, where the re-emitted
photons show an isotropic distribution, the scattering demon-
strated an anisotropic angular distribution. For spherical
particles that were far smaller than the wavelength, the distri-
butions were peanut and dumbbell shaped for the s- and p-
polarization components, respectively (Fig. 7).

Therefore, the angular distribution probability of scattered
photons can be calculated by Eq.(4):

©)

P(O) = %(1 +cos*(6)). @)

Accordingly, the direction of the scattered photons was de-
termined from a distribution with a random number. From
this direction, it was determined whether the photon would
undergo total internal reflection. However, photons propagat-
ing inside the waveguide may be scattered again by the aero-
gel particles, i.e., multiple scattering. The scattering probabil-
ity and direction were calculated in the same manner. This
process was repeated until the photon either reached the
waveguide edge or escaped from the waveguide. After
500000 photon fates were obtained, the transmission spec-
trum and efficiency were obtained.

Fig. 8 presents the AMI1.5 and simulated transmission
spectra of the 20.2% aerogel SSC.

Fig. 9 shows the fate statistics of 500000 simulated photons
for a 20.2% aerogel SSC. From the figure, we observe that
71% of the photons transmitted the SSC without scattering.
There were 6.4% of photons that reached the cells attached to
the waveguide edges. Among the scattered photons, 18.6% of
the photons escaped the waveguide owing to the small incid-
ent angle, and most of them came from the multiple-scatter-
ing effect. Therefore, the efficiency estimated from single-
scattering theory (Eq.(1)) was much larger than the measured
value (see Fig. 3). The photons leaving the bottom of the SSC

Start

)
Wavelepgth Escape Multiple
and position scattering

Reach cell

Scattered by

aerogel Launch angel

Fig. 6. Monte Carlo ray-tracing program flowchart.
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Fig. 8. AM1.5 and simulated transmission spectra of SSC (20.2%).

were approximately 80%, which included all the unscattered
photons and half of the escaping photons. The corresponding
energy transmittance was 70%, which was slightly larger than
the transmittance measured by the portable spectrometer
(57%). The portable spectrometer had a small acceptance one-
half angle, whereas the refraction angle of most escaping
photons was large, so that some escaping photons were not
detected by the portable spectrometer. The simulation consid-
ering multiple scattering yielded 0.52%, 0.81%, 1.1%, and
1.4% efficiencies for the 2.9%, 5.8%, 11.2%, and 20.2% acro-
gel SSCs, respectively, coinciding with the experiment
effectively.
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transmission

cone escape

reflex

reach cell

Fig. 9. Fate statistics of the 500000 simulated photons.

Multiple scattering also caused unequal contributions to-
ward the efficiency of the SSC surface. Fig. 10 shows the typ-
ical simulated distribution of the photon collection probabil-
ity (defined as the ratio of collected photons to scattered
photons) for our device with size of 100 mm x 100 mm X
10 mm, and 20.2% volume concentration. It was found that
the incident photon near the central position has a small
chance of being collected by the solar cells attached to the
edge, compared with those photons incident near the edges.
This is because the scattered photon near the center has to
travel a long path to reach the edge; on the path, it could be
scattered again and has a large chance of escaping the wave-
guide. Regarding this, an efficiency comparison should be
performed at the same surface area because a small SSC usu-
ally exhibits a larger efficiency than a large SSC. The same
conclusion is also true for LSC, where self-absorption plays a
role similar to that of multiple scattering in SSC*\.
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Fig. 10. Simulated collection probability of a 100 mm x 100 mm SSC
surface (20.2%).

3.4 Anisotropic scattering

As discussed above, multiple scattering causes photons to es-
cape from waveguides. As a typical sample, the collection
probability (Fig. 10) of a scattered photon decreases from
60% near the edge to 13% at the center. This effect limits the
expansion of SSC size, which is considered one of the most

important advantages of SSC.

To minimize this effect, we proposed the use of anisotrop-
ic particles such as nanosheets as the scattering medium. As
shown in Fig. 11, if such nanoparticles can be arranged in a
parallel manner, the propagating photon will encounter a
small intersection, whereas the incident photon will still en-
counter a normal intersection. Consequently, the incident
photon has almost the same probability of being scattered
into a propagating photon, and the propagating photon has a
small probability of being re-scattered into escaping photons.

To quantitatively elucidate this idea, the finite-difference
time-domain (FDTD) method was used to calculate the scat-
tering intensity of photons, and the results are shown in
Fig. 12.

The scattering intensities of photons incident perpendicu-
lar to the nanosheets (blue line), parallel to the nanosheets
(red line), and at a 30° angle to the nanosheets (orange line)
are shown in Fig. 12. The scattering intensity of photons par-
allel to the nanosheets was only 1/3 that of photons perpen-
dicular to the nanosheets, and the scattering intensity of
photons incident to the nanosphere was larger than the scat-
tering intensity of photons incident parallel to the nanosheets
and smaller than the scattering intensity of photons incident
perpendicular to the nanosheets; thus, the scattered photons
trapped in the SSC experienced less re-scattering and reached

I incident photon
l / propagating photon
Rz — X A
=3 RN ”1,’
i ““w N B &
\ X 4 /V Lass
R\ Zor—
==
RS

N\

transmitting photon | escaping photon

Fig. 11. Schematic of the anisotropic scattering of parallel arranged nanosheets.

—— photon perpendicular to the nanosheets
— photon parallel to the nanosheets

—— photon 30° angle to the nanosheets

Scattering cross section (a.u.)

400 450 500 550 600 650 700

Wavelength (nm)

Fig. 12. Scattering intensity of incident photons. Nanosheet size: 200 nm
in diameter, 20 nm in height. Waveguide matrix refractive: 1.5, nanosheet
refractive: 2.55.
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the cell more easily. The angular distributions of the scatter-
ing probability are depicted in Fig.13a—c. The distributions
were strong in the forward and backward directions, weak in
the lateral direction, and similar to that of spherical particles
(Fig. 13d).

A similar Monte Carlo ray-tracing simulation, as described
in the above section, was also performed for this anisotropic
scattering nanosheet doped into an SSC with size of 100 mm x
100 mm x 10 mm and volume concentration of 2%. Here, the
index (2.55) of TiO, was used in the simulation. Fig. 14 dis-
plays the fates of 500000 photons undergoing anisotropic
scattering. It was found that 22% of the photons reached the
attached cells. Compared with 6.8% isotropic scattering, an-
isotropic scattering demonstrated approximately three times
the gain in the photon collector, and the corresponding effi-
ciency was expected to reach 4.4%.

4 Conclusions
SiO, aerogel-based scattering concentrating devices were
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Fig. 14. Fate statistics of the 500000 photons under nanosheet SSC.

fabricated, and the related photovoltaic and light transmis-
sion properties were analyzed based on the experimental res-
ults. It was found that its photoelectric efficiency could reach
1.27% and its transmittance reached 57%, while the CRI of
the device was still as high as 97%. Owing to its low cost and
good heat insulation properties, this device can be used in
building-integrated photovoltaics. Further, using Monte Carlo
simulation, we found that multiple scattering loss is the dom-
inant cause of low efficiency. To overcome this shortcoming,
anisotropic scattering was proposed, and it was found that
aligned nanosheets can effectively improve primary scatter-
ing and reduce multiple scattering by the FDTD method. The
Monte Carlo simulation also demonstrated that the anisotrop-
ic scattering device can achieve the ideal efficiency of 4.4%.
The study reveals the principle and characteristics of SSC,
and the excellent performance of SiO, aerogel SSC proves
that it will become an important branch of transparent/translu-
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cent photovoltaic devices. The anisotropic scattering device
even gave better performance expectations than most LSCs.
The follow-up work will be devoted to the improvement of
the preparation process of SiO, aerogel SSC and the experi-
mental preparation of anisotropic scattering devices, so as to
further move towards industrialization.
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