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Silicon solar cells are suffering from a poor spectral response in short wavelength ranges
due to the loss of higher energy photons. The luminescent down-shifting (LDS) materials
have the ability to convert shorter wavelength photons into longer wavelength photons and
improve the performance of the solar cells. However, besides the down-shifting effects, the
introduction of LDS particles into ethylene-vinyl acetate (EVA) films on the solar cells also
increases surface reflection, which will negatively influence the performance of the solar
cells. In this study, the influence of the size of LDS particles inside EVA films on reflection
is investigated theoretically. The results showed that the reflection results from the
scattering by LDS particles, which depends on the particle’s size. The total reflection
caused by LDS particles can be calculated according to the size distribution of LDS
particles. This study is helpful in selecting LDS particles that can be applied to
solar cells.
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INTRODUCTION

Crystalline silicon (c-Si) solar cells are the most commonly used photovoltaic devices that convert
solar energy into electricity. The maximum theoretical conversion efficiency of c-Si solar cells is
around 30%, which is defined by Shockley and Queisser (1961). One of the factors limiting the
efficiency is the spectral mismatch between the incident solar light and the bandgap of Si materials
(Huang et al., 2013; Lian et al., 2013; Mambrini et al., 2015; Liu et al., 2017), which results in the poor
spectral response of Si solar cells in short wavelengths (300–500 nm) due to the energy loss of short-
wavelength photons (Shao et al., 2015).

One of the methods to reduce the loss is to use luminescent down-shifting (LDS) materials as a
spectral converter transforming one short-wavelength photon into one long-wavelength photon
(Richards, 2006). Despite the fact that the quantum yield of the materials does not exceed 100%, this
can still be a useful technique to improve the spectral response of Si solar cells by converting short-
wavelength photons into long-wavelength photons (Huang et al., 2013).

The appropriate way to apply the LDSmaterials to the solar cells is to introduce the LDS particles into
ethylene-vinyl acetate (EVA) films, which are located on the top surface of the solar cells. However, the
introduced particles in EVA films cause scattering of light and increase surface reflection, which leads to
energy loss and offsets the down-shifting effects. So it is important to clarify how these LDS particles
influence the light reflection so that we can find a solution to lower the reflection.
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In this study, the simulation on the scatter of LDS particles in
the wavelength range from 500 to 1,100 nm is carried out through
the software MiePlot. The effect of LDS particle size on the
backscattered power is investigated. The total reflection caused by
the scattering is discussed.

SIMULATION

The simulation starts by calculating the backscattered power of LDS
particles with diameters of 5, 10, 16, 22, 30, and 38 μm. We did not
consider the particles larger than 38 μm because, if the particle’s size
continues to increase, such as larger than 50 μm, the particle’s
luminescence efficiency will decrease and weaken the down-
shifting effect. The reflection caused by the scatter is modeled on
the basis of the structure shown in Figure 1, which includes EVA
films of thickness 300 μmand embedded luminescent down-shifting
particles with different diameters. Three different particle size
distributions (PSD 1, PSD 2, and PSD 3) are used for calculation
in this study, as shown in Figure 2 (Huang et al., 2009).

FIGURE 1 | Simulated model with LDS particles of different sizes in
EVA films.

FIGURE 2 | Different particle size distribution of LDS particles in EVA films (A–C).
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The following conditions are assumed in the simulation: 1)
LDS particles are randomly distributed in EVA films; 2) the
particles are spherical; and 3) the particles are nonabsorptive. A
plane light source with an incident power of 1 W is placed over
the EVA films. The light wavelength is set from 500 to 1,100 nm
because the light with a wavelength shorter than 500 nm can be
absorbed by the particle and has a much more complicated
situation. The detector collects the light scattered by the
particles in EVA films.

RESULTS AND DISCUSSION

The percentage of the backscattered power is plotted against
incident wavelengths, as shown in Figure 3. It can be seen that the
backscattered curves oscillate with the incident wavelength. The
percentage of the backscattered power decreases with the particle
size and increases with the incident wavelength.

The relationship between the percentage of the backscattered
power and the particle size can be explained by the interference

FIGURE 3 | The percentage of backscattered power of LDS particles at the different wavelengths in EVA films (A–F).
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between the emission from the dipoles inside the particles, as
shown in Figure 4 (Razzaq et al., 2021). These results are helpful
in choosing the LDS particles with suitable sizes for application in
solar cells.

When the particles are excited by incident light, the dipoles
inside the particles emit light. For two dipoles with a distance of
one-quarter wavelength, the phase difference of the forward-
emitted light from these two dipoles is π

2. While the phase
difference of the backward-emitted light from these two
dipoles is π, so their interference is destructive. This indicates
that there is more destructive interference in the backward
direction than in the forward direction. When the particle size
increases, there are more dipoles inside the particle, which leads
to more destructive interference in the backward direction. This is
why the percentage of the backscattered power decreases with the
particle size.

As for the increase in the percentage of the backscattered
power with the incident wavelength, it can also be explained by
the dipole model shown in Figure 4 (Mie, 1908). When the
incident wavelength increases, the refractive indices of the EVA
films and LDS particles decrease, respectively. The refractive index
is directly related to the dielectric constant of these two materials.
When the refractive index of LDS particles decreases, the
dielectric constant decreases, leading to a decrease in the
density of dipoles. The lower density of dipoles results in an
increase in the distance between two dipoles. This means that the
number of dipoles whose backward emission interferes
destructively decreases, so the percentage of the backscattered
power increases with the incident wavelength. This makes the
backscattering stronger that raises the total reflection of films.

It can also be seen that the backscattered power of the particles
with 30 μm is similar to that with 38 μm. This can be attributed to

the light’s penetration depth. For the particles with sizes 30 and
38 μm, most of the emission from the particles comes from the
dipoles near the light source, and the emission from the dipoles at
the other end of the particles is much weaker. When the particle is
small, with the increasing size, more dipoles are excited, and the
scattering becomes stronger. When the particle’s size reaches
around the penetration depth (in our simulation, the
penetration depth is about 22 μm), the scattering intensity
becomes the strongest. If the particle’s size continues to rise,

FIGURE 4 | Schematic of light emission by dipoles. D1, D2, D3, D4, and D5 are dipoles.

FIGURE 5 | Percentage of total backscattered power of different particle
size distributions.
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the increase of the scattering intensity becomes slow. So the
increase of the backscattered power also becomes slow. This is
why the difference between the backscattered powers of the
particles with 35 μm and that with 38 μm is small, as shown in
Figure 3.

Figure 5 shows the total backscattered power of different size
distributions of LDS particles in EVA films. It can be seen that the
backscattered power increases with the incident wavelength. This
means that, although the LDS particles can improve the response
of the solar cells in the short wavelength range, the reflection
caused by their scattering in the middle- and long-wavelength
range may deteriorate the cell’s performance.

Figure 6 shows the total reflection of EVA films with and
without LDS particles. The reflection of EVA films is calculated
by using the Fresnel equation. To calculate the reflection of films
with PSDs of the LDS particle, it is assumed that all the particles
are on the same level. Because the density of the particles in EVA
films is very low (the mass ratio of EVA to phosphors is 100:0.3),
the overlapping of LDS particles has been ignored. Clearly, the
introduction of LDS particles increases with the wavelength that
leads to an increase in the reflection.

The reflection caused by LDS particles plays an important role
in the performance of solar cells. The reason is that the
improvement caused by LDS in UV/blue range is slight, and if
it cannot compensate for the increased reflection in the visible

and near-infrared range, the conversion efficiency of the solar
cells will decrease. Therefore, finding the suitable size of phosphor
particles and suppressing the scattering-induced reflection is
important.

Besides, the dependence of the backscattering on the particle
size, the down-shifting effect also depends on the particle size. If
the particle size continues to increase, such as larger than 38 μm,
the particle’s luminescence efficiency will decrease and weaken
the down-shifting effect. This is because when the particle size is
bigger than the penetration depth, the emission from the particles
hardly increases. There thus exists a suitable size of LDS particles
that results in better improvement in the performance of the
solar cells.

CONCLUSION

The influence of the luminescent down-shifting particles inside
EVA films on reflection has been studied numerically. Simulation
results show that the reflection increases due to the scattering of
LDS particles. The percentage of the backscattered power
decreases with the particle size and increases with the incident
wavelength, which can be explained by the dipole models. The
reflection caused by the particles offsets their down-shifting
effect. To improve the performance of solar cells, it is
necessary to find the LDS particle with a suitable size.
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