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Abstract: The deposition of an antireflection coating (ARC) on the front side of the solar cells allows a significant reduction
of the losses by reflection. It thus allows an increase in the efficiency of the cells. Various materials are used as an
antireflection layer. For our studies, we focused on the deposition of some materials as an antireflection layer on the solar cell
such as Si0O,, Si;Ny, TiO,, Al,O;, MgF,, and studied the efficiency of the latter. A theoretical study of antireflection layers has
shown that a single antireflection layer does not have as low a reflectivity as a double antireflection layer over a large
wavelength range. Thus, our interest was focused on double and multiple antireflection layers. The influence of parameters
such as the thickness of the layer (s) as well as the associated refractive indexes on the optical properties of the antireflective
structure has been studied. It was found that there are optimal thicknesses and refractive indices for which the reflectivity of
the antireflective system is almost zero over a wider or shorter range of wavelengths. The same phenomena are noted in the
study of the external quantum efficiency of the solar cell with these materials.
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should lead to zero reflection loss on the solar cell surfaces
over a wide solar spectral range for all incidence angles. It is
well known that reflection at normal incidence at a specific
wavelength (typically 600 nm) can be minimized by using a
single layer with an optical thickness of a quarter wavelength.

1. Introduction

The application of anti-reflective layers is one of the most
effective ways to improve the performance of solar cells. The

antireflection coating (ARC) is able to effectively reduce the . X . X
reflection of sunlight from the surface of the silicon wafer, However, the materials used to deposit an antireflective layer

S _ 12 :
which can significantly increase the efficiency of solar cells ~ MUst have' a refractive index nT(nSi x 1}0) ) Where no is the
(1] refractive index of the surrounding medium. Simple thin film

antireflective coatings are limited by the availability of
materials with the required refractive indices [4]. However, a
single antireflective layer is also known to be unable to cover a
wide range of the solar spectrum [5, 6], and the use of a double
antireflective layer is being considered. The refractive indices
and thickness of each of the top and bottom layers forming the
antireflective stack must satisfy a number of conditions. To
improve the performance of our antireflective systems, let’s

There are several performance criteria for ARC. Among
them are: control of the refractive index (n) of ARC, high
transmittance for a wide solar spectrum, and the structure of
the front surface of solar cells [2]. Various materials and thin
films, including SiO,, SiN,, TiO,, Al,Os, etc., have been used
for antireflective coating purposes depending on the type of
solar cells [3]. Modern ARC are usually manufactured using
single or multilayer thin films. An ideal antireflection structure
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study the effects of the fundamental parameters of our ARCs
on the optical characteristics. First, we will perform an
optimization that will look at the reflection of ARCs of
different materials. The latter will allow us to see which of
these materials gives us a near zero reflection for obtaining a
good performance of the solar cell.

2. Modeling and Simulations Procedure

To design antireflective multilayers on a substrate

material with a refractive index Ng, we used the matrix
method. The process of this method is to adjust the
electric and magnetic field of the incident light on the
surface of the antireflection multilayers [7]. For each
configuration, a modified transfer matrix method [8-10] is
used to calculate the reflectance of the silicon surface.
Figure 1 shows the structures of a solar cell with a single
antireflective layer (a) and a multiple antireflective layer
cell (b).

Figure 1. Structure of the solar cell with a single antireflection layer (a); (b) Structure of the solar cell with a double antireflection layer.

The refractive indices of the different layers must respect
the following relationship:

Ng; > Nype > No (D
Ng; > NMypc2 > Narc1 > No 2

First, we can describe the characteristic of a single layer
matrix. This matrix concerns the tangential components of
the electric field E (Z) and the magnetic fields H (Z) on the
boundary layers Z=0 and Z=Si.

(o) =M (650) &)

M the matrix given by:

( cos @
J.Nypc.SIN @
The characteristic matrix of a multilayer is a product of

matrices corresponding to a single layer. In the case of a
double layer antireflection the relationship becomes:

j.sing
nARC > 4)
cos @
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(H(o)) = My My (H(Si)) )
E(0)) _ E(Si)
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With i>=-1, narc; and nage» are the refractive index of the
lower and upper antireflection layer, respectively., @1 and, 2
are respectively the phase shift between the reflected waves
of layersiand i+ 1.
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With 8, and &, are the differences of steps.

61 = ZTLARC 1 CosS 01 (10)
62 = ZnARCZ COS 62 (11)
Expressions (8) and (9) become:
L= 4TmARal cos 04 (12)
5 4TL"n.ARCAZ cos 6, (13)
A detailed derivation of the amplitude reflection

coefficients r and the amplitude transmission coefficients t is
given in. The resulting expressions are represented in the
following equations [11]:

noMq;1+nongMy,+My1—ngM
r= oMg1+nongMy2 21~ NgMpa2 (14)

noMz11+nonsMiz2+Mz1+nsMz2

t= 2o (15)
noMi1+nonsMy2+Mz1+n5M32
Mij are the elements of the characteristic matrix of the
multilayer.  The  energy  coefficients  (reflectivity,
transmissivity and absorptivity) are given by:
R =rr* =|r|? (16)
T = =5 |¢|2 7)
o
R+T=1 (18)

With ng; and ny being respectively the refractive indices of
silicon and air.
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3. Study of a Simple Antireflection Layer

The purpose of depositing a thin layer on silicon is to
maximize the light transmitted to the active region of the
solar cell, which in turn maximizes the current produced by
the cell. If the thickness of the optical layer (e X ng;) is equal
to a quarter of the wavelength (L), the phase difference
becomes m and the two reflected waves cancel out. For
complete annihilation, the amplitude of the interfering
radiation must also be the same. Under normal incidence, this
requirement is met when the refractive index of the film is
equal to the square root of the refractive index of the
substrate [12]. Then, the optimal thickness and the optimal
refractive index of the antireflective layer are given by the
following relations, respectively:

A
€ARC = 30 (19)
NARc = 4/ Np- Ngj (20)

Various materials are used as an antireflection layer. For
our studies, we focused on the deposition of some materials
as an antireflection layer on the solar cell and studied the
efficiency of the latter. Table 1 shows the refractive indices
deposited on silicon.

Table 1. Refractive indices of some materials.

Materials Refractive indices at 600 nm
MgF, 1,37-1,38
SiO, 1,45-1,46
AlLO; 1,76
Si3Ny 2,04
TiO, 2,20-2,40
TeO, 2,25
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Figure 2. Refractive index of materials as a function of wavelength.

These refractive indices are those obtained at the reference
wavelength 600 nm. To predict the behavior of the ARC for
the whole illumination spectrum, it is necessary to study the
evolution of these indices as a function of the wavelength
(figure 2).

These materials established in the previous table, allow us

to highlight the reflection of SARC. Thus, Figure 3
represents the variation of the reflection of materials
deposited as ARC as a function of the reference wavelength
(=600 nm).
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Figure 3. Variation of the reflection of materials deposited as ARC as a

function of the reference wavelength Ay (29=600 nm).

This figure represents the variation of the reflection of
different materials as a function of the reference wavelength
Ao (=600 nm). The use of ARC on silicon significantly
reduces the reflection of the beam on the PV cell. For Si, it
was noted that its reflectivity decreases sharply for
wavelength ranges between 325 and 600 nm and gradually
decreases for wavelengths above 600 nm. In addition, for
materials used as ARC it was noted that the reflection of
these materials, undergoes a considerable decrease for
wavelengths between 325 and 600 nm. This is not the case
for TiO, which presents a peak at 350 nm. For wavelengths
above 600 nm, a slight increase in the reflection of these
materials was noted. For the wavelength 600 nm, we observe
a minimum and a reflection almost zero (or low); as soon as
we move away from this reference wavelength, the reflection
increases again. This increase is more important on the side
of shorter lengths than on the side of the long wavelengths.
The overall interpretation that can be drawn from these
analyses and this figure is that the values of the thicknesses
and refractive indices are close to the values imposed by
equations (19) and (20). For example, silicon nitride (SizNy4)
has a refractive index (n=2.04) close to the refractive index
of the substrate which is silicon (at A=600 nm ng=1.963).
This is the reason why its reflectivity is almost zero.

4. Study of an Antireflective Double
Layer

We know that the deposition of a SARC does not
significantly reduce the optical losses. It is possible to
minimize them further and for that a low-cost option would
be to develop DARC. Various studies on double
antireflective coatings have been reported, where different
types of materials and different techniques have been
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employed; however, the techniques separately require a layer
developed by formalization of silicon oxide (SiO;) for
surface passivation. The deposition of DARCs must respect
the fact that the refractive indices of the layers must be
decreased with respect to the substrate which is silicon
(Ng=3.94 at 650 nm (reference 1)) as shown in Figure 4. For
example, for the DARC Air/SiO,/ Si3N,/Si we have: nAir

nSiO, nSi. Figure 4 represents the Variation of the
reflection of a SARC (SiO,/Si) and two DARCs
(Si0y/Si3Ny/Si,  Al,O3/Si3Ny/Si) as a function of the
wavelength calibrated at 600 nm.
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Figure 4. Reflection variation of one SARC (SiO»/Si) and two DARCs
(SiOo/SisNy/Si, AL,Oy/Si;N/Si) as a function of the reference wavelength
(20=600 nm).

Figure 4 shows that for two double layers of SiO,/Si;N,/Si
and Al,O3/Si3Ny/Si, the reflection coefficient is minimal but
not zero for short wavelengths and zero for long wavelengths.
The explanation that can be attributed to these phenomena is
that the values of the refractive index and thicknesses of these
materials are optimal for long wavelengths, but it is the
opposite case for short wavelengths. Moreover, this figure also
shows us that for the simple antireflective coating SiO, on
silicon the reflectivity is minimal but not zero for the reference
wavelength. This may be related to the fact that the values of
the refractive indices of SiO, differ from those imposed by the
amplitude condition. However, these three types of ARCs
ensure their role of antireflection, because their reflectivities
are lower than 30%. Now, the ARC of the SiO,/Si cell is
replaced by ALO; and so are the two double layers; varying
the wavelength. Figure 5 shows us the evolution of the
reflectivity for this ARC as well as for the two types of DARC
813N4/T302/Sl and A1203/Sl

The same phenomenon is observed in the case of the CAR
Al,O;/ Si whose reflectivity is highlighted in figure 5. The
refractive index of Al,O; being closer to that imposed by the
amplitude condition, its reflection coefficient is almost zero
at the reference wavelength.

The following DARC Si3N,/TeO,/Si and Al,0;/TeO,/Si
show high reflectivities compared to the Al,O3/Si ARC in the
wavelength range 500 nm-800 nm. On the other hand, we

notice two areas of low reflectivity for wavelengths of 450
nm and 1000 nm. To consolidate our idea of verifying the
impact of the refractive index of the layers on our reflectivity,
let us change the Al,O; layer by SizN, of higher refractive
index (2.04). The new configuration of ARC Si;N,/Si shows
almost zero reflectivity on the reference wavelength.
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Figure 5. Reflection variation of one SARC (Al,03/Si) and two DARCs
(Si;N/TeO/Si, Al,03/TeO/Si) as a function of the reference wavelength 2
(29=600 nm).

Similarly, by making another configuration of DARC
(Si3N4/TiO,/Si, TeO,/Ti0,/Si), it was noted that the following
figure 6 has the same evolution as the two previous figures
what differentiates them is in the variation of the reflection of
DARC for long wavelengths. This is related to the fact that
the difference in the refractive indices of the materials used
as DARC is less important than that of the two previous
cases SlOz/SlgN4/Sl, A1203/813N4/Sl and 813N4/T102/Sl,
TeO,/TiOy/Si. This allows us to obtain a less photon
transmission in Si compared to the two previous curves.
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Figure 6. Reflection variation of one SARC (SisN4/Si) and two DARC
(SisNy/TiO-/Si, TeO/TiO-/Si) as a function of the reference wavelength 1o
(29=600 nm).

Finally, from the results obtained in the three previous
cases, we can deduce that the single anti-reflective layer is
more sensitive to the reference wavelength than the double
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layer. In addition, these results led us to conclude that the
ARCs are more interesting than the double layer around the
reference wavelength.

5. External Quantum Efficiency of a
Solar Cell

The solar cell used to evaluate the spectral response with
and without ARC, is an ideal p — n junction whose
parameters have the following values:

1) Silicon celllule transmitter thickness: 0.5 pm;

2) Total thickness of silicon celllule: 200 pm;

3) Transmitter doping (p-zone): Nd=10" cm™;

4) Base Doping (Zone n): Na=10'® cm™

5) Recombination speed on the front face Sp=0 cm.s™

6) Recombination speed at rear surface Sn=0 cm.s™' (BSF).

Figure 7 shows the external quantum efficiency or spectral
response of the cell without ARC and then with 3 distinct
ARC as a function of the calibrated wavelength at 600 nm.
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Figure 7. External quantum efficiency of cells with and without ARC as a
function of reference wavelength Ay (Ag=600 nm).

This figure shows that for wavelength ranges between 350
and 600 nm, it found a rapid increase in the quantum
efficiency of the materials and for wavelengths above 600 nm
a progressive decrease in the external quantum efficiency
was noted. While without antireflection layer and with a
strong reflection on the surface of the emitter, the external
quantum efficiency does not exceed 65%. Moreover, it found
that among the used material configurations the external
quantum efficiency of the Si;N4/Si configuration is the best
compared to the others. The fact is that for low wavelengths,
it has noted a strong presence of energy of the materials
which is higher than the gap energy of silicon causing a
decrease of the reflection. This decrease in reflection is
synonymous with a strong transmission and a strong
absorption generating an important generation of charge
carriers causing the increase of the external quantum
efficiency of the cell. For long wavelengths, it has found a
lower energy of the material which is lower than the gap

energy of silicon resulting in a strong reflection, that is to say
a low transmission and absorption. Finally, the explanation
that we can attribute to the importance of the external
quantum yield of the Si;N4/Si configuration compared to the
others is that the refractive index of Si;Ny (n=2.04) is close to
the optimal index (/N4 X Ng;) coming from the magnitude
condition.

After we run simulations and get results on the external
quantum efficiency of the ARC, we will do the same for the
DARC. In these simulations, TiO,, which has a large refractive
index, was fixed and associated with materials with a smaller
refractive index. Figure 8 shows the external quantum efficiency
or spectral response of cells with and without DARC as a
function of the calibrated wavelength at 600 nm.
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Figure 8. External quantum efficiency of cells with and without DCAR as a

function of reference wavelength Ay (Ly=600 nm).

In this figure, it has highlighted the external quantum
efficiency of the different DARC configurations as a function of
the wavelength. For wavelength ranges between 350 and 450
nm, it’s noticed that the external quantum efficiency of the
DARC configurations is important approaching 98%. Then, it’s
noted a decrease in the external quantum yield between 450 and
800 nm, but this is slight for the SiO,/TiO,/Si configuration.
Finally, it’s noted again that the external quantum efficiency
increases between 800 and 900 nm before decreasing for
wavelengths above 900 nm. The interpretation that it can draw is
that for low wavelengths, it’s observed a strong absorption in the
vicinity of the sea surface which justifies the strong increase of
the quantum efficiency for wavelength ranges between 350 and
450 nm. This phenomenon is observed at the second peak, i.e.
for wavelengths between 800 and 900 nm (close to the infrared).
Moreover, it should be understood that the configurations of two
layers of refractive index with an excellent gap allow us to
widen the spectral band with a significant external quantum
efficiency.

6. Conclusion

In this paper, a theoretical study of the optical properties of
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antireflective coatings has been made. By presenting some
materials generally used as antireflection, their optical
properties, such as reflection and transmission, have been
studied. Therefore, the influence of their thicknesses on these
optical constants has been highlighted, by the fact that it can
participate in the improvement of the transmission of the
luminous flux in the substrate on which this layer is
deposited. Among these, materials used; silicon dioxide
(Si0,), sapphire (Al,O3), silicon nitride (Si3Ny), and
tellurium dioxide (TeO,) have shown interesting properties
because reducing to less than 10% the reflectivity. In addition,
the reflectivity of these materials becomes practically zero if
and only if the refractive index of the latter is close to the
optimal index. For the reflectivity to be zero, it is necessary
that a reference wavelength which is equal to 600 nm in our
work. However, by making a combination of a double layer
of these materials, we noticed that these reduce the optical
losses better than the single layer. But also the studies on the
spectral response of these materials allowed us to understand
that the gap between the combinations of these materials
plays a role in obtaining a good efficiency of the cell.
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