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Abstract

The conversion of sunlight into electricity via photovoltaics presents tre-
mendous opportunities for the generation of renewable energy. However, so-
lar cells still face several challenges and limitations to further reduce manu-
facturing costs and increase module efficiency. Photon management is para-
mount to increase the efficiency of the mainstream silicon-based cell and al-
ways includes a suitable antireflection coating (ARC) structure to decrease the
reflectance (R) at the top surface. We propose a novel triple-layer anti-reflective
coating (TLAR) consisting of three layers sandwiched between the upper
cover (glass) and the substrate (silicon). The inner three layers are graded re-
fractive index material (GIM) as an active layer, titanium dioxide (TiO,), and
zinc sulfide (ZnS), respectively. The optical properties of the TLAR have been
investigated using the transfer matrix method (TMM). The results of using
GIM as the active medium lead to the reflection decaying to the minimum
value, and the transmittance reaching the maximum values at a specific wa-
velength range. The proposed triple-layer anti-reflective coating (TLAR) struc-
ture presents a promising solution for enhancing the efficiency of solar cells.
Its unique design and utilization of graded refractive index material (GIM) as
the active layer make it a novel and innovative approach that holds great po-
tential for advancing solar cell technology.

Keywords

Solar Cell, Transfer Matrix Method, Transmission, Reflection, and Quantum
Efficiency, ARC

1. Introduction

Alternative clean energy sources like photovoltaics have been extensively re-
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searched and installed, with current installations reaching 183 GW [1]. However,
despite the success of crystalline silicon technologies [1] [2] [3] [4] [5], a signifi-
cant amount of the solar spectrum remains unused. This is due to two main fac-
tors: firstly, photons with energy lower than the semiconductor materials (<1.1
eV) are unable to contribute to photocurrent generation, resulting in wasted ener-
gy. Secondly, the reflection of sunlight from the solar cell surface is large across
the visible spectrum (>30% for silicon), leading to a significant loss of power [2].
To address these issues, modifications to the device structure are needed to
maximize photon collection and absorption, thereby reducing surface reflection.
This is achieved using anti-reflection coatings (ARC) and modification of the
silicon surface. However, impurities in the solar cell from manufacturing processes
may still lead to energy losses [2] [3] [4] [5].

The primary purpose of ARC is to capture incident light and allow photons to
penetrate the semiconductor, maximizing photocurrent and the efficiency of the
solar cell by minimizing reflection across the solar spectrum [4] [5] [6]. The ef-
fectiveness of ARC thin film depends on various criteria such as the chosen ma-
terial, number of layers, layer thickness, the incident angle of light, and wave-
length range over which reflectance needs to be minimized [7] [8] [9] [10]. The
effective index of refraction of ARC materials falls between the higher and lower
indices of constituent materials in bulk state values [8] [9]. While a single layer
of SiNx may reduce reflection by more than 20%, multiple layers are generally
necessary for optimal performance [5]. It has been observed that small differ-
ences in refractive indices between two materials containing a single ARC result
in decreased reflection. Double-layer ARCs such as SiO,/Si3Ns, SiO»/TiO,, ZnO/
ZnS, or ZnS/MgF, have been extensively investigated [6] [8] [9] [10] [11]. In
contrast, the graded refractive index is used to significantly reduce reflectance at
dielectric interfaces. The graded layer is divided into sub-layers, each with its
volume fraction such that the refractive index is close to the upper and next me-
dium’s refractive index. This results in reflectance approaching zero across a
wide range of incident angles and wavelengths for the infinite thickness of con-
tinuous graded index [12] [13] [14] [15] [16]. A double-layer antireflection
coating (DLARC) structure was created by depositing ALLO; on IZO films using
an atomic layer deposition system. This DLARC was optimized for SHJ solar cells
using wafer ray tracer simulation, resulting in significant improvements over
cells with a single-layer IZO film. The DLARC increased current density by 1.37%
and efficiency by 0.8% [17].

2. Model Solar Structure and Theory

Here, we propose a triple-layer anti-reflective coating (TLAR) structure to mi-
nimize the reflection across a silicon surface. TLAR consists of three layers
sandwiched between a dielectric layer (glass, n, =1.47) also referred to as inci-
dent media, and the semiconductor substrate layer (silicon, n, =3.778—-0.012i)

as shown in Figure 1 and the inner layers are graded index N, =Ny qeqingex » ZINC
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Glass, (n, = 1.47) \

Graded index, (n, = 1.47 - 2.35)

ZnS, (n, = 2.35)

Ti0, (n, = 2.94)

Substrate (n, = 3.778 - 0.012i)

Figure 1. Schematic diagram of the triple-layer anti-reflective coating (TLAR) structure.

suide (ZnS) (n, =2.35) and titanium dioxide (TiO;) (n; =2.94). Three profiles
of the graded index can be described by the equation of refractive index [12] [13]
[14] [15] [16]:

Three profiles of the graded index can be described by the equation of refrac-
tive index [12] [13] [14] [15] [16]:

1) Linear profile:

0= Ny, + (Mhign = N ) X (1a)
2) Cubic profile:
n=n,, + (nhigh - n,ow)(sz - 2x3) (1b)
3) Quintic profile:
N =1y, + (Mg — N ) (10X° —15x" +6x°) (1¢)

where: ny,, Ny, are the refractive indices of an incident medium and the
substrate medium, respectively, x is the relative thickness of the ARC in the
range, 0<x<1.

Therefore, the quintic-index profile considers the best approach for the op-
timal graded-index ARC [12] [13] [14] [15] [16]. The transfer matrix method
(TMM) is a common and simple method that calculates the field amplitudes in-
terior and exterior to the layers and describes the reflectance and transmittance
values across each layer by applying the continuity boundary conditions between
the layers [16] [17] [18] [19] [20]. Also, it is useful to solve and analyze the inte-
raction of light with the multilayer structure and offers complete control of the
physical parameters of ARCs “refractive index and the thickness of each layer”
due to the incident and reflected waves from the input layer and the output layer
to reach to the lowest possible reflection. Finite difference time domain (FDTD),
Fourier model method (FMM), and finite element method (FEM) [18] are other
methods that determine R, 7, and absorbance (A) mathematically [18]. The
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theoretical analysis is used to derive the equations of the R and the 7'in both,
transverse electric mode, (TE), and transverse magnetic field, (TM), by using
TMM. This method is one of the easiest and most appropriate methods for this
procedure. Following the notations and method of the TMM used previously in
[16] [17] [18] [19] [20], both Tand R spectra have been derived. All the numer-
ical results due to the change in the physical parameters have been solved and
plotted using Maple 18.

3. Simulation, Results and Discussion

Figure 2 shows the comparison between the refractive indices for the active layer
(m) as a function of the relative thickness of the ARC (x) in the linear, cubic, and
quantic profiles. We note that the three curves, intersect at x equals (0, 0.5, 1), as
the substitution by these values in the three equations will equal the same value
of the refractive index.

In the case of TE polarization, the reflection and the transmission described
have been solved numerically versus the incident wavelength by using three dif-
ferent parameters, namely the relative thickness of ARC in the graded index eq-
uation, the incident angle, and ARC thickness.

Figure 3 illustrates the variation of the reflectance (R) versus the incident wa-
velength (1), in normal incidence for different values of the relative thickness of
ARC (x) and the different profiles. All figures show that the reflection is large at
x = 0 and decrease gradually, then increases again gradually to the maximum
value at x= 1.

Figure 4(a) and Figure 4(b) display the reflectance versus incident wave-
length for the three profiles of the graded index, ie, linear, cubic, and quintic
profiles for the relative thickness of x = 0.2 and x = 0.8, respectively, in normal

incident cases. In both cases, the linear profile expresses the lowest reflection in

linear

- v v v v X
0 0.2 0.4 0.6 0.8 1
Figure 2. Refractive indices (i) for the linear, cubic, and quantic profiles for different
values of xwhere 0 < x< 1 and m = 1.47 and m = 2.35.
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Figure 3. Reflectance (R) of TE polarization versus the incident wavelength (1) for dif-
ferent values of the relative thickness of ARC (x). (a) For linear profile equation, (b) for
cubic profile equation, for & =0, di = 90 nm, @& = 50 nm, & = 40 nm.

all spectral ranges of (300 - 1200 nm) and achieves a remarkable R = 0 at a spec-
tral wavelength of 800 nm. On the other hand, the quintic profile expresses the
highest reflectance across the spectral range investigated.

Since the linear profile presents the lowest reflectance, the following study will
focus on the linear profile in more depth by investigating the three parameters
which are the incident angle (6), the relative thickness (x), and the layers thickness
of the ARC (d). Figure 5 displays the reflectance versus the incident wavelength
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Figure 4. (a) Reflectance (R) of TE polarization versus the incident wavelength for the
three profiles of the graded index linear, cubic, and quintic for x= 0.2, & = 0°, d = 90
nm, d = 50 nm, d = 40 nm. (b) Reflectance (R) of TE polarization versus the incident
wavelength for the three profiles of the graded index linear, cubic, and quintic for x= 0.8,
6=0°,d =90 nm, & =50 nm, ds = 40 nm.

for different incidence angles (0°, 30°, 50°), by using the linear profile equation

at x = 0.3. The reflectance increases as the incident angles increase over the wa-
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velength range (300 - 1200 nm). The maximum reflectance can be obtained in
the wavelength range (350 - 450 nm) which is about 0.035, 0.04, and 0.05 for
each value of incidence angles, respectively. The minimum values of reflectance

are achieved at 6, = 0° “normal incidence” where the reflectance decreases to
0.08+ /
0.074 /
0.06- (
0.054
0.044 .A
0.034|
0.021

0.011

A (nm)

0.991
0.98+
0.971

0.964!}

0.951

0.941

0.931

0.92 v v v v v N v v 3
300 400 500 600 700 800 900 1000 1100 1200

A (nm)
(b)
Figure 5. (a) Reflectance (R) of TE polarization versus the incident wavelength for linear
profile equation, for different value & and x = 0.3, d = 90 nm, & = 50 nm, & = 40 nm.

(b) Transmittance (7) of TE polarization versus the incident wavelength for linear profile
equation, for different value & and x= 0.3, di = 90 nm, & = 50 nm, & = 40 nm.
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0.005 which is very close to about zero in the wavelength range 550 - 1000 nm.
The minimum spectra have been observed at the wavelength of 850 nm and 6
equals 30°.

Figure 6(a) illustrates the transmittance (7) versus the wavelength for differ-
ent incidence angles (0°, 30°, 50°), by using the linear profile equation at x= 0.3.
At 6 = 0°, the transmittance reaches a maximum of 1 in the wavelength range of
(550 - 1000 nm).

0.05

0.02+

0.01+

——
O s ~—

300 400 500 600 700 800 900 1000 1100 1200
A (nm)

——

i —d, =40 nm
PrIan SN N N e d =90 nm
. ceem d, =150 nm

0.951

300 400 500 600 700 800 900 1000 1100 1200
A (nm)

(b)

Figure 6. (a) Reflectance (R) of TE polarization versus the incident wavelength for linear
profile equation, for a different value di, x = 0.3, & = 0°, & = 50 nm, & = 40 nm. (b)
Transmittance (7) of TE polarization versus the incident wavelength for linear profile
equation, for a different value di, x=0.3, & =0°, & = 50 nm, & = 40 nm.
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Figure 6(a) shows the reflectance at normal incidence for different thick-
nesses of the effective medium d, (40, 90, 150 nm) using the linear profile equa-
tion at x = 0.3. Reflectance is minimized at di = 90 nm, reaching 0.02 in the wa-
velength range (550 - 1000 nm). The highest reflectance values (0.033, 0.034, and
0.057) occur in the wavelength range (400 - 600 nm) for the investigated thick-
nesses. Figure 6(b) displays the transmittance for the same thickness values of dj,
reaching maximum values at ¢ = 90 nm and reaching about 1 in the spectral
range of 400 - 600 nm. Both figures demonstrate the importance of the effective
medium thickness in determining the optical properties of the material.

Similar behavior and characteristics have been achieved for the TM polariza-
tion case, so we focus on the TE polarization case.

Figure 7(a) and Figure 7(b) show the variation of the reflectance between TE
and TM modes at 6 = 30°, & = 50° respectively, where the increase in the angle
leads to an increase of the reflectance in TE polarization and a decrease of the
reflectance in the TM polarization case.

Figure 8(a) and Figure 8(b) depict the variation of transmittance with respect
to the polarization of the incident light at different incident angles. Specifically,
the figures show the transmittance of TE (transverse electric) and TM (trans-
verse magnetic) polarizations at incident angles of 30 and 50 degrees, respec-
tively. As the incident angle increases, the transmittance of the TE polarization
decreases, while the transmittance of the TM polarization increases. This effect
can be attributed to the way in which the material interacts with the different
polarization states of the incident light. In general, materials tend to be more
transparent to light with a TM polarization, while they absorb or reflect more of
the light with a TE polarization. Therefore, as the incident angle increases, more
of the incident light is polarized in the TM direction, resulting in an increase in
the overall transmittance for this polarization. Conversely, less light is polarized
in the TE direction, resulting in a decrease in the transmittance for this polariza-
tion. These effects are reflected in the graphs shown in Figure 8(a) and Figure

8(b).

4. Short Circuit Current Density Js.

Many factors affect the short circuit current density (/i) of a solar cell such as
the number of photons, the spectrum of the incident light, the surface area of the
solar cell, and the collection probability [21] [22]. /i versus the incident angle (&)
for different values of thickness, di = 40 nm, 90 nm, and 50 nm, has been solved

using the following equation.
q 2
Je :h—CLO IQE(2)x(1-R(2))xAx AM15(1)dA (2)

where 4 is Plank’s constant, ¢ is the speed of light, g is the elemental charge,
IQE(A) is the internal quantum efficiency of the solar cell, A is the wavelength,
R(/l) is the measured reflectance, AM 1.5(/1) is the standard solar spectral
irradiance. For an ideal cell where IQE(/l) =1. Equation (1) becomes [23] [24].
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Figure 7. (a) Reflectance (R) of TE, TM polarization, and the average between them ver-
sus the incident wavelength for linear profile equation, for & = 30°, x= 0.3, d = 90 nm,
d =50 nm, & = 40 nm. (b) Reflectance (R) of TE, TM polarization, and the average be-
tween them versus the incident wavelength for linear profile equation, for & = 50°, x =
0.3, di =90 nm, & = 50 nm, ¢ = 40 nm.

Je =3 x(1-R(2)) 3)
where
max __ q 4
an _Ej%zx AM1.5(2)dA (4)
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Figure 8. (a) Transmittance (7) of TE, TM polarization, and the average between them
versus the incident wavelength for linear profile equation, for. & = 30°, x= 0.3, di = 90
nm, d =50 nm, d = 40 nm. (b) Transmittance (7) of TE, TM polarization and the aver-

age between them versus the incident wavelength for linear profile equation, for & = 50°,
x=0.3, d =90 nm, & =50 nm, ¢ =40 nm.

where AM 1.5(/1):1000W~m’2 at the standard solar spectral irradiance, for
the wavelength range, 300 - 1200 nm. Figure 9(a) displays the maximum J, val-
ues as a function of incidence angle and thickness with maxima at 6, =0 with
values of 8.0, 8.7 and 7.95 mA-cm™, for the three thicknesses investigated. As

expected J,. decreases sharply towards zero at the incident angle reaches 90°.
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Figure 9. (a) Short current density /i of TE polarization versus the incident angle & by
using linear profile equation, for different values of thickness, di, x= 0.3, & = 50 nm, & =
40 nm. (b) Average of the short circuit current density between TE and TM polarizations
versus the incident angle & by using linear profile equation x = 0.3, for different values of
thickness di = 40 nm, & = 50 nm., & = 50 nm.

The average of the short current density between TE and TM polarizations is

plotted versus the incident angle as shown in Figure 9(b).

5. Conclusion

The paper presents the theoretical analysis of the proposed structure of TLARC,
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which consists of a graded refractive index as an active layer to enhance the per-
formance of the solar cell by decreasing the reflection and increasing the trans-
mittance to the cell. The refractive index for the linear profile equation at x= 0.3,
for the active layer, is 1.734, which leads to low reflectance reaching. The maxi-
mum J. has been achieved at active layer thickness of d, =90nm and incident
angle 6, =0".In TE polarization, the incident angle is considered the best angle
which satisfies the minimum of the reflection and maximum of the transmit-
tance. So, the increase in the incident angle will decrease the transmittance and
increase the reflection. In TM polarization, the incident angle 6, =30 is con-
sidered the best case satisfying a minimum reflection and a maximum transmit-
tance for the long range of the wavelength. At 6,=0" in cases of the TE and
TM polarization, the reflectance and the transmittance have the same values.
Then, the increase in the incident angle will decrease the reflectance in the TM
case and will increase in TE polarization. The transmittance in TM polarization
is higher than TE polarization under the same conditions except for 6, =0".
The proposed structure, which incorporates graded index materials, has demon-
strated a high level of transmission and a low level of reflection. This is due to
the unique optical properties of these materials, which allow for efficient light
transmission through the solar cell. These promising results indicate that the
graded index materials have the potential to be used in the design of novel solar
cells, with the potential to significantly improve their overall efficiency. By re-
ducing the amount of light that is reflected and increasing the amount that is
absorbed by the solar cell, these materials can help to increase the amount of
energy that can be harvested from sunlight. As such, the use of graded index
materials represents an exciting avenue of research for the development of more
efficient and effective solar cells, with important implications for renewable

energy generation and sustainability.
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