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Amorphous silicon solar cells have emerged as a promising technology for harnessing solar energy
due to their cost-effectiveness and flexibility. However, their efficiency is constrained by low sunlight
absorption resulting from the material’s indirect band gap and intrinsic properties of amorphous
silicon. This study employs theoretical modeling to investigate the impact of incorporating one-
dimensional ternary photonic crystals (1D-Ternary-PCs) as anti-reflection coatings (ARCs) and one-
dimensional binary PCs as back reflectors to enhance the optical properties of amorphous silicon (a-Si)
solar cells. The investigation utilizes the COMSOL Multiphysics program, based on the finite element
method (FEM), to simulate and analyze the optical characteristics of PC-enhanced a-Si solar cells. The
modeling involves designing and optimizing ternary PC structures, followed by numerical simulations
to assess their anti-reflection performance. Additionally, designing one-dimensional binary PCs
optimized to create a photonic band gap within the transmitted spectrum to act as a back reflector.
The study systematically examines the impact of various parameters such as layer thickness, refractive
indices, and incident angles on the optical properties of PC-enhanced a-Si solar cells, offering insights
into the potential of one-dimensional PCs as effective back reflectors and ARCs for enhancing light
absorbance and overall efficiency.

Keywords Amorphous silicon solar cells, Photonic crystals, Anti-reflection coatings (ARCs), COMSOL
multiphysics

The world is currently facing an energy crisis and climate change due to the rapidly growing demand for energy
and the finite supply of non-renewable sources such as fossil fuels!. This has led to the search for alternative,
sustainable, and ecologically acceptable energy sources>’. Solar energy is a type of renewable energy that can
be captured using solar cells. Solar cells convert sunshine into power, making them an attractive solution to the
energy crisis*>. Solar energy is a renewable energy source that is plentiful and readily accessible. According to
the International Energy Agency (IEA), solar energy is predicted to be the greatest source of power by 2050,
accounting for approximately 37% of the world’s electricity generation’. Solar cells have come a long way since
their invention in the 1950s and are now highly efficient and cost-effective. The cost of solar energy has decreased
significantly over the past decade and is now cheaper than fossil fuels in many parts of the world®-1°.

The growing desire for clean and sustainable energy sources has resulted in considerable advances in
photovoltaic (PV) technology. Among these, amorphous silicon (a-Si) solar cells have attracted considerable
interest owing to their low-cost fabrication processes!!"!3, compatibility with flexible substrates, and potential
for large-scale production. However, a-Si solar cells have a limited ability to absorb sunlight efficiently, which
restricts their overall conversion efficiency!*!>. Thus, one promising approach to improve the solar cell
absorbance is the incorporation of photonic crystals (PCs)!®!7. PCs are periodic structures with a unique
refractive index distribution that can manipulate the propagation of light by controlling its dispersion and
reflectance properties!®=2. By carefully designing and engineering the PCs structures, it is possible to enhance
light trapping inside the active area of the solar cell, thereby increasing the probability of photon absorbance®!.
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Numerous studies have demonstrated the potential of photonic crystals (PCs) to advance the performance of
many solar cell technologies, including thin-film, crystalline silicon and Dye-sensitized solar cells?>-2. However,
the application of PCs in amorphous silicon solar cells is still at an early stage, with limited research exploring
their full potential®®. For instance, Li et al. (2014) investigated the efficiency enhancement of amorphous
silicon solar cells using photonic crystal configurations'. Similarly, Lin et al. (2015) focused on the design and
fabrication of photonic crystal structures to improve light trapping in amorphous silicon solar cells?’. Zhang et
al. (2016) explored the utilization of photonic crystal nanostructures to enhance light trapping in amorphous
silicon solar cells as well?. Additionally, Chutinan et al. (2005) optimized photonic crystal light-trapping in thin-
film solar cells?’, while Zhang et al. (2014) studied the design and optimization of photonic crystal structures
for enhanced light trapping in amorphous silicon thin film solar cells®. These studies collectively demonstrate
the potential of photonic crystals in improving the performance of various solar cell technologies. Therefore,
this paper purposes to address this research gap by examining the effects of integrating photonic crystals into
amorphous silicon solar cells to enhance their optical properties. Wherein we intended to use the photonic
crystals as an anti-reflection coating (ARC) and back reflector to the amorphous silicon solar cell to overcome
the power dissipation by reflection and transmission.

The usage of photonic crystals (PCs) as an anti-reflection coating (ARC) and back reflector to the amorphous
silicon solar cell has been extensively explored in research. For instance, Zhang et al. (2012) investigated the
application of a one-dimensional photonic crystal as an anti-reflection coating to improve the silicon solar cells
absorbance®!. Similarly, Jeong et al. (2014) proposed a photonic crystal structure as a back reflector to improve
the light trapping and absorption in amorphous silicon solar cells*?. Furthermore, Wang et al. (2017) studied
the design and optimization of photonic crystal structures as both the back reflector and anti-reflection coating
for amorphous silicon solar cells®>. These studies highlight the potential of photonic crystals in serving dual
roles, providing effective anti-reflection properties and enhancing light trapping as back reflectors in amorphous
silicon solar cells.

In this paper, we try to limit the energy dissipation in solar cells by each of reflection from the top surface
and transmission from the lower surface of the cell by using different structures from 1D-PCs. The rest of the
paper is arranged as follows: Sect. "Modeling" gives a thorough description of the theoretical background and
prior research on photonic crystals and their applications in solar cells, including the construction of photonic
crystal structures. Section "Results and discussions” introduces and discusses the optical characteristics and
device performance of the amorphous silicon solar cells combined with photonic crystals. Finally, we discuss
the implications of the findings, highlight the potential challenges, and propose future directions for further
research.

Modeling

This section describes the design and optimization process of photonic crystal structures for integration into a-Si
solar cells. It explains the selection of relevant parameters, such as layer thicknesses, refractive index contrast,
and structural configuration, and discusses the design considerations for achieving optimal light trapping and
absorption enhancement. The numerical simulation methodology using COMSOL Multiphysics program is
detailed in this section. It includes the finite element method (FEM) simulations procedure as the simulation
technique employed to analyze the optical characteristics of the PC-enhanced a-Si solar cells**.

We chose the FEM implemented in COMSOL Multiphysics Because of its capacity to achieve complicated
geometries, curved interfaces, and layered structures with subwavelength features—all of which are essential
components of our amorphous silicon solar cell with multilayer ARC and back reflector—. For non-periodic,
non-uniform, and radially symmetric structures like the ones we employ in our study, FEM provides great
accuracy in solving Maxwell’s equations in complete vectorial form. FEM offers the best trade-off for geometry
adaptability, meshing flexibility, and field visualization at numerous wavelengths, whereas techniques like
Transfer Matrix Method (TMM) or Rigorous Coupled-Wave Analysis (RCWA) are effective for periodic, planar
structures and Finite-Difference Time-Domain (FDTD) is strong for broadband simulations. This made it
possible for us to accurately record optical responses and field localization, which were essential for our cell’s
design and optimization. In our study, we adopted a mesh refinement strategy based on the shortest operating
wavelength, ensuring that the maximum mesh element size was no larger than A/10, where X is the shortest
wavelength of interest (300 nm). Additionally, we applied extra fine meshing at material interfaces and within
the a-Si intrinsic region, where field localization is most critical.

Our design is divided into two parts: firstly, we describe the design and optimization process of one-
dimensional ternary PC structures for integration as ARCs in a-Si solar cells. It explains the selection of relevant
parameters, such as layer thickness and refractive indices, and discusses the design considerations for achieving
optimal anti-reflection properties. Then, we Design one-dimensional PCs as a back reflector for amorphous
silicon (a-Si) solar cells involves tailoring the PC structure to maximize light trapping and reflection within the
device. The design process typically focuses on optimizing parameters such as the periodicity, refractive index
contrast, and layer thickness to achieve enhanced light management®’. By carefully engineering the PC structure,
the desired photonic bandgap can be achieved, which facilitates the efficient reflection and redirection of
incident light back into the a-Si active layer. The selection of materials and their thicknesses within the PC
layers is crucial in determining the reflection characteristics and overall optical performance. The successful
design of one-dimensional PCs as back reflectors holds significant promise for enhancing the light trapping and
absorption properties of a-Si solar cells, thereby improving their overall efficiency.

Our structure is made up of a p-region with a thickness of 15 nm, an intrinsic area with a thickness of
200 nm, and an n-region with a thickness of 27 nm. Whereas figure 1 depicts our model when ARC and back
reflector are present. Here, ARC have different structures -Single layer, binary, ternary PCs- with step index
between the air and silicon layer as following;
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Fig. 1. Schematic representation of our design, showcasing an amorphous silicon solar cell positioned between
the antireflective coating and the back reflector.

Nair < NARC < Na—Si

Also, the back reflector is composed of 1D binary PCs (two layers with different dielectric constant), 1D-PCs
is optimized to create PBG in the range of the transmitted spectrum to contribution in the generation rate of
electron hole pair to increase the overall efficiency.

The optical simulations are based on wavelength-dependent complex refractive indices (n + 4 k)for each
material. Therefore, we provide graphs showing the dispersion curves (real and imaginary parts) of refractive
indices. Wherein, the response of the real and imaginary parts of the amorphous silicon (a-Si), which is regarded
as the active area of the cell, to the incident wavelength is shown in Figure 2. In this case, the real part of the
dielectric constant (refractive index) increases with wavelength to reach 5.0 at about 450 nm, after which it
starts to decrease to equal 4.0 at 800 nm. Additionally, the imaginary part of the dielectric constant (extinction
coefficient) decreases with wavelength increments to reach very small values close to zero at the end of the
visible region. A comparatively good compatibility with these findings is examined in Fig. 2 **°. In this case, the
absorption values within the cell may be affected differently by the values of the real and imaginary components.

Figure 3 shows the dispersion relation of the refractive index (n) as a function of wavelength for magnesium
fluoride ( M gF5), the refractive index decreases with increasing wavelength, which is a characteristic of
normal dispersion. This means that the material becomes less optically dense (lower refractive index) at longer
wavelengths. As the wavelength increases beyond ~ 700 nm, the change in the refractive index becomes smaller,
indicating the material’s dispersion becomes weaker in the near-infrared range®’. In addition, the extinction
coefficient of M gF> is relatively to zero as the material is a dielectric with zero absorption in the visible spectrum
range. When creating photonic structures and anti-reflective coatings (ARCs), this type of dispersion profile is
essential. It controls how light is coupled or reflected at interfaces in solar cells, particularly in wavelength ranges
between 300 and 800 nm that are crucial for solar spectrum absorption.

The complex refractive index for silicon nitride (Si3/N4) which considered as well-characterized substance,
may be found on refractiveindex.info*2. SiN,, on the other hand, refers to silicon nitride films with different
stoichiometry, where the value of ’x’ may change depending on the circumstances of deposition. It is difficult
to give a single, standardized dispersion relation for SiIN, because of this diversity, which results in variations
in optical characteristics. According to studies, the composition and deposition technique of SN, films can
have a substantial impact on their refractive index*!. Also, Microcrystalline Hydrogenated Silicon Dioxide
(pc— Si02 : H) is a specialized material with limited availability of optical data. Its complex refractive index
can vary based on factors such as hydrogen content and microcrystalline structure®2.

Results and discussions

Here, we show our results and discuss them over four main steps: Initially, we study the optical properties of an
a-Si solar cell to compute the main reasons for the low optical absorbance, and then we try to design an optimum
anti-reflection coating with step index criteria to achieve low reflection from the upper layer of the cell. In the
third step, we design a back mirror from a 1D Bragg reflector to minimize the transmitted photons. Finally, we
calculate the generation rate of electron hole pairs owing to the optical absorbance.
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Fig. 2. Refractive index and extinction coefficient of amorphous silicon as a function of the wavelength of the
incident radiation.

Optical properties of an amorphous silicon solar cell

In this study, we propose a PIN silicon solar cell featuring specific layer thicknesses: a p-region measuring 15 nm,
an intrinsic region of 200 nm, and an n-region that is 27 nm thick. Then, we calculate the optical properties of
the cell such as absorbance (A), transmission (T), and reflection (R) as we shown in Fig. 4. Fig. 4 is representing
A, T, and R of an a-Si solar cell with an energy gap equal to 1.7 eV. The reflectance (red line) is approximately
equals 40% from the incident photons because of the reflectance of the amorphous silicon is equivalent to 37%
as we discussed previously in the introduction part, Also, the transmittance (green line) is considered to begin
at 550 nm as in the figure, hence, the maximum absorbance of the cell is reached to 55% at the incidence
of wavelength equals 550 nm. The inherent optical characteristics of amorphous silicon, its indirect bandgap
(~ 1.7 eV) and the optimized selected thickness for each layers are responsible for the peak seen in the absorption
spectrum close to 550 nm. Strong absorption occurs at this wavelength because photons have enough energy
to activate electrons across the bandgap. The troughs that lie next to this peak are brought on by the thin active
layer’s restricted absorption depth, mismatched impedance at the interfaces, and enhanced reflection and partial
transmission. The electric field distribution in Fig. 5B, which maximizes photon absorption within the cell by
efficiently penetrating the intrinsic area at 550 nm, supports this.

Hence, we compute the electric field distribution inside the layers of the cell for different incident wavelengths
as we shown in Fig. 5. For A = 300 nm, the incident wave is completely absorbed in few nanometers from the
top surface of the cell, for A = 550 nm, the electric field is distributed over a wide thickness of the cell as we
shown in Fig. 5B without any transmitted photons. Also, for A = 800 nm, the penetration depth of the incident
photon is increased as shown in Fig. 5C with respect to Fig. 5B and the cell will be transparent for any photons
greater than these photons owing to its energy gap. Hereby, to enhance the optical properties of the cell, we
need to eliminate the last shortcomings of reflection and transmission. Hence, we need to design anti-reflection
coating (ARC) to override the reflectance, and design back mirror to eliminate the transmittance of the cell.
Therefore, in the next sub-sections we design and optimize each of ARC and back reflector, respectively.

Anti-reflection coating

ARC s an intermediate layer between the first layer of the cell and air, which verify the step index of the refractive
indices. The optimum ARC structure is characterized by achieving low reflectivity and high transmittance. This
section is divided to three sub-sections [Single, binary, and ternary] corresponding to the number of layers in
each ARC structure as we show in Table 1, since complete wavelength-dependent dispersion data was utilized in
the actual simulations, these numbers are just given for illustrative purposes.
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Fig. 3. Refractive index of Magnesium Fluoride ( M gF?3) as a function of the incident wavelength.
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Fig. 4. Transmission, absorption, and reflection of amorphous silicon solar cell as a function of incident
wavelength.
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Fig. 5. The electric field distribution through the active layer of the cell at different incident wavelengths
(@) A =300nm,(b) X\ =550 nm,and (c) A = 800 nm.

Planner
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SiN ;38 TiO2* Si02* pc— SiOgx : H* | SiN,, MgF*
ny; =1.92 ny = 2.5 no = 1.46 ny = 2.8 na = 1.96 n3 = 1.38
dy =60mm | di =40nm | do = 80nm | di = 50 nm dy = 50nm | d3 = 50 nm

Table 1. Different planner ARC structures with each layer’s nominal thickness and refractive index.

Single layer ARC

We examined the best refractive index for a single ARC layer between air and silicon according to n1 = +/(nons)

since ng, ns and ni are the refractive indexes of air, silicon wafer, and anti-reflection coating single layer. Thus,
it is thought that the best material for use in the ARC is Si/V, with a refractive index equals 1.92 which could
be manufacturing by using spray pyrolysis techniques. Therefore, we optimize the thickness of this single layer
acting as ARC to verify high transmittance as shown in Fig. 6. In Fig. 6, adding SV is achieved the step index,
thus, SN, is enhance the cell absorbance overall, increasing the thickness of SiN; from 50 nm to 60 nm
cause an enhancement in the cell absorbance, then any increase over 60 nm cause decreasing in the absorbance.
Therefore, the best thickness for this material to act as ARC is 60 nm as in the Fig. 6.

Binary ARC

Here, we design a binary structure (two layers from different dielectric materials) and optimize the thickness of
each layer as shown in Fig. 7. In Fig. 7A, adding a binary ARC composed of SOz, and TiO2 with refractive
indices n1 = 1.46, n2 = 2.5, respectively, increases the absorbance with respect to the cell without ARC. In
Fig. 7A, we study the effect of TO thickness at the thickness of SiO2 equal to 100 nm, wherein, by increasing
the thickness, the absorbance also increases up until the thickness reaches 80 nm; therefore, the best thickness
of T'iOz is 80 nm. Thus, in Fig. 7B, we study the effect of SiO> thickness at the thickness of T'iO2 equal to
80 nm, beginning with di = 20 nm, and d2 = 80 nm and increasing the value of di from 20 nm to 40 nm has
a positive effect on the cell absorbance. Then, any increase in the value of d2 causes a decrease in the absorbance
as shown in Fig. 7B. Hence, we found that the best thicknesses for the binary structure, which is composed of
Si02, and TiO3 are 40 nm and 80 nm, respectively.

Ternary ARC

The one-dimensional ternary PC structure is composed of three layers of different dielectric materials. Here, we
design and optimize the considered structure to achieve a step index and minimize cell reflectivity. Therefore,
we choose the three materials as M gFs, SiNg, and pc— SiO; : H, with refractive indices donated by
n1 = 1.38, ng = 1.96 and n3 = 2.8, respectively, which achieve the step index between the air and silicon
layer. Thus, we optimize the thickness of each layer as shown in Fig. 8 because adding a ternary ARC composed
MgFs, SiN, , and pc — SiO, : H increases the absorbance with respect to the cell without ARC.

In Fig. 8A, we study the effect of MgI% thickness at the thicknesses of SilN; , and pc— SiO, : H
donated by d2 = 33 nm ,ds = 54 nm. Wherein, by increasing the thickness, the absorbance also increases
up until the thickness reaches 20 nm; therefore, the best thickness of MgF5 is 20 nm. Thus, in Fig. 8B, we
study the effect of SiN; thickness at the thickness of MgF5, and pc — SiO; : H donated by dy = 20 nm,
dz = 54 nm, wherein, by increasing the thickness, the absorbance also increases up until the thickness reaches
20 nm; therefore, the best thickness of SiN, is 20 nm. In Fig. 8C, we optimize the thickness of p1 ¢ — Si0, : H
layer at the thickness of M gF», and SilN, donated by di = 20 nm, d2 = 20 nm, changing the value of ds
from 20 nm to 54 nm has a positive effect on the cell absorbance. Then, any increase in the value of d3 causes
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Fig. 6. Absorption of amorphous silicon solar cell by adding a single layer from S7N, with different thickness
as a function of incident wavelength as shown.

a decrease in the absorbance, as shown in Fig. 8C. Hence, we found that the best thicknesses for the ternary
structure, which is composed M gF3, SiN; ,and pc — Si0, : H, are 20 nm, 20 nm and 54 nm, respectively.

At the end of this section, we compare the optimized structures for each case from the last three cases (single
layer, binary structure, and ternary structure), as shown in Fig. 9. Figure 9 represents the absorption spectrum
for amorphous silicon (a- Si) solar cell by adding ARC with different structures. The single layer is composed of
an only one layer of SiN,with thickness of 60 nm. Binary is composed of 77O with a thickness equal to 40 nm
and Si03 with a thickness equal to 80 nm. Ternary is composed of M gF3, SiN; ,and pc — SiO; : H, where
; di = 20nm, d2 = 20 nm, and d3z = 54 nm, respectively. In Fig. 9, all three cases have a positive effect on
the cell absorbance for the incident photons wavelengths from 300 nm to 550 nm, but the ternary optimize
construction is more effective for this range of wavelengths in the enhancement of the cell absorbance, as shown.
Therefore, the ternary structure is considered the most compatible arrangement to improve cell absorbance and
efficiency. However, the absorbance of the cell is still low for incident wavelengths larger than 550 nm owing to
the transmitted spectrum in this range. Therefore, we will add a one-dimensional PC structure as a back reflector
to return the transmitted photons in the range of the cell energy gap.

Back reflector (Bragg Reflector)

In this sub-section, we try to overcome the shortcoming of the transmitted spectrum, as we found previously
in Fig. 4. So that we will add a back reflector to the optimum structure for the ternary ARC. Here, we design
1D-PCs to performance as a back mirror to the cell; therefore, from the transmittance of the cell, as previously
shown in Fig. 4, we need to create a structure with high reflectance for the incident photons wavelengths
approximately from 525 nm to 750 nm. Hence, to create a wide PBG, we must use materials with a high contrast
in refractive index; therefore, we chose M gF> with refractive index (n1) = 1.38, and pc — SiO, : H with
refractive index (n2) = 2.8.

Initially, we examined how the number of periods influences the appearance of the photonic bandgap (PBG).
Our findings indicated that, in this 1D-PC structure, increasing the number of periods led to the emergence
of the PBG. Once the PBG was established, further increases in the structure’s periods primarily affected the
sharpness of the PBG edges. As illustrated in Fig. 10, with N set to 12, the PBG becomes distinctly visible,
spanning from 489 nm to 682 nm, resulting in a width of 193 nm. Additionally, prior to reaching the PBG
spectrum, increasing N has minimal impact on the overall position of the PBG, although slight variations in the
transmission resonance peaks can be observed. As demonstrated in Fig. 10, which represent the relation between
the number of periods and photonic band gap characteristic such as bandwidth and edge steepness. Wherein,
increasing the number of Bragg reflector periods leads to enhanced edge steepness of the photonic bandgap
due to higher reflectivity, improving spectral selectivity and field confinement. However, it also causes bandgap
narrowing, reducing the width of the transmission window around the defect mode. This highlights the need
to optimize the number of periods to balance performance with design complexity and fabrication scalability.
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Fig. 8. Absorption of a-Si solar cell by adding a ternary ARC, which composed of M gF5>, SiN; ,and
we— SiO, : H,where; (A) d2 = 33 nm, ds = 54 nm with different thicknesses of the first layer (d1),
(B) di = 20 nm, dz = 54 nim with different thicknesses of the second layer (d2), and (C) di = 20 nm,
d2 = 20 nm with different thicknesses of the third layer ( d3).

When the number of periods is substantially increased, the bandgap narrows while the sharpness of its edges
enhances, leading to potential overlaps between the transmittance curves of adjacent bandgaps. This overlap
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Fig. 9. Absorption of a-Si solar cell by adding ARC with different structures; Single is composed of single
layer from SiN, with thickness of 60 nm. Binary is composed of T O3 with thickness equals to 40 nm, and
SiO3 with thickness equals to 80 nm. Ternary is composed of M gF», SilN, ,and pc — SiO; : H, where;
di = 20nm, d2 = 20 nm, and ds = 54 nm, respectively.
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Fig. 10. Transmission spectrum for 1D-PCs which composed of M gF5 with thickness (d1) = 50 nm, and
we— Si0, : H with thickness (d2) = 75 nm, with different number of periods as shown.

arises as the bandgaps approach each other in wavelength, causing their transmittance characteristics in those
regions to converge. Consequently, the transmittance curves of different bandgaps may either overlap or partially
overlap. In summary, augmenting the number of periods in a PBG structure generally results in a narrower
bandgap and can facilitate the overlapping of transmittance curves from neighboring bandgaps.

Hence, we investigate the effect of layer thicknesses to localize the PBG in a specific range that is compatible
with our design. Figure 11 represents the transmission spectrum for 1D-PCs, which are composed of M gF>
with different thicknesses and ¢ — Si0, : H with a thickness (d2) = 75 nm, with number of periods equal
to 12. By increasing the thickness of the M gF layer, the PBG is shifted towards the longer wavelength and
becomes wider, as we summarize in Table 2. Therefore, from Table 2, we found that the best Bragg reflector
structure is composed of MgF> and pc — SiO, : H with thicknesses (d1) = 75 nm and (d2) = 75 nm,
with a number of periods equal to 12, and the PBG in this case is extended from 528 nm to 784 nm with a width
of 256 nm. Thus, this Bragg reflector is most compatible with our cell to return any transmitted photons in the
range of the energy gap of an a-Si solar cell, wherein the reflected photons contribute in the generation rate of
the electron hole pair to enhance the cell efficiency.

Finally, we investigate the effect of inserting a ternary ARC and back reflector (Bragg reflector) into an
amorphous silicon solar cell, as shown in Fig. 12. In Fig. 12, ternary ARC is composed of M gF», SiN , and
wec—Si0; : H, where ; di =20nm, d2 =20nm, and ds = 54 nm, respectively. Back reflectors are
1D-binary PCs composed of MgF> and pc— SiO, : H with thicknesses (di1) = 75 nm, (d2) = 75 nm
and number of periods equal to 12. In the case of ARC only, the absorbance is reached more than 95% from
the incident photons from 350 nm to 550 nm. The observed rise in absorption between 350 nm and 550 nm
is primarily attributed to the optimized ternary ARC, which consists of M gF3, SilN., and pc— SiO2 : H.
This structure achieves a step-index transition from air to silicon, minimizing surface reflection and enhancing
photon coupling into the active layer. Specifically, the refractive index gradient improves impedance matching
across interfaces, while the optimized thicknesses of each layer support constructive interference for shorter
wavelengths. These effects collectively increase absorption in the visible range, particularly in the 350-550 nm
region as illustrated in Fig. 12.

Indeed, environmental oxidation, UV-induced changes in refractive index, and thermal expansion mismatch
are possible deterioration causes. For instance, extended UV exposure might cause structural alterations
in S©N., which can impact ARC performance. Although M gF5 is usually stable, high humidity conditions can
cause delamination. Over time, i ¢ — SiO2 : H may undergo oxygen diffusion or hydrogen effusion, changing
its optical constants. Encapsulation techniques and the use of passivation layers can be used to lessen these
impacts. Additionally, materials can be chosen or altered to improve stability in outdoor and thermal cycling
environments.

In addition, by introducing a 1D-binary PC back reflector, the absorbance also increases in the range of the
designed PBG, as shown in Fig. 12. Thus, we investigate the electric field distribution through the considered
structures with the adjustment of the back reflector and ARC as in Fig. 13, we found that for different incident
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Fig. 11. Transmission spectrum for 1D-PCs which composed of M gF» with different thickness, and
uc— Si0, : H with thickness (d2) = 75 nm, with number of periods equal to 12.

Thicknesses Photonic Band Gap

di1 (nm) | d2 (nm) |From (nm) | To (nm) | Width (nm)
35 75 465 609 144

50 75 489 682 193

65 75 514 751 237

75 75 528 784 256

Table 2. PBG range and width at different thicknesses of Bragg reflector layers.

wavelengths, the localization of the energy differs from one wavelength to the next, as shown in Fig. 13. For
A = 300 nm, the incident energy is absorbed through the n-type layer of the cell without any transmitted
energy. For case, A = 400 nm the incident energy is propagated and absorbed through the n-type layer with
a large area in comparison to A = 300 nm, also by increasing the wavelength of the incident photons, their
penetration depth through the cell is also increased, as shown in Fig. 13. Figure 13’ field distributions show
wavelength-dependent localization, with longer wavelengths (like 600-800 nm) penetrating deeper into the
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, SiNz ,and pc— SiOy : H, where; di = 20 nm, d2 = 20 nm, and d3 = 54 nm, respectively. Back
reflector is 1D-binary PCs which composed of M gF5 and p ¢ — SiO, : H with thicknesses (d) = 75 nm,
(d2) = 75 nm with number of periods equal to 12.
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Fig. 13. The electric field distribution inside the active layer of the cell for the same structure in Fig. (12) at
different incident wavelengths as shown.

structure and shorter wavelengths (like 300-400 nm) being absorbed close to the surface. When the intrinsic
area of the a-Si layer aligns with the active zone for electron-hole pair formation, the electric field is maximized,
resulting in efficient absorption. Higher absorption and generation rates are associated with enhanced
localization, as shown at 400-550 nm. Adjusting the ARC and back reflector layers’ thickness and refractive
indices to maximize constructive interference and match resonance conditions for target wavelengths is one
approach to further enhance localization. Hence, ARC and the back mirror increase the localization of the
incident photons through the considered construction of an a-Si solar cell.

Nevertheless, the angle at which solar light strikes the Earth’s surface changes with the seasons. In Cairo,
Egypt, this angle ranges from 6.6° during the summer solstice on June 21 to 53.4° in the winter on December
22474 Therefore, we study the influence of incident angle on the optimum structure with ARC and a back
reflector, as shown in Fig. 14. At normal incident, the maximum absorbance equals 96%; atf = 10°, the
absorbance increased to 97%; also, at # = 30°, the maximum absorbance is reached to unity, then, it decreases
by increasing the incident angle above 30°. Finally, at # = 50°, the maximum absorbance is reached to 85%.
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Fig. 14. The absorption spectrum for a- Si solar cell at different incident angle by adding Ternary ARC

and back reflector, since ARC composed of M gF>, SiN, ,and pc — SiO; : H, where; di = 20 nm,

d2 = 20 nm, and dz = 54 nm, respectively. Also, back reflector is 1D-binary PCs which composed of M gF»
and p ¢ — Si0, : H with thicknesses (d1) = 75 nm, (d2) = 75 nm with number of periods equal to 12.

By diffusion of the electromagnetic waves with an angle 6 within a layer of thickness d causes increase in the
optical path length (OPL) through the following relation;

Therefore, as 0 rises (because of the increased incidence angle), cos 0 falls and OPL rises, which may allow for
more absorption—but only if light gets through the material. Also, the angle within the layer calculated by using
Snell’s Law;

nosing , = nisind 1

Where n,, n1 are considered as the refractive indices of the incident and transmitted materials, respectively.
Also, 0, 01 are angles in those materials. Therefore, increasing 6 ,causes increasing 6 1 until there is
complete internal reflection or a considerable loss of reflection, which is especially troublesome when switching
from a low-index medium (air) to a high-index medium (.S¢ or SiN,). Then, we using the Fresnel equations to
describe how much light is reflected (R) versus transmitted (T) at an interface.

R=05(Rs +Rp)

2

R.— ‘nocosﬁ o — micosh 1
=
nocos , + nicosd 1
R — ‘noc0301 — nicosb , |?
P necosd 1 + nicosd ,

Both R, and R, increase dramatically as 6 , rises, particularly beyond 30°, which causes more light to be
reflected at the surface and less to enter the solar cell, thereby decreasing absorption. Therefore, Constructive
interference is essential for reducing reflection and increasing transmission in the anti-reflection coatings
(ARCs). Quarter-wavelength conditions at normal incidence are n; d; = X\ /4 . however, for oblique incidence,
the effective optical thickness becomes n; d; cos™! (8 ;). Particularly in multilayer systems, this mismatch causes
phase mismatch, reduced field localization, and increased reflectance by upsetting the intended interference
state. At angles greater than 30°, the detrimental effect on constructive interference becomes more noticeable.
Thus, the absorption A (A, 6 ) can be written as:

Scientific Reports |

(2025) 15:16529 | https://doi.org/10.1038/s41598-025-00443-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

AN, 0)=1—R(\,0)—T(\,0)

If strong internal field confinement does not compensate, which is often not the case beyond about 30°, then as
angle 0 increases, the reflection owing to Fresnel losses is increase, the transmission due to diminished phase
matching and internal reflections is decrease, hence the absorbance is decrease. Finally, Snell’s Law and angular-
dependent Fresnel equations, which demonstrate more reflection at higher angles, theoretically justify the
reduction in absorption beyond 30° incident angle. The increasing angular mismatch reduces transmission and
field localization by upsetting phase matching conditions in the anti-reflection and back reflector layers, even as
the optical path length within layers rises. Thus, our configuration of amorphous silicon is a promising design to
operate at different incident angles with high absorbance and good efficiency.

Optical generation

In this section, we explore the optical generation within our amorphous silicon solar cells, focusing on the optimal
architecture of the ARC and the role of the Bragg reflector as a back reflector. We emphasize the generation of
electron-hole pairs across the active area of the proposed solar cell at various angles of incidence, particularly in
the presence of the ternary ARC and back reflector. Fig. 15 illustrates the optical generation occurring through
the active layer, which corresponds to the n-type of our designed cell. Under normal incidence, the inclusion of
the ARC significantly enhances the optical generation of the cell within the incident wavelength range of 300 nm
to 475 nm, after which it decreases exponentially up to 800 nm. Furthermore, the addition of a back reflector
improves the rate of electron-hole pair generation within the PBG of the Bragg reflector. Notably, the optical
generation responses at wavelengths below 475 nm are nearly identical for both configurations those with only
the ARC and those with both the ARC and the back reflector. However, the influence of the back reflector on
optical generation becomes increasingly significant at wavelengths exceeding 475 nm, as highlighted in Table 2.

Ultimately, we examine the impact of the incident angle on the generation rate of an a-Si solar cell featuring
a ternary ARC and 1D-PC as a back reflector. In Fig. 16, the optical generation at incident angles of 10° and 20°
is higher than that observed at normal incidence. However, at an incident angle of 30°, there is a slight decline
in optical generation across a limited range of wavelengths. As the incident angle increases to 40° and 50°,
the optical generation values experience a more significant reduction. These decreases are closely linked to the
reduced absorption by the cell as the incidence angle increases, as previously discussed. Thus, the considered
structure will operate with a high optical efficiency at different incident angle as we have been shown in Fig. 16.
As, the addition of the ternary ARC and 1D-PC as a back reflector to the cell may be promising.

Our design utilizes planar multilayer photonic structures, such as ternary ARCs and Bragg reflectors, which are
compatible with scalable deposition techniques like sputtering and plasma-enhanced chemical vapor deposition
(PECVD). This approach offers a practical balance between enhanced light absorption and manufacturability,
making it suitable for large-scale production. In contrast, nanowire-based absorbers have demonstrated superior
broadband and angular-insensitive light trapping capabilities. For instance, Mortazavifar et al. investigated
rectangular a-Si/c-Si nanowire arrays, achieving significant absorption improvements in ultrathin solar cells®.
Similarly, Mortazavifar et al. explored elliptical silicon nanowire arrays, optimizing light absorption for solar

Fig. 15. The optical generation over the active layer of the cell with and without the ARC and back reflector at

normal incidence.
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Fig. 16. The generation rate of the electron —hole pair through the active area of the cell with ARC and back
reflector at different angle of incidence as shown.

cell applications®. However, these nanostructures often require complex fabrication methods, such as electron-
beam lithography or reactive ion etching, which can limit their scalability and increase production costs.
Additionally, the use of nanocone gratings has been shown to enhance light absorption in ultrathin crystalline
silicon solar cells®. Wang et al. introduced a double-sided grating design, optimizing the front and back surfaces
for antireflection and light trapping, respectively, resulting in a photocurrent close to the Yablonovitch limit™.
While effective, these designs also involve intricate fabrication processes that may not be easily scalable. Our
planar PC-based approach, therefore, presents a more straightforward and scalable solution for enhancing light
absorption in a-Si solar cells.

Conclusion

In this paper, we successfully designed and optimized both the back reflector and anti-reflection coating
(ARC) based on the fundamental properties of photonic crystals using the COMSOL Multiphysics program.
The structure we analyzed demonstrates high optical efficiency across varying incident angles, as previously
investigated. We employed 1D ternary photonic crystals based on step index criteria to minimize the dielectric
contrast between air and the initial layer, effectively reducing the reflectivity of the structure. Our reflectivity
reached 96% at normal incidence. Additionally, we developed and fine-tuned a photonic bandgap (PBG)
structure to serve as a back reflector, decreasing cell transmittance and confining transmitted photons within
the cell’s active layer to enhance electron-hole pair generation. The importance of these research findings in
enhancing solar cell efficiency is underscored, along with suggestions for future research directions.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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