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Abstract

Solar cells system has been gaining remarkable attention in the photovoltaic (PV) industry in recent
years. Therefore, many people used solar cells in their life. Hence, from time to time, many industries keep
improve it to get the best of efficiency of the solar cell. In this work, it presents ray tracing of light trapping
(LT) schemes in thin c-Si to enhance broadband light absorption within 300 - 1,200 nm wavelength region.
For the ray tracing simulation, mono ¢-Si wafer with 100 pm thickness is investigated and solar spectrum
(AM1.5G) at normal incidence is used. Random planar and upright pyramid front surface with silicon
nitride (SiNy) anti-reflective coatings (ARC) with the difference thicknesses are the LT schemes being
studies in this work. The broadband anti-reflective coating can effectively reduce the optical loss and
improve the energy efficiency in the solar cells. The optical properties of the thin c-Si are analyzed with
incremental LT schemes. Not only that, the current density also calculated from the absorption curve.
Optical properties and current density were evaluated to find out the best thickness and refractive index of
the silicon nitride (SiNy). The initial simulation results show that the solar cell current density is about 24.81
mA/cm?. A great Ji.x enhancement in solar cell was achieved with utilizing the ARC thickness and type of
front surface. Among the 6 proposed scheme, the scheme with upright pyramid front surface of 75 nm SiNy
ARC thickness realized a good improvement in current density of 41.19 mA/cm?. This leads t0 Jmax
enhancement of 66.02 % when compared to the reference c-Si.
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Introduction

Primary energy sources take many forms, including nuclear resources, fossil fuels and renewable
resources. Nuclear resources and fossil fuels such as oil, coal and natural gas are known as conventional
energy that do not replenish themselves within a specific period [1,2]. However, nuclear resources and
fossil fuels are limited and can cause a lot of pollution to the environment leading to adverse effects such
as global warming, acid rain and soil eruption [3-5]. This results in a growing need for sustainable and clean
energy sources to meet the sustainable development of human society. Solar, wind, geothermal, hydro-
power and biomass are classifying as a renewable energy sources that can extensively useful to combat
energy crises [6-9]. Among these renewable energy, the power of solar has gained notable attention as the
clean source of renewable energy [10]. It is necessary here to clarify exactly the meaning of the word solar
energy, which is known as one of the energy sources that is renewable and very useful to the environment
[11,12]. It also provides electricity when it converts thermal energy to electrical energy. However, currently
12 % to well over 20 % is the range of the efficiency of the commercial silicon solar cells [13,14].

Photovoltaic technologies have been developed with the increase of solar cell studies, and there are
mainly divided into 3 generations. The first generation are the traditional solar cells made of silicon
materials, the second generation are those solar cells consist of thin films, such as cadmium telluride, and
copper indium gallium selenide materials, whereas the third generation are those made up of new materials
such as organic, quantum dot, dye-sensitized and perovskite solar cells. The focus in this study is the silicon
solar cell. Generally, silicon based solar cells are more efficient and longer lasting up to 25 years than non-
silicon based cells [15-17]. Due to greater efficiency and lower cost of commercial photovoltaic (PV)
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modules, the installed (cumulated) PV power has expanded at a rapid rate (30 - 40 % per year) in the
previous 15 years and is rapidly growing worldwide. Thus, the production has reduced the cost for the solar
cell and modules to the points where solar cells account for only a small portion of the total costs, while
more than the other half accounted for the electrical and other components such as installation, maintenance,
insurance and financing [18]. To reduce the cost, reducing the thickness of the crystalline silicon (c-Si) will
help it. The thinner c-Si wafers will compromise the light absorption in the solar cell. To avoid the less
absorption, the efficiency of the light trapping (LT) must be increased by depositing the ARC on the top of
the solar cell [19]. A solar cell with no light trapping characteristics may have an optical path length of one
device thickness, whereas a solar cell with good light trapping features may have an optical path length of
50, demonstrating that light bounces back and forth several times within the cell [20-22]. Changing the
angle at which light travels in the solar cell by having it incident on an angled surface is a common way to
create light trapping [23-25]. The front surface of a solar cell can be either pyramidal or planar. These 2 are
commonly used in the manufacture of solar cells. The most frequent way for increasing path length by
randomizing light direction is to employ pyramid textures [26,27]. It is because the light reflected during
the initial bounce always gets a second chance of entrance as it strikes the pyramid wall on the opposite
side. A textured surface will reduce reflection as well as link light obliquely into the silicon, resulting in an
optical path length that is greater than the physical device thickness.

ARC is the one of the most extensively used in human daily life, industry, electronics and the other
fields. It helps to reduce the reflection, transmission and increase the absorption of the sunlight when it
strikes through the solar cell surface. ARC is also the main or important component in the PV systems and
plays a big role in turning the solar cell into an effective one. SiO, and TiO, were the materials that were
usually used for the ARC [28-30], but now, silicon nitride (SiNy) has been found as an exclusive material
in this industry. The main reason is due to variable refractive index (1.9 - 2.9) that can provide the ability
to tailor the coating to be used in air or in a PV module. Another reason is due to significant level of
passivation of the surface [31-33]. SiNy film has a very high transparency in the spectral range of 300 -
1,200 nm. And the optical band gap falls from 5.19 to 5.09 eV. These values are similar to the optical band
gap of bulk SiN which is 5.00 eV [34]. The absorption of light formed when incident light is reflected off
the solar cells surface, transmission and reflection are the most important parameters impacting the
efficiency of a solar cell conversion system. Therefore, by coating the solar cell with ARC materials, such
as a single layer of SiNy, can improve the amount of light absorbed by the cell surface, hence resolving
these issues [13]. Currently, there is insufficient work in the literature which reports on systematic
investigation of LT schemes in thin ¢-Si (with 100 um thickness) for application in solar cells. A further
improvement and optimizing of the ¢-Si solar cell is crucial in renewable energy sector as it will gradually
become mainstream in PV industry in about 10 years from now.

In this paper, ray tracing of LT schemes in thin c-Si solar cells (with 100 um thickness) is investigated.
Six LT schemes with difference thickness of ARC are studied; 60, 75 and 80 nm SiNy ARC each on random
planar and upright pyramid front surface. Effects of these LT schemes towards reflection, transmission and
absorption of the incident light in the thin c-Si absorber are analyzed. The Jma is calculated from the light
absorption curve to relatively estimate LT performance on each scheme. Incident light of 300 - 1,200 nm
wavelength region is selected, assuming unity carrier collection in the solar cells. Then, the highest
photocurrent density from the best LT scheme is compared with the Lambertian limit for c-Si solar cells
with 100 pm thickness.

Materials and methods

Simulation design

Using PV Lighthouse’s Wafer Ray Tracer, LT schemes in thin c-Si solar cells (with a 100 um
thickness) was examined. In this simulation, some constant parameters have been used for simplification
purpose. At 0 incident angle, solar spectrum of AM1.5G is used which is normal to the surface of the solar
cell [35]. The ray tracing uses a maximum of 50,000 total rays with 5,000 rays per run. The optical
parameters of solar cells in wavelength region of 300 - 1,200 nm are studied (with interval of 20 nm). The
following constant parameters is shown in Table 1. Planar c-Si (without the LT scheme) is used as reference
[19].
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Table 1 Constant parameter of incident light simulation.

Parameter Value
Zenith incident angle 0°
Minimum wavelength 300 nm
Maximum wavelength 1,200 nm
Wavelength interval 20 nm
Number of rays per run 5,000
Maximum total rays 50,000
Maximum bounces per ray 1,000
Intensity limit 0.01 %

The schematic diagram of the LT schemes is illustrated in Figure 1. Random planar c-Si (without LT
scheme) in Figure 1(a) is used as a reference while Figures 1(b) - 1(c) shown LT schemes with various
SiNx ARC incremental in nature on different front surface. The front metal fingers are omitted in this work.
Early hypothesis state that providing additional LT schemes into the thin ¢-Si absorber should boost light
absorption in the solar cell. Seven LT schemes was proposed in this study including reference scheme as
shown in Table 2. Scheme Ia and Ib, a 75 nm-thick SiNyx ARC (refractive index, n = 1.99) with the front
random planar and upright pyramid are incorporated with the c-Si wafer respectively. This is known as a
typical ARC thickness and refractive index that used on mono ¢-Si solar cells in PV industry [36]. The 75
nm ARC thickness is targeted to reduce the reflection from the ¢-Si, particularly at 600 nm, which represents
the peak of AM1.5G solar spectrum. In Scheme Ila and IIb is using similar surface as Scheme Ia and Ib
with increments of 80 nm-thick SiNy, ARC (refractive index, n =2.0) [37]. Meanwhile, the Scheme I1la and
IIIb; different thickness and refractive index which is 60 nm-thick ARC with n = 2.3. This is known as the
optimal refractive index and thickness of the thin film [38].

Random Planar SiNx ARC

(a) (b)

Upright Pyramid SiNx ARC

(c)

Figure 1 Schematic diagram of LT schemes in thin c-Si (with 100 p thickness) for solar cell (a) Reference
c-Si (without LT scheme), (b) Front random planar with SiNx ARC and (c) Front upright pyramid with SiNx
ARC.
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Table 2 Cross sectional simulation schemes with different thickness of ARC.

LT scheme Thickness of Si Thickness of SiNx Type of front R.efractive
(um) (nm) surface index, n
Reference scheme 100 - - -
Scheme Ia 100 75 Random planar 1.99
Scheme Ib 100 75 Upright pyramid 1.99
Scheme Ila 100 80 Random planar 2.00
Scheme I1b 100 80 Upright pyramid 2.00
Scheme I1la 100 60 Random planar 2.30
Scheme I1Ib 100 60 Upright pyramid 2.30

Photocurrent density (Jmax)

Total reflection, absorption, transmission in thin c-Si wafers, and Juax are explored and assessed using
incremental LT schemes in this simulation. Jma is used to evaluate the LT performance of the c-Si solar
cell based on the absorption data in thin c-Si. The Jmax is determined by using the Eq. (1) to integrate the
absorption curve throughout the AM1.5G solar spectrum for wavelengths 300 - 1,200 nm [39].

Jmax =9 J EQE (2).S(1) dA (1)

where q is the electron charge and S(1) is the standard spectral photon density of sunlight for AM1.5G
spectrum. The carrier collection in this calculation is assumed to be 1 (i.e. internal quantum, IQE = 1).

AM1.5G solar spectrum

It is necessary to consider the AM1.5G solar spectrum as shown in Figure 2 is used to analyze the
acceptability of ARC on a simulated model of solar cell. The wavelength spectrum between 300 to 1,200
nm was selected for this study. The atmospheric window opens at 300 nm wavelength and the silicon
absorbed until about 1,200 nm wavelength. Radiation with a longer wavelength does not have sufficiency
energy to produce electricity from a solar cell [40]. Moreover, long wavelength region which is above 900
nm will compromise the absorption of light as well as photocurrent density in the solar cell [41].

2.5
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Figure 2 Solar spectrum of AM1.5G as a function of wavelength.
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Results and discussion

Comparison curve of R, A and T

Figures 3(a) - 3(c) shows the reflection curves for 100 um c-Si with incremental LT schemes on
random planar and upright pyramid front surface. For comparison, the curves for the reference c-Si are
presented. The graph demonstrates that the reference of c-Si has the highest reflection throughout the
wavelength range of 300 - 1,200 nm. This pattern is due to a rapid shift in refractive index (n) as incident
light passes through air (n = 1) and into ¢-Si (n = 3.5) [19].

With Scheme Ia (75 nm SiNx ARC on front planar front surface), the reflection at range of 400 to
1,000 nm reduced further compared to the reference. The reflection around wavelength of 600 nm decrease
to 0 %. This is to be expected, given that the ARC has a quarter-wavelength coating effect, which is
designed to reduce broadband reflection and improve light coupling into the thin c-Si [42]. Meanwhile, the
reflection of Scheme Ila which is addition of 80 nm SiNx ARC on front planar surface, increase slightly
compare to Scheme Ia at the wavelength of 400 to 500 nm but reduced slightly at range of 800 to 1200 nm.
When the reference c-Si is added with 60 nm SiNy ARC (Scheme IIIa), the reflection lowered reaches to
30 % compared with 36 % of Scheme Ila at 400 nm. Between 300 to 400 nm wavelengths, the behavior of
the curve Scheme Ib with upright pyramid front surface shown the reflection is lowered about 28 %. The
curve decrease to approximately 0 reflection starting on 460 to 900 nm and started to elevated at long
wavelength. Other scheme with same front surface (Scheme IIb and IIIb) reveal similar response due to
increasing the light scattering at the air pyramid interface. The decreasing of reflection means more light to
be trapped on the solar cell and lead to more production of photocurrent in the solar cell. Hence, increasing
the conversion efficiency in the LT scheme.

The transmission curve for all schemes is shown below with comparison among random planar front
surface (Figure 4(a)) and upright pyramid front surface (Figure 4(b)). The transmission profile on identical
front surface remains the same regardless of the thickness. But, it is obviously shown than upright pyramid
front surface has significant effect in lowering the transmission of light on solar cell schemes. The value of
reduction of transmission is almost 25 % compared to reference. Transmission of the short wavelength
reduces to 0 due to the present of ARC. However, at long wavelength (above 900 nm) the transmission for
all LT schemes are increasing, reaching 58 and 30 % at 1,100 nm for front planar and upright pyramid front
surface, respectively. This is due to indirect bandgap semiconductor in Si so there is a long tail in absorption
out to long wavelength resulting in higher transmittance [43]. This results agree with previous researcher
[44-46].

The reference c-Si has weak broadband absorption, with approximately 66 % at 600 nm compare to
other LT schemes (Figures 5(a) - 5(b)) which is reaching approximately 99 %. This is the main purpose to
introduce efficient LT schemes in the thin ¢-Si solar cell [44]. On account of the increased light coupling
by the ARC, light absorption in the c-Si improve across the wavelength range of 400 to 900 nm in all
thickness of SiNx ARC for both type of front surface. Broadband light absorption also increases
significantly due to the increased light scattering from 300 to 600 nm compared to reference. From the
optical results above, the device structure that gives the optimum result is the Scheme Ib. It is because the
best achievement of highest absorption, lower reflection and transmission. This condition is known as the
finest condition of the efficiency of solar cell.

(@) ® ©

Figure 3 Reflection curve for thin c-Si (with 100 pm thickness) with (a) 75 nm SiNx ARC, (b) 80 nm SiNx
ARC and (c¢) 60 nm SiNyx ARC. Reference c-Si included for the comparison.
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Figure 4 Transmission curve for thin c-Si (with 100 pm thickness) with incremental LT schemes for (a)
random planar front surface and (b) upright pyramid front surface. Reference c-Si included for the
comparison.
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Figure 5 Absorption curves for thin c-Si (with 100 um thickness) with incremental LT schemes for (a)
random planar front surface and (b) upright pyramid front surface. Reference c-Si included for the
comparison.

Effect of ARC thickness on Jmax

Table 3 summarize the calculated Jmax of the thin c-Si (with 100 um thickness) with incremental LT
schemes. Jmax enhancement is calculated for normalizing the Jmax of each LT scheme to the Jmax of the
reference c-Si (without LT scheme). The reference c-Si has Jmax of 24.81 mA/cm?. With random planar
front surface (Scheme Ia), the Jima increases to 35.06 mA/cm?. This represents 41.31 % enhancement
compared to the reference c-Si. This is attributed to the enhance light coupling in the 300 - 1,200 nm
wavelength region into the thin c-Si by the SiNx ARC [19]. Scheme Ila; the Jumax increases to 34.90 mA/cm?
or 40.67 % enhancement. Scheme III with the thickness of 60 nm of SiNy, the Jmax increases up to 32.98
mA/cm?. This represents the 32.93 % enhancement compared to the reference c-Si. Meanwhile, LT schemes
with upright pyramid front surface markedly increasing the Jmax above 60 % of enhancement with Scheme
Ib shown the maximum achievement by 66.02 % enhancement (41.19 mA/cm?). This result is similar with
previous finding with 40.83 mA/cm? [19]. This could be a guideline to fabricate a real device for utilizing
in the industry. Theoretically, ARC primary function is to reduce reflected light while increasing light
absorption and so improving performance of solar cell and the light is efficiently diffracted and scattered
by the pyramid texture, resulting in an enhanced Jmax. Besides, the value of Jna.x decreases as the thickness
of the anti-reflection coating layer increases. The main reason is the value of refractive index between
coating and the layers either side of it causes antireflective effects when utilizing a thin film. They do not
require a certain thickness, but it must be thicker than a wavelength of light in order to function [47,48].
Antireflective effects from thin film coatings, on the other hand, occur when the coating is between a quarter
and a half wavelength thick. This phenomenon creates destructive interference, which decreases the surface
reflection. When it comes to thin films, the angle at which light reaches the surface has a greater impact on
how much light is absorbed.

The simulation results are showing that the optical loss are mostly occur in external surface of the
cell. Figure 6 illustrate the optical losses caused by reflection and parasitic absorption in scheme Ib (highest
Jmax). From these curves, it is obviously shown that the best absorption in silicon solar cell take place
between 500 up to 800 nm where the absorption in the front SiNy is minimized. The absorption loss in
shorter wavelengths account for almost 43 % of the total absorption. For longer wavelengths, the optical
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loss in the front surface increases due to the free carrier absorption [49]. Lowering the parasitic absorption
is shown to be as important as optimization of the LT scheme in increasing photocurrent density in silicon
solar cell. Therefore, more attention is needed in designing the front surface of silicon solar cell in order to
minimize optical losses. Nevertheless, SiNx is one of the dominated material for distinct properties such as
a wide bandgap semiconductor, high radiation resistance, stability at high temperature and high thermal
conductivity [50,51]. Other advantage of SiNy is that both the elements of nitride and silicon are very
abundant and non-toxic [52]. Yet, multiple approaches must be considered to acquire the optimum thickness
of SiNx ARC.

Table 3 Summary of Juax of thin ¢-Si (with 100 pm thickness) with incremental LT schemes. Jmax of
reference c-Si is included for comparison.

LT scheme Jmax (mA/em?)  Jmax enhancement (%)

Reference c-Si (thickness = 100 um) 24.81 -

Scheme Ia: Front random planar with 75 nm SiNx ARC (n = 1.99) 35.06 41.31
Scheme Ib: Front upright pyramid with 75 nm SiNx ARC (n=1.99) 41.19 66.02
Scheme Ila: Front random planar with 80 nm SiNx ARC (n = 2.00) 34.90 40.67
Scheme IIb: Front upright pyramid with 80 nm SiNx ARC (n = 2.00) 40.95 65.05
Scheme Illa: Front random planar with 60 nm SiNx ARC (n = 2.30) 32.98 32.93
Scheme IIIb: Front upright pyramid with 60 nm SiNy ARC (n=2.30) 39.77 60.30
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Figure 6 The curve of optical losses contribute by reflection and parasitic absorption in Scheme Ib.

External quantum efficiency (EQE)

External quantum efficiency (EQE) in silicon solar cell is the total number of electrons leaving the
cell divided by the total sum of incident photons at every wavelength. The analysis of EQE is extremely
important for examining the influence of the ARC on the complete performance of silicon solar cells [53-
55]. Low EQE can attribute to several optical and electrical loss mechanism for charge carries in solar cell.
The graph of EQE and integrated Jmax for scheme Ib is plotted as in Figure 7. The EQE curve shows that
the SiNy layer can effectively improve the Jmax of the solar cell. Result from scheme Ib shown an increasing
of EQE from 65.05 to 100 % was observed in wavelength spectrum of 400 to 600 nm. The EQE curve
begin to decrease starting at 700 nm to 0.03 % at 1,200 nm. This is because the light with a higher
wavelength reflects less in single layer anti-reflective coating [56,57]. However, it would not significantly
affect the performance of the cell. The integrated Jmax curve keep increase in positive value at 400 to 1,100
nm and later the slope is remains constant at value of 35.06 mA/cm?. As discussed before, high reflection
and high parasitic absorption contribute the loss in Jmax in short wavelength ranging from 300 to 400 nm.
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Figure 7 Percentage of EQE and integrated Jsc in upright pyramid 75 nm SiNx ARC (Scheme Ib).

Lambertian limit

Figure 8 illustrates absorption of the substrate for Scheme Ib with Jmax of 41.19 mA/cm?, which
represents the highest potential photocurrent density achieved in this work. Total reflection of Scheme Ib
is also shown in the figure. The curve of Lambertian limit represents the highest achievable photocurrent
density (Jmax) by a solar cell with a specified device thickness [58] is also shown in the figure for
comparison. Zero front reflection (R = 0) and unity rear reflection (R = 1) in solar cell geometry is the
assumption used in the Lambertian limit. For the 100 pm-thick c-Si solar cell, the Lambertian Jmax value is
43 mA/cm?. The difference between the Jmax of Lambertian limit and Jmax of Scheme Ib is 1.81 mA/cm?.
The curve for absorption and reflection is opposing to each other. Highest absorption in ¢-Si is occur around
500 to 600 nm where lowest reflection is approximately 0.02 %. At this range the absorption curve reach
the Lambertian limit. Absorption begins to decrease beyond rapidly near Infra-Red region as more light
mostly transmitted through the c-Si. The optical losses caused by reflection in the short and long wavelength
region is attributed to the difference stated. To reduce the optical losses in solar cell, further optimizations
via ray tracing are required.
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Figure 8 Reflection and absorption curve for Scheme Ib. Lambiertan limit for 100 pm-thick c-Si solar cell
is used for comparison.
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Conclusions

In summary, the optical behaviors on different thickness of LT layer was investigated. The reflection,
transmission and absorption in the wavelength range of 300 - 1,200 nm using 6 LT schemes have been
studied. The Jmax is determine from the light absorption curve to relatively estimate LT performance on
each scheme. Scheme Ib; upright pyramid front surface 75 nm SiNy ARC with suitable match of refractive
index can significantly reduce the reflectivity for short wavelength and consequently contributes towards
higher short-circuit current densities Jmax of the cell. When compared to the reference c-Si (which has a Jmax
0f 24.81 mA/cm?) the Jmax jumps to 41.19 mA/cm?, a 66.02 % increment. The decreasing in absorbance of
light in LT scheme with random planar front surface is observed due to absence of light scattering by the
ARC. The discrepancy in Jmax between the Scheme Ib Jmax and the Lambertian limit for the 100 um-thick
c-Si is 1.18 mA/cm?. The optical losses in thin ¢-Si, which are contributed to the difference mentioned by
reflection in the short and long wavelength areas. Refractive index of ARC also plays an important role in
solar cell performance as it need suitable value for certain wavelength and thickness. Capturing of incident
light is an essential requirement for high performance Si solar cell. The study found that the LT performance
of upright pyramid is significantly better in capturing the incident light to increase the production of current
density than random planar. To advance the evaluation and improvement for industrial purposes, the
scheme should be developed as a real model.
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