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Abstract: - Researchers use computer modelling methods before making the actual solar cells to make sure they use the most solar energy
possible. In this study, the Personal Computer One Dimensional (PC1D) computer simulation was used to numerically investigate the
values of the input variables that maximize or minimize the output value of a silicon solar cells. The study focused on examining the doping
levels and thicknesses of the substrate material, emitter, back surface field (BSF), and antireflection coating (ARC) layers. Based on the
simulation results, the optimal thickness for a 1.513 x 10-%® ¢cm™ silicon p-type substrate is 200 um. Similarly, for an n-type emitter layer
doping concentration, it is 1 x 10%° cm with a 0.5 um thick, and for a BSF layer doping concentration, it is 1 x 10 cm with a 1 um thick,
at a 3 pm pyramid height and an angle of 54.74°. Starting with a single layer of titanium dioxide (TiO) with a thickness of 67 nm and a
refractive index of 2.116, a simulation was conducted to optimize the effective parameters, and the results demonstrated a 22.98% efficiency
in the solar cells. According to the simulation, a 10 cm? x 10 cm? p-type monocrystalline silicon wafer with a thickness of 200 um can
boost solar cell efficiency to 24.51% when triple-layer antireflective coatings (TLARC) are applied. It seems that antireflection coatings
(ARC) reduce reflection, increasing the solar cell's efficiency from 16.06% to 24.51% on the textured surface.

Keywords: Monocrystalline silicon solar cells, PC1D, Thickness, Doping concentration, Antireflection coating, and,
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I. INTRODUCTION

Solar radiation, also referred to as the solar constant is one of renewable energy which has an average value of
1361-1362 W/m? and has the potential to produce a huge amount of energy, which is sufficient to meet all of
humanity's energy requirements, both now and in the future. With adequate sun irradiation, this energy can be
transformed into useful electrical energy during the day by using solar panels or photovoltaic (PV) systems [1]. For
the first time, renewable energy sources have surpassed coal as the primary source of electricity generation capacity
worldwide. About 30% of the world's electricity comes from solar cells. Solar cells, or photovoltaic devices, are
one of the most effective techniques for harnessing sunlight-absorbing photons and converting light energy into
electrical energy through the photovoltaic effect. Solar cells are usually made using the most common
semiconductor which is silicon because silicon is one of the most abundant materials on Earth, is cheaper, has a
long lifetime, and demonstrates high efficiency. According to a photovoltaic report, the global market share of the
solar cell industry is 97%, dominated by monocrystalline silicon (c-Si) solar cells in c-Si production [2]. As of now,
the highest confirmed efficiency for monocrystalline and multicrystalline silicon solar cells is 15% ~ 20% [3] and
15% ~18% [4], respectively.
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Silicon in crystalline form is called crystalline silicon (c-Si) which is made up of silicon atoms arranged in a
diamond cubic crystal lattice structure [5-6]. The lattice's organized structure improves light-to-electricity
conversion efficiency. The structure of a silicon cell resembles a sandwich with four separate pieces. The bread on
both sides is made of thin strips of metal that serve as electrodes. The power produced by the solar cells is extracted
and transferred to an external circuit. Like a sandwich, the most interesting component is the filling-here where
solar photons are transformed into useful electricity. The two layers that fill a solar cell are silicon doped with
phosphorus (also called n-type silicon) and silicon doped with boron (sometimes called p-type silicon) [7-9].

A thorough understanding of the basic principles of semiconductor operation is necessary to further improve solar
cell efficiency. Using accurate simulation software can help understand how changing the physical and electrical
properties of materials affects device performance. With simulation tools, researchers can guess how the device
will work with different material properties, like the thickness of the layers, the amount of doping, and so on.
Additionally, the simulation tools also incorporate both experimental and mathematical data to predict a solar cell's
output performance. There are numerous simulation software available for solar cells, including TCAD (Silvaco
and Sentaurus) [10], Quokka [11], SolarEye [12], Griddler [13], AFORS-HET [14], and Personal Computer One
Dimensional (PC1D) [15]. However, most of them are expensive, which is a major disadvantage. Alternatively,
The University of North South Wales (UNSW) is currently offering PC1D for free. This program was developed
by researchers from the Photovoltaics Special Research Centre at the University of Sydney in New South Wales,
Australia, a world-renowned solar cell research institution. Since it was introduced until now, PC1D has been the
most popular commercially available solar cell simulation software. Numerous organizations and educational
institutions, including Australia's University of New South Wales, rely on this program to make models of solar
cells. Several researchers employed PC1D to simulate a variety of solar cell types before conducting experiments
to confirm the possibility of their projects. For example, Meenakshi et al. simulated multi-junction solar cells [16]
while Chowdhury et al. employed PC1D to simulate bifacial solar cells [17]. Other researchers, Belarbi et al. and
Chuan et al. also investigated silicon solar cells using PC1D (18-19). With this method, one-dimensional (axial
symmetry) simulations of semiconductor-based photovoltaic systems can be performed. Several parameters in
PC1D can be adjusted to understand their impact on the device's overall performance, including thickness,
resistance, doping levels, recombination, carrier lifetime, and others. PC1D can also provide results in a graphical
format, such as Power-Voltage (P-V) characteristics, Current-Voltage (I-V) characteristics, quantum efficiency
(QE), and more. These results can be looked at and taken into account when planning how to make a real device.
Fortunately, there was proof that the simulation software was nearly accurate and reliable using a market or
experimentally made solar cell [20].

In this paper, the effects of critical parameters on the performance of monocrystalline silicon solar cells were
investigated. These parameters included substrate material thickness, doping levels, emitter thickness, back surface
field (BSF) thickness, and antireflection coating layer. PC1D version 5.9 was utilized to manipulate device
parameters to simulate and analyze performance. The outcome highlights the significance of examining and
determining the ideal value for every parameter to achieve the highest level of device efficiency. The most
impressive aspect of this work is that the optimized parameters of the simulated device were validated by comparing
the results to those of a solar cell manufactured on an industrial scale that had the same physical and electrical
specifications.

Il. METHODOLOGY

Fig. 1 shows the most common structure of a silicon solar cell used in industry. To achieve high conversion
efficiencies, understanding the effect of each layer's different physical and electrical properties is vital. PC1D
simulation software was utilized to evaluate the impact of device characteristics on each layer and optimize
conversion efficiency.
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Figure 1: The basic structure of a standard silicon solar cell (Monofacial silicon solar cell)

The PC1D version 5.9 has been employed to simulate an energy-efficient monocrystalline silicon solar cell. The
simulation also shows the range and effects of texturing, antireflection layer, doping concentration, and diffusion
length, as depicted in Fig. 2. This software tool has performed the semiconductor equation, the carrier continuity
equation, the Poisson equation, and carrier transport equations, among others. Solar cell device simulations utilizing
crystalline Si (c-Si) are performed in the PC1D simulation tool with the help of numerical equations that depict the
quasi-one-dimensional flow of electrons and holes in semiconductors. According to Hashmi et. al [21], we can

precisely predict how to optimize the properties of the ARC coating layer and other process factors by using PC1D
equations to simulate a silicon cell.

PC1D also provides library files containing the properties of crystalline semiconductors used in photovoltaic
technology, such as aluminium gallium arsenide (AlGaAs), gallium arsenide (GaAS), germanium (Ge), indium
phosphide (InP) and silicon (Si). Furthermore, this software provides access to the solar spectrum files, specifically
the AMO and AML1.5 spectrum. In PC1D, the main window looks like this:

FdNew Parameters - PC1D for Windows
File Device Excitaion Compute Graph \View Options Help

D=8 =| RIS 5[ 1 || =[S ]S, =) l&l#| FEB ¢

DEVICE
Device area: 1 cm?
No surface texturing
No surface charge
No Exterior Front Reflectance
No Exterior Rear Reflectance
No internal optical reflectance
Emitter contact enabled
Base contact enabled
No internal shunt elements
REGION 1
Thickness: 10 pm
Material from program defaults
Carrier mobilities from internal model
Dielectric constant: 11.9 B
Band gap: 1.124 eV
Intrinsic conc. at 300 K: 1x10*° cm
Refractive index: 3.58
Absorption coeff. from internal model
Free carrier absorption enabled
P-type background doping: 1x10'¢ cm
No front diffusion
No rear diffusion
Bulk recombination: T, = 1, = 1000 ps
No Front-suiface recombination
No Rear-suiface recombination
EXCITATION
Excitation mode: Steady State
Temperature: 300 K
Base cireuit: Zero
Collector circuit: Zero
Light sources disabled
RESULTS

Device Schematic

Figure 2: PC1D's main window

For accurate and efficient modeling, all of the solar cell's parameters must be included. However, some parameters,
like texture and antireflection coating, are not considered at first to keep things simple and help researchers

understand how the parameters affect the solar cell model. These are the five most important aspects of PC1D that
must be considered:
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i The part called "Device" has general details about the thing we want to simulate;

ii. Second-part "Region™: This part provides the important details for the component device region, like the
materials used, the width, the type of doping, and so on. While the figure above depicts a single area, additional
regions can be added (up to a maximum of five regions are possible), or removed (a minimum of one region is
required);

iii. The "Device schematic" part is just a plan of the thing we're making. For example, the colour can change
based on the doping, and it can change immediately as soon as one deal with the parameters of the regions.

iv. The part called "Excitation": this is where we set the parameters of our device's excitation, which will help
us model how it would perform. Here we will determine the irradiance, operating temperature, and other factors,
for instance, in terms of solar cells;

V. The "Results" section: This section will contain, in particular, the values of short circuit current (Isc), the
open circuit voltage (Voc), and maximum power voltage (Vpmax) for solar cell simulation when the simulation is
launched;

In this paper, for simulating solar cells, a p-type monocrystalline silicon substrate is taken into consideration, and
the device area of a solar cell is set to 10 cm? x 10 cm?. A device area of 10 cm? could be a good starting point for
initial simulations due to its simplicity and ease of calculation for exploring basic device characteristics or
conducting preliminary studies. The front reflectance is set to 1000 nm with outer thickness index = 1 (refractive
index of air). This way we are setting up a silicon solar cell without antireflection coating.

Hashmi et. al also reported that the textured surface decreases reflection and improves the efficiency of the solar
cell by at least 1-2% [21]. In the PC1D simulation, the front surface texture depth of 3 um with an angle 54.74° is
generally considered a good choice for achieving high efficiency [22-25]. This depth is typically selected to
optimize light trapping within the cell, reducing reflection and enhancing photon absorption. However, the optimal
depth can depend on specific cell designs, material properties, and desired wavelength ranges for efficiency
enhancement. While for the angle of 54.74° also corresponds to the critical angle and is significant in optics because
it represents the angle at which light refracts through a medium without bending which is defined by Snell's law of
refraction.

An exterior front reflectance of 10% is still within an acceptable range as an effective front reflectance value in
monocrystalline p-type solar cells. Some researchers discuss optimizing antireflection coatings, including SiN, for
silicon solar cells and they explore various thicknesses and refractive indices of SiN to achieve low reflectance
values. While specific numbers can vary, they emphasize achieving reflectance levels around 10% or lower as
optimal for enhancing solar cell efficiency [26-27]. While lower reflectance values (closer to 4% to 5%) are often
targeted for optimal performance, a reflectance of 10% is still within a reasonable range and can be used to assess
the solar cell's performance and efficiency under different conditions. It's important to note that actual performance
in real-world applications may vary, and further optimization might be required based on specific design goals and
conditions.

For monocrystalline silicon p-type solar cells, the internal series resistance at the emitter contact setting is set to 1
x 106, Emitter contact can start from lower values such as around 10 and high value 1077. However, this study
chose an emitter contact resistance of 1 x 10° Q.cm? which is considered very good for monocrystalline solar cells.
The value of 1 x 10° represents a balance between achieving reasonably low resistance and optimizing
manufacturing costs. It also signifies efficient charge carrier collection and transfer, leading to improved energy
conversion efficiency and overall performance of the solar cell. The increased emitter series resistance is
compensated by a lower contact resistance, so no loss in the fill factor (FF) occurs [28]. In general, commercial
crystalline silicon solar cells must have a lower series resistance value to obtain a higher power conversion
efficiency and a better fill factor (FF) [29].

The internal series resistance at base contact can be 0.04 Q and 0.015 Q for high-efficiency monocrystalline solar
cells. However, the lower value of 0.015 Q is generally considered better [30-31]. The 0.015 Q base contact
resistance has a few advantages such as lower resistance implies less voltage drop and reduced power losses across
the contact, and enhances the efficiency of charge carrier collection and transport within the solar cell, typically
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achieved through advanced metallization techniques and precise manufacturing processes. Consequently, it
improves the fill factor and overall efficiency of the solar cell and supports higher current output and better
performance under varying light conditions [32].

For ideal shunt resistance, their values typically range from 1,000 Q (1 kQ) to 10,000 Q (10 kQ) or higher.
Achieving such high shunt resistance is crucial for minimizing leakage currents, improving efficiency, and ensuring
the optimal performance of the solar cells. A low shunt resistance in high-efficiency monocrystalline p-type solar
cells leads to increased leakage currents, reduced voltage output, and overall lower performance and efficiency of
the solar cell. Therefore, maintaining a sufficiently high shunt resistance is crucial for optimizing the performance
and longevity of solar cells in photovoltaic applications. Still, having a higher shunt resistance in monocrystalline
p-type solar cells typically does not damage the cells themselves and higher shunt resistance is generally desirable
for solar cell performance [33]. In PC1D shunt resistance parameters, the value of S (Siemens) is used. For example,
0.01 S (Siemens) is equivalent to 1/0.01 Q, which is 100 Q. A photovoltaic (PV) manufacturer might specify a
shunt resistance of 1,000 Q (1 kQ) for a particular monocrystalline p-type solar cell product. Another manufacturer
might specify a higher shunt resistance of 5,000 Q (5 kQ) or 0.0002 S for their premium-grade monocrystalline p-
type solar cells. Here, a shunt resistance of 5,000 Q for monocrystalline silicon p-type solar cells is indeed very
good. It indicates that the cell is likely to have high efficiency, low leakage currents, a good fill factor, and a higher
open-circuit voltage, all of which contribute to better overall performance.

Notably, high-efficiency p-type monocrystalline silicon solar cells with a thickness of 150 to 200 micrometers (um)
are currently available in the market, and many researchers reported that their ideal silicon wafer thickness ranges
from 150 to 200 micrometers (um) [34-37]. This thickness range is standard for many commercially produced high-
efficiency solar cells.

This range of 150 to 200 micrometers (um), balances several key factors:

i Light Absorption: Silicon's absorption coefficient is sufficient to capture most of the usable sunlight within
this thickness, ensuring efficient conversion of light to electricity.

ii. Mechanical Stability: Thicker wafers provide better mechanical stability, which is crucial during the
manufacturing process to prevent breakage.

iii. Cost Efficiency: Thinner wafers reduce material costs, but there is a trade-off with increased handling
challenges and potential efficiency losses due to reduced absorption and increased recombination effects at very
low thicknesses.

iv. Electrical Performance: This thickness range minimizes recombination losses and maintains good
electrical performance by ensuring that the charge carriers can be effectively collected before they recombine.

Advances in manufacturing and material science have allowed solar manufacturers to optimize cell thickness to this
range to balance efficiency, cost, and mechanical stability. These solar cells are widely used in residential,
commercial, and industrial solar installations, providing reliable and efficient energy conversion. So, 200
micrometers (um) are used in this study as it is widely cited and commonly used thickness for high-efficiency p-
type monocrystalline silicon solar cells due to balancing efficiency, mechanical stability, and cost-effectiveness
[38-41].

The ideal background doping concentration for p-type monocrystalline silicon wafers typically ranges between 1 x
10% to 1 x 10% cm [42]. This doping level is chosen to balance various factors such as electrical conductivity,
minority carrier lifetime, and overall wafer performance in photovoltaic applications. A common doping
concentration for p-type silicon wafers used in solar cells is around 1 x 10 cm3. This concentration ensures good
electrical conductivity while maintaining a reasonable minority carrier lifetime, which is critical for solar cell
efficiency. Here, 1.513 x 10% cm falls comfortably within this range with the automatic resistivity value of PC1D
at 25°C and room temperature.

For a monocrystalline p-type silicon wafer substrate doping concentration is around 1 x 10 cm™ (as used in solar
cells), but the ideal doping concentration for the emitter layer (typically n- type) should be significantly higher than
substrate doping concentration, and also p-type BSF layer to create a strong p-n junction. In shallower emitters,
efficiency is higher, but due to increased sheet resistance, more doping is required to reduce power loss. Thus,
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maximum efficiency in shallower emitters is achieved at higher doping concentrations [43]. The typical emitter
doping concentration is in the range of 1,018 to 1,020 atoms per cubic centimeter (cm). The value of 1 x 10® cm®
with 0.5 um is chosen because this concentration ensures a strong electric field at the junction, low contact
resistance, and efficient charge carrier separation. This ideal emitter layer thickness can maximize carrier collection
efficiency, minimize surface recombination losses, and ensure adequate optical transmission. A research study
conducted by Lu et. al shows that an emitter thickness of 0.5 to 1 um with a doping concentration of 1 x 10%° cm®
is effective for achieving high efficiency while minimizing recombination [44-45].

The back surface field (BSF) layer is an additional layer designed to improve cell efficiency by reducing
recombination at the rear surface and reflecting minority carriers (electrons) into the cell. The BSF layer is typically
more heavily doped than the base layer to create a strong electric field that repels minority carriers, typically in the
range of 1 x 10% to 1 x 10 cm™ [46]. To reduce carrier recombination and improve overall efficiency, it is
recommended that the BSF layer have a thickness ranging from 1.0 to 2.0 pum. This will ensure that the BSF layer
successfully provides a strong electric field at the back surface of the solar cell. It also balances between effective
carrier collection and optical considerations within the solar cell design. Other researchers indicate that a BSF
thickness of 1.0 to 2.0 pum is the best value for p-type silicon solar cells [47-48]. In this study, 1 x 108 cm with 1
pm is chosen.

At the beginning of this study, antireflection coating (ARC) was not employed to observe its effects. The
concentration of doping levels (cm-3) ranges from low to moderate to heavy doping concentration. In some
circumstances, a larger base voltage range (such as -0.8 V to 0.8 V) could provide for greater design and
optimization freedom and higher V.. The condition of AM (Air Mass) —1.5 G was chosen to simulate the sun. The
number of time steps was set to 16 times to see the time progression. After the simulation, the solar cell's efficiency
is observed to be 16.06% without an antireflection coating layer.

The solar cell's shunt resistance (Rsu) and series resistance (Rs) between the Emitter E and Base B are clearly
illustrated in Fig. 3. The parameters used in this study are listed in Table 1.

Solar radiation (photon-light)

Textured surface
Emitter Electron flow

E

N layer (emitter layer)

Rs, series resistance;
Rgy, shunt resistance

RS
I}—«\A4+
Base Hole flow

P+ layer (back surface
field layer)

Figure 3: The device schematic of silicon solar cells in PC1D software

Table 1: Parameters of the general testing conditions

Parameters Value and Unit

Device

Device area 10 cm?

Front surface texture depth Depth = 3um, Angle = 54.74°
Exterior front reflectance 10%

Emitter contact 1x10°Q
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Base contact 0.015Q
Internal conductor/ shunt elements 0.0002 S
Region 1 Base substrate
Thickness 200 um
Material Silicon (Si)
Dielectric constant 11.9

Bandgap 1.124 eV
Intrinsic concentration 1x10°cm?
P-type background doping 1.513 x 10 cm®
First front diffusion (N-type) 1x10¥®cm?3
Bulk recombination 7.208 ps
Front surface recombination 1 x 108 cm/s
Rear surface recombination 1 x 10° cm/s
Excitation

Temperature 25°

Base circuit -0.8t00.8V
Spectrum AM 1.5G

I1l. RESULTS AND DISCUSSION
A Effects of Absorber Layer Thickness on Solar Cell Performance

To determine whether it is feasible to manufacture a photovoltaic device, the cost of semiconductor materials is an
important consideration [14]. Selecting materials with the ideal thickness with care is crucial to reducing costs and
optimizing device performance. To minimize expenses while maximizing device effectiveness, it is vital to
carefully pick substrate materials with the right thickness. The substrate material thickness functions to absorb light
and produces mobile charge carriers, which are then carried to and gathered by the contacts to produce electricity.
It is also responsible for the absorption of light and the generation of mobile charge carriers. These charge carriers
are then transferred to the contacts and collected by them to generate energy [15]. To be noted, greater efficiency
is not correlated with a thicker absorber layer because of the way that VVoc and short-circuit current density (Jsc)
interact. In this section, a solar cell with different absorber layer thicknesses was examined. Table 2 displays how
the device's performance is affected by different silicon bulk thicknesses. In Fig. 4, we can observe how the
thickness of the absorber layer influences Voc, Isc, and efficiency in Fig. 5.

Table 2: Parameters of the general testing conditions

Short- Mgg\l’vmegm Open- Fill
Thickness,  circuit output circuit Eactor Efficiency

pm current (Pmax), voltage (FF) (%)

(Isc), A W (Voc), V
30 0.2432 0.1503 0.7296 0.8471 15.03
50 0.2512 0.1539 0.7275 0.8421 15.39
70 0.2557 0.1558 0.7253 0.8401 15.58
90 0.2587 0.1576 0.7273 0.8376 15.76
110 0.261 0.1587 0.7212 0.8431 15.87
130 0.2627 0.1594 0.7192 0.8437 15.94
150 0.2642 0.1599 0.7174 0.8436 15.99
170 0.2654 0.1603 0.7157 0.8439 16.03
190 0.2664 0.1605 0.7141 0.8437 16.05
210 0.2673 0.1606 0.7125 0.8433 16.06
230 0.268 0.1607 0.711 0.8434 16.07
250 0.2687 0.1607 0.7096 0.8428 16.07
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0.8414 16.05
0.8406 16.03
0.839 15.97

0.735
- 0.73
- 0.725
- 0.72
L0715 2
)
- 0.705
—B— Short-circuit current (Isc), A L 0.7
—&— Open-circuit voltage (Voc), V 0695
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Figure 4: Effects of substrate layer thickness on Isc and Voc
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>
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Figure 5: Effects of substrate layer thickness on the efficiency of solar cells

As the thickness of the substrate increases from 30 to 500 pum, the Voc value decreases while the Isc value increases
till 500 pm is reached. With increasing thickness above 300 pum, the overall efficiency of the device gradually
decreases. Although the 30 um thick device is started at good efficiency, manufacturers typically make for devices
with thicknesses more than 150 um because of physical limitations, such as the bowing effect of the usual aluminum
back surface field, and the difficulties in handling such a tiny device. The production methods should also take into
account properties like stability, longevity, and the ability to withstand severe weather. Although silicon has a
thickness of 100-200 um and is often brittle, it can absorb up to 20% of the visible and near-infrared light due to its
indirect band gap. However, traditional Si-based solar cells need crystalline silicon materials with a thickness of
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more than 200 um to fully absorb sunlight, which causes the high cost of Si-based solar cells [49-50]. Today, at
200 um, the substrate is considered thick enough to absorb a large amount of the incoming solar radiation. Because
the bulk of the produced carriers are far from the surfaces where recombination rates usually are higher, a thickness
of 200 um helps to minimize surface recombination losses. This improves total carrier collection efficiency.

B. Effects of Emitter Doping Concentration and Thickness on Device Performance

Generally, when a solar cell's surface absorbs a large amount of light, the generation rate is high. However, when
there is a lot of doping in these layers, light doesn't pass through as well, and there is a higher rate of recombination
[17]. To absorb the majority of incoming light, the doping concentration and emitter thickness need to be carefully
considered. In addition, there needs to be a high concentration to help the drift transport process work better and
lower the sheet resistance. Therefore, the ideal doping concentration for the emitter layer must be carefully studied.
Emitter layer thickness is another important factor that affects sheet resistance and device performance. The effect
of different doping concentrations on the device's sheet resistance and overall performance is shown in Table 3.
Fig. 6 shows how the reduction in emitter doping affects short-circuit current and Voc. In this study, considering
its low sheet resistance, a device with a thickness of 200 um and an emitter doping concentration of 1 x 10%° cm
was identified as an ideal parameter. An emitter doping concentration of 1 x 10%° cm™ is chosen instead of 1 x 10'®
cm3, due to its considerable reduction in sheet resistance although the efficiency is decreased by less than 1%. By
lowering the sheet resistance, the electrical performance and stability are enhanced generally.

Table 3: Influence of emitter layer doping concentration on device performance
Short-circuit

Emitter Doping Maximum Open-circuit
Concentration current power output voltage Fill Factor  Efficiency
cm3 (Isc), A (Pmax), W (Voc), V (FF) (%)

Low to Medium

Doping
1x108 0.2671 0.1632 0.7265 0.8410 16.32
2x10%8 0.267 0.1629 0.7247 0.8419 16.29
3x10%8 0.267 0.1624 0.7225 0.8419 16.24
4x10'8 0.2669 0.1619 0.7201 0.8424 16.19
5x10%8 0.2668 0.1614 0.7175 0.8431 16.14

Medium to High

Doping
1x10%° 0.2658 0.1583 0.7054 0.8443 15.83
2x10% 0.2621 0.1519 0.7054 0.6873 15.19
3x10%° 0.2566 0.1458 0.6752 0.6873 14.58
4x10%° 0.2499 0.1401 0.6668 0.6873 14.01
5x10%° 0.2429 0.1347 0.6607 0.6873 13.47

High Doping
1x1020 0.2145 0.1151 0.6469 0.6873 1151
2x10% 0.191 0.1151 0.6417 0.6417 1151
3x10%° 0.1812 0.0969 0.6404 0.6417 9.69
4x10%° 0.175 0.0931 0.6396 0.6417 9.31
5x10%0 0.1702 0.0901 0.6389 0.6417 9.01
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Figure 6: Effects of emitter doping concentration on Isc and VVoc
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The device's performance with different emitter thicknesses is displayed in Table 4. As the thickness of the emitter
increases, the Isc and Voc both decrease. Although thick emitter layers have several disadvantages, lower emitter
sheet resistance is preferred in a device. A thick, heavily doped emitter layer makes it difficult for light to get
through, which reduces charge carrier generation and lowers device efficiency. Therefore, a high doping
concentration of the emitter layer with a suitable thickness is needed. Fig. 7 shows the effects of the emitter depth
layer on the efficiency of solar cells. The best efficiencies region is relatively broad with a junction depth ranging
from 0.1 to 0.6 um with a fixed doping concentration of emitter layer 1 x 10'® cm3. Here, 0.5 um is considered the
ideal thickness of the emitter layer. This depth provides the best overall efficiency and performance by striking a
balance between minimizing recombination losses and maintaining low sheet resistance.

Table 4: Influence of emitter layer thickness on device performance

Emitter Depth  Short-circuit Maximum Open-circuit
Factor current power output voltage Fill Factor Efficiency

(prm) (Isc), A (Pmax), W (Voc), V (FF) (%)
0.1 0.2671 0.1627 0.7236 0.8418 16.27
0.2 0.267 0.1621 0.7205 0.8426 16.21
0.3 0.267 0.1616 0.7178 0.8432 16.16
0.4 0.2669 0.1611 0.7154 0.8437 16.11
0.5 0.2668 0.1606 0.7133 0.8439 16.06
0.6 0.2667 0.1601 0.7114 0.8438 16.01
0.7 0.2666 0.1596 0.7097 0.8435 15.96
0.8 0.2663 0.1592 0.7081 0.8443 15.92
0.9 0.2661 0.1587 0.7067 0.8439 15.87

1 0.2658 0.1583 0.7054 0.8443 15.83
15 0.2637 0.1558 0.7002 0.8438 15.58

2 0.2606 0.1531 0.6963 0.8437 15.31
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Figure 7: Effects of the emitter depth layer on the efficiency of solar cells

C. Effects of Back Surface Field (BSF) Concentration and Thickness on Device Performance

A modern solar cell's back surface field (BSF), which is made up of a strongly doped layer at the cell's back, is an
essential component. When a low-doped region meets a highly-doped region, an electric field is created that blocks
minority mobile charge carriers and reduces recombination at the back layers of the solar cell [18]. Table 5 displays
the outcomes of simulating how changing the amount of BSF doping affects the sheet resistance and the devices'
general performance. Fig. 8 shows the effects of different concentrations of BSF doping on the overall performance

of the device.

The highest measured efficiency is from solar cells with a BSF doping concentration of 1 x 10% cm=. From 1 x
10'7 to 1 x 10% cm?, the open circuit voltage of the device is significantly affected by the doping concentration.
However, after reaching a concentration of 2 x 10'® cm3, the Voc reaches saturation and subsequently goes down
gradually. The value of Isc also maintained at a doping concentration of 1 x 10'® cm3, but it gradually falls as the

doping concentrations go greater.

Table 5: Influence of BSF doping concentration on device performance

Short-  Maximum Open
BSF Doping circuit power open Fill -
. circuit Efficiency
Concentration  current output Factor
cm® (Pmax) voltage (FF) (%)
(Isc), A Y ' (Voc), V
Low to Medium Doping
1x10%7 0.2668 0.1606 0.7134 0.8438 16.06
2x10Y7 0.2668 0.1606 0.7134 0.8438 16.06
3x10% 0.2668 0.1606 0.7134 0.8438 16.06
4x10Y 0.2668 0.1606 0.7134 0.8438 16.06
5x10% 0.2668 0.1606 0.7134 0.8438 16.06
Medium to High Doping
1x10'® 0.2668 0.1606 0.7133 0.8439 16.06
2x10'8 0.2668 0.1605 0.713 0.8437 16.05
3x10%8 0.2668 0.1604 0.7125 0.8438 16.04
4x10%8 0.2668 0.1603 0.712 0.8439 16.03
5x10%8 0.2668 0.1602 0.7115 0.8439 16.02
High Doping
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1x10%° 0.2667 0.1594 0.7082 0.8439 15.94
2x10% 0.2664 0.1576 0.7008 0.8442 15.76
3x10% 0.266 0.1558 0.6939 0.8441 15.58
4x10%° 0.2657 0.1541 0.6879 0.8431 15.41
5x10% 0.2653 0.1526 0.683 0.8422 15.26
0.267 0.715
0.2667 - 0.71
02664 p 0-705 -
< L 07 2
o 0.2661 1)
brs - 0.695 >O
~ 0.2658 - o
—— Short-circuit current (Isc), A - 0.69
0.2655 - —&— Open-circuit voltage (Voc), V 0.685
0.2652 r r r r r + 0.68

1x1017 5x1017 4x1018 3x101°
BSF Doping Concentration (cm-3)

Figure 8: Effects of back surface field doping concentration on Isc and VVoc

The BSF thickness also has an impact on overall efficiency as well. The efficiency decreases as the thickness of the
BSF layer increases, as illustrated in Table 6. Lower values for Voc and Isc are observed when the BSF thickness
increases. A thicker BSF may cause more recombination losses at the back surface, which in turn lowers Voc and
Isc by decreasing the total number of effective charge carriers. In the contrary, when the thickness of the BSF layer
increases, the fill factor (FF) rises. Figure 9 depicts how the thickness of the BSF layer affects solar cell efficiency.
The efficiency of a solar cell is reduced when the BSF layer thickness increases because the increased recombination
losses at the rear surface and the reduced effectiveness of the electric field lead to lower Isc and Voc. Although the
fill factor may improve due to reduced series resistance, the overall efficiency decreases because the reductions in
Isc and Voc have a more significant impact on the cell's performance. It is up to the individual solar cell design to
decide between a range of 0.1 to 2 um of BSF layer. If the primary goal is to maximize Voc and Isc while keeping
manufacturing costs low, a 0.1 um BSF layer is likely the best option. However, a 1 um BSF layer could be chosen
if achieving mechanical stability and increasing the fill factor are more important than slightly reducing VVoc and
Isc.

Table 6: Influence of BSF layer thickness on device performance
BSF Short-  Maximum

iroui Open- .
Layer circuit power o Fill o
o S Sl e i
Factor ) A (Pmax), (Voc)gV (FF) Q)
(um) (SC), W s

0.1 0.2668 0.1606 0.7133 0.8439 16.06
0.2 0.2668 0.1606 0.7133 0.8439 16.06
0.3 0.2668 0.1606 0.7133 0.8439 16.06
0.4 0.2668 0.1606 0.7133 0.8439 16.06
0.5 0.2668 0.1606 0.7133 0.8439 16.06
0.6 0.2668 0.1606 0.7133 0.8439 16.06
0.7 0.2668 0.1606 0.7133 0.8439 16.06
0.8 0.2668 0.1606 0.7133 0.8439 16.06
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0.9 0.2668 0.1606 0.7133 0.8439 16.06

1 0.2668 0.1606 0.7133 0.8439 16.06
15 0.2668 0.1606 0.7133 0.8439 16.06
2 0.2668 0.1606 0.7133 0.8439 16.06
0.2668 0.1605 0.7129 0.8438 16.05
10 0.2667 0.1604 0.7125 0.8441 16.04
15 0.2667 0.1604 0.7122 0.8445 16.04
20 0.2666 0.1603 0.7118 0.8447 16.03
25 0.2665 0.1602 0.7114 0.845 16.02
30 0.2665 0.1602 0.7111 0.8453 16.02
35 0.2664 0.1601 0.7108 0.8455 16.01
40 0.2663 0.16 0.7105 0.8456 16
16.07
16.06 !
T 16.05 -
S
5 16.04 -
e 16.03 -
2
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Figure 9: Effects of BSF layer thickness on efficiency of solar cells
D. Effects of Antireflection Coating on Device Performance

Another key component of efficient solar cells is the antireflection coating or ARC. ARC is a thin layer of dielectric
material that is applied to the surface of solar cells to maximize transmission and decrease the total reflection of
incoming light, hence producing more charge carriers [16]. The single, double, or multilayered dielectric materials
with varying refractive indices that are stacked one after the other makeup ARCs, which are utilized in current solar
cells. To learn how ARC impacts device performance, we modelled a variety of silicon surfaces, including those
with no ARC applied, one layer of ARC, two layers of ARC, and three layers of ARC.

In Fig. 10, the single layer ARC (SLARC) is depicted using TiO- that is 67 nm thick and has a refractive index of
2.116. Fig. 11 depicts the double layer ARC (DLARC) that was constructed using materials with refractive indices
of 1.39 and 2.371, along with thicknesses of 60.5 nm for zinc sulfide (ZnS) and 107 nm for magnesium fluoride
(MgF2). The TLARC, depicted in Fig. 12, consisted of three layers: MgF, silicon dioxide (SiO,), and TiO.. The
layers' thicknesses were 80 nm, 30 nm, and 60 nm, and their refractive indices were 1.39, 1.48, and respectively
2.453. Table 7 shows the results of each device's performance.

7441



J. Electrical Systems 20-3 (2024): 7429-7447

TiO, 67 nm

Figure 10: The single layer ARC (SLARC) on the standard structure of silicon solar cells

MgF,, 107 nm
ZnS, 60.5 nm

Figure 11: The double layer ARC (DLARC) on the standard structure of silicon solar cells
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MgF,, 80 nm¢———
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—— Absorber Layer

_ =, Back Surface Field

ﬁ (Highly Doped)

Back Contacts

Figure 12: The triple layer ARC (TLARC) on the standard structure of silicon solar cells

Table 7: Device performance depends on the antireflection coating layer

Short-circuit Maximum Open-circuit
current power output voltage Fill Factor Efficiency
ARC (Isc), A (Pmax), W (Voc), V (FF) (%)
None 0.2668 0.1606 0.7133 0.8439 16.06
SLARC 0.376 0.2298 0.7226 0.8458 22.98
DLARC 0.422 0.2447 0.7244 0.8005 24.47
TLARC 0.4227 0.2451 0.7245 0.8003 24.51
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E. Comparison of Optimal Simulated Solar Cell with a Fabricated Solar Cell

To make sure the simulation data was correct, measurements of a real solar cell in real-world settings were
compared to those of a simulated device with the same parameters. Table 8 shows the electrical parameter
comparison between the real solar cell and the simulation. One can see that the simulation results can predict the
actual cell results in good agreement according to Table 8. In general, the results of the simulation were a little
better than the parameters of the real cell. Due to lower recombination losses, the slightly better performance of the
simulated cell is within a reasonable range. This shows that the simulation accurately predicted the cell's possible
efficiency when resistive losses were taken into account.

Table 8: Optimal simulated solar cell electrical parameters compared to manufactured cell

Short-circuit ~ Maximum Open-circuit

current power output voltage Fill Factor Efficiency
Type (Isc), A (Pmax), W (Voc), V (FF) (%)
Actual Cell [51] 0.3909 0.2242 0.7250 0.7910 22.30
Simulated
Cell (SLARC) 0.376 0.2298 0.7226 0.8458 22.98

IV. CONCLUSIONS

In conclusion, this study shows how important it is to use PC1D simulation software to look at each device feature
and find its best value to get the best conversion efficiency. Using simulation software is essential, but it's also
important to think about device features like stability, durability, and how well the device handles extreme weather
and constraints in the manufacturing process.

A solar cell made of monocrystalline silicon has been modelled using the PC1D programme. After checking their
values against existing literature, we confirmed that all of the optimal solar cell parameters used in the simulation
were acceptable. The PC1D simulation has thoroughly investigated all procedures using data collected from
experiments. The most significant accomplishment was developing solar cell models that perform by more than
20% in efficiency. This was accomplished by meticulously analyzing an alternative approach and enhancing many
aspects of the PC1D simulation. In real life, when solar cells are being made, adding the doping effect should make
them at least 1% to 2% more efficient but it depends on the other parameters of the device. Using simulation before
fabricating solar cells has other benefits, such as reducing engineering costs and better decision-making. It is advised
to perform the solar cell simulation before manufacture to have a clear understanding of the parameters and how to
adjust them to reduce expenses.

Lastly, this work demonstrates how crystalline silicon solar cell fabrication research and development could benefit
from using simulation software like PC1D, thanks to its stability and accuracy.
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