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Abstract

The monocrystalline silicon is a promising material that could be used in so-
lar cells that convert light into electricity. Although the cost of ordinary sili-
con (Si) solar cells has decreased significantly over the past two decades, the
conversion efficiency of these cells has remained relatively high. While solar
cells have a great potential as a device of renewable energy, the high cost they
incur per Watt continues to be a significant barrier to their widespread im-
plementation. As a consequence, it is vital to conduct research into alternate
materials that may be used in the construction of solar cells. The heterojunc-
tion solar cell (HJSC), which is based on n-type zinc oxide (n-ZnO) and
p-type silicon (p-Si), is one of the numerous alternatives of the typical Si sin-
gle homojunction solar cell. There are many deficiencies that can be found in
the published research on n-ZnO/p-Si heterojunction solar cell. Inconsisten-
cies in the stated value of open circuit voltage (V,.) of the solar cell are one
example of deficiency. The absence of a full theoretical study to evaluate the
potential of the solar cell structure is another deficiency that can be found in
these researches. A lower value of experimentally obtained V. in comparison
to the theoretical prediction based on the band-gap between n-ZnO and p-Si.
There needs to be more consensus among scientists regarding the optimal
conditions for the growth of zinc oxide. Many software’s are available for si-
mulating and optimizing the solar cells based on these parameters. For this
purpose, in this dissertation, I provide computational results relevant to
n-ZnO/p-Si HJSC to overcome deficiencies that have been identified. While
modeling and simulating the potential of the solar cell structure with AFORS-
HET, it is essential to consider the constraints that exist in the real world.
AFORS-HET was explicitly designed to mimic the multilayer solar cell ar-
rangement. In AFORS-HET, we can add up to seven layers for solar cell
layout. By using this software, we can figure out the open circuit voltage
(Voc)s the short circuit current (Jgc), the quantum efficiency (QE, %), the he-
terojunction energy band structure, and the power conversion efficiency
(PCE).
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1. Introduction

The first heterojunction solar cell was probably invented around the year 1983. It
has an efficiency of greater than 12%. One kind of photovoltaic cell is known as
a heterojunction solar cell. These cells use a p-n junction that combines two dis-
tinct semiconductor materials. Compared to conventional single-junction solar
cells, using a variety of materials enables the absorption of a greater spectrum of
wavelengths, which ultimately results in a better efficiency level. Compared to
conventional solar cells, heterojunction solar cells are often more stable and have
a longer lifespan. They have found usage in a wide range of applications, such as
solar power systems that are located in space as well as solar power systems that
are situated on land [1]. A group of researchers at the University of New South
Wales in Australia pioneered the development of HIT solar cells, also known as
heterojunction with intrinsic thin-layer solar cells, in the late 1990s. By inserting
an intrinsic layer of amorphous silicon between the p-type and n-type layers of
the solar cell, the team, directed by Dr. Stuart Wenham and Dr. Martin Green,
considerably enhanced the efficiency of photovoltaic cells. Which have an in-
trinsic layer of amorphous silicon that enhances efficiency by absorbing a
broader spectrum of wavelengths. HIT solar cells have become industry stan-
dards due to their efficiency, stability, and longevity, and are used in both space
and ground-based solar power systems. Sanyo’s HIT solar cells, which use an ul-
trathin layer of intrinsic amorphous silicon, have an efficiency of 22.3% and have
various applications [2] [3] Thin-film solar cells, which offer scalability and
adaptability, were also an area of innovation for Sanyo [4]. The photovoltaic in-
dustry, like all others, is motivated by the search for profit. The photovoltaic
(PV) industry constantly explores novel production methods to improve solar
cells material, and designs to increase device performance and decrease energy
costs. SHJ cells, also called silicon heterojunction solar cells, are a promising way
to make solar panels that work well and don’t cost too much. The outstanding
performance of the solar cell is due to its design, which gives it good surface pas-
sivation. In this design, the only thing between the bulk and the highly recom-
binant metal connections is a thin layer of amorphous silicon that acts as a buf-
fer. That’s because this particular layer is responsible for all the speed. Conse-
quently, Vo greater than 750 mV are achievable with such a design. SHJ cells
are a type of solar cell called a “passivated contact solar cell,” a more well-known
type. Using silicon with two different morphologies (n-type crystalline silicon
for the absorber and amorphous silicon for the p-region) is what gives this junc-

tion its “heterojunction” moniker. As a result, the term “heterojunction” was in-
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troduced (a-Si). The current world record for silicon solar cell efficiency is
26.7%, [5] recently broken by Kaneka Corporation with a 79 cm?® solar cell [6].
This is close to the 29% limit for single-junction silicon solar cells [7]. SHJ cells
have broken records, but their durability and cost are questioned. Concerns
about reliability and cost have led to questions about passivation materials and
conductive oxides. Enhancing metallization is a priority. High-temperature
pastes cannot be used on standard SHJ. Low-temperature pastes are costly and
less conductive. Thin wafers and using SHJ as perovskite bottom cells require
better surface passivation for cheaper and more flexible solar cells [8] [9].

The study introduces a multi-scale simulation framework for detailed investi-
gation of transport and device behavior in solar cells, using commercial AFORS-
HET tools, highlighting new research on SHJ solar cells. This study focuses on
recombination loss and its impact on solar cell performance. It specifically ex-
amines n-ITO/n-ZnO/n-In,0,/n-Si/i-Si/p-Si/Ag heterojunction solar cells and
the role of the n-Si/i-Si passivation layer in carrier movement. The study also
discusses the challenges in understanding carrier transport in the unique struc-
ture of SHJ solar cells and the need for a comprehensive theoretical framework.
The drift-diffusion model is commonly used for simulation studies, but the
physics of transport in modern solar cells may deviate from equilibrium. Two
key areas of investigation are the high field zone at the n-Si/i-Si/p-Si hetero in-
terface and the carrier transfer through the n-Si/i-Si passivation layer assisted by
defects.

2. Simulation Methodology

Simulation of solar cells using software tools like AFORS-Het is crucial for re-
search and improvement of PV technology. AFORS-Het is a program that mod-
els heterojunction solar cells and has been effective in advancing solar cell tech-
nology. It was developed at Forschungszentrum Jiilich in Germany and is based
on the drift-diffusion formalism [10]. The program allows for simulating multi-
layer solar cell setups and calculating various parameters such as power conver-
sion efficiency and quantum efficiency. The AFORS-HET software is commonly
used for modeling homojunction and heterojunction devices [11] [12] [13]. It
solves one-dimensional semiconductor equations based on partial differential
equations (Poisson’s equation, continuity equation for holes and electrons) [14],
to perform its calculations and uses the Lambert beer law for calculating optical

properties. Its expression is given in Equation (1):

ov? OE P q N _
o T e T TN N N 0

The following expressions describe the carrier continuity:

g
"Yn L G-U (n,p)=0 2
ot . (n.p) (2)
9
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The equation relates the hole and electron current density (j, /,) carrier gen-
eration rate G, and recombination rates U,(n, p) and U/(n, p) in a system. The

density of the carrier current is also calculated by:

. op
Jp :qn,uE—qua (4)
. on
Jn=qnuE+qD, — (5)
ox

In this equation gis the charge, y, and y, are carrier motilities, and D,, D, are
the diffusion coefficients [15] [16]. By using these equations, we have calculated
the structural components and simulations of a heterojunction solar cell. The
cell consists of n-ITO/n-ZnO/n-In,0,/n-Si/i-Si/p-Si, (gd). het. The goal is to
understand the impact of modifying these components on the electrical and
optical characteristics and the quantum efficiencies of the cell. The litera-
ture-based work functions values of Indium Titanium Oxide (ITO) is 4.4 eV and
for Au is 5.1 eV. Table 1 displays the other material properties that were ga-
thered from the literature for each layer for use in the simulations.

Values for interface defects between ZnO/Si and In,0,/Si are shown in Table
2, by taking the values from Table 3 each layer’s thickness was tweaked to get
the higher possible power conversion efficiency (PCE).

Since there are more negative charge carriers than positive ones, the p-layer
must be thicker to make sure that an equal number of positive and negative
charge carriers reach the absorption layer. This lets the current density be as
high as possible.

Table 1. Material parameters of ZnO, In,0O,, n-Si, i-Si, p-Si.

Material . o .
ITO ZnO In,0O, n-Si i-Si p-Si
Parameters
0.005 0.007 0.006 0.008 0.009 0.008
Thickness (cm) .
(variable) - - - - -
E band-
NErgYDANCEAD 4004 3324 2724 1824 1724 112
(eV)
Electron Affinity 2.05 3.45 4.05 4.05 4.05 4.05
Dielectric
L. 7.9 8.9 11.9 11.9 11.9 11.9
Permittivity
CB DOS 2.66E19 3.146E19 2.446E19 2.943E19 2.846E19 2.86E19
VB DOS 1.685E19 1.685E19 1.385E19 1.382E19 1.685E19 1.285E19
Electron/hole

. 1E6/1E5 1E6/1E5 1E6/1E5 7E6/4E5 1E6/1E5 5E6/4E5
thermal velocity

Electron Mobility ~ 1.90E2 7.8E2 5.50E2 1.45E2 1.0E2 1.45E2

Hol
o€ 0.7E2  330E2 1.20E2  45B2  40E2  3.50E2
Mobility
N, 3E17 5E17 5E16 7E17 1E9 6E9
N, 1E9 1E9 1E9 5ES 1E16 6E16
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Table 2. Interface defects values of layers.

Material Parameters Zn0O/In,0;  In,04/n-Si n-Si/i-Si i-Si/p-Si

Defect type Neutral Neutral Neutral Neutral

Capture cross section

1.0 x 107 1.0 x 107 1.0x 107" 1.0 x 107
for Electrons and holes/(cm?)

Energy distribution Single Single Single Single Single
E-level wr.t E, (above E,eV)  0.56124 0.56124 0.56124 0.56124
Total density N,/cm® 1.0x 10"  1.0x10  1.0x10"  11.0x 10

Table 3. Arbitrary values of thicknesses of all layers.

Arbitrary Parameters ITO ZnO In,O, n-Si i-Si p-Si
Thickness (um) 0.14 0.0286 0.06 0.01 0.01 0.01

3. Optimization Process

We did an optimization procedure by changing the thickness of one layer while
keeping the thicknesses of the other layers the same. The optimal layer thickness
was then recorded, along with the highest PCE. Every layer’s thickness was ad-
justed using a different configuration of batch parameters.

The highest PCE was recorded for the layer thickness that had been tuned,
which ranged from 20 to 120 pm to kick off the optimization process. The opti-
mized thickness of the ZnO layer was kept, and the thickness of the In,O, layer
was changed from10 pm to 110 um. The PCE was highest at the thickness that
matched the layer’s optimization. Now, the thickness of the p-Si layer was
changed from 40 to 140 um, while the thickness of the ZnO and In,O;-layers
stayed the same. The optimum PCE was measured [17] [18]. The n-Si layer’s
thickness was changed from 30 pm to 130 um. Our calculations showed that the
performance of an n-ITO/n-ZnO/n-In,0,/n-Si/i-Si/p-Si;/Au solar cell device
may be improved by optimizing the results against the layer thicknesses. For the
best solar cell, researchers looked at how temperature affects the electrical prop-
erties and the J-V curve. They also looked at energy band diagrams, quantum ef-
ficiency against wavelength, and graphs of carrier production and recombina-

tion.

4. Results and Discussion
4.1. Current Density vs Voltage Characteristics of Solar Cell

The input provides a detailed analysis of the current density versus voltage plot
(JSC-V plot) for a solar cell under standard illumination conditions. The simula-
tion results in Figure 1 show the maximum current output of the cell at —20.055
mA/cm® when running with no voltage. The graph displays the short-circuit
current density (Jsc) at the y-intercepts and the voltage (Voc) at the x-intercepts.
A high Jsc value indicates efficient generation of electron-hole pairs in the cell.
The Voc is at 0.7947 volts, indicating excellent semiconductor and p-n junction

performance with low charge carrier recombination. The fill factor (FF) of
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Figure 1. IV curve of solar cell.

61.39% and Power Conversion Efficiency (PCE) of 9.78% demonstrate the cell’s
reasonable efficiency in converting solar energy into electrical energy. The anal-
ysis suggests that minimizing recombination losses could further enhance the

cell’s performance beyond the current 9.78% efficiency.

4.2. Optimizing Solar Cell Performance by Varying Layer
Thickness and Doping Concentrations
4.2.1. Effect of Electron Transport Layer Thickness ZnO
Figure 2 and Figure 3 explores the impact of ZnO layer thickness (ETL) on de-
vice performance. We change the thickness of ZnO from 20 to 120 um in 20
steps, aiming to achieve comparable output characteristics to the referenced so-
lar cell. The results show that the open circuit voltage (VOC), short circuit cur-
rent (ISC), fill factor, and power conversion efficiency of the ZnO/Si solar cell
increase with increasing/decreasing ZnO thickness. The decrease in short-wave-
length photons in the space-charge area and short-circuit current density (JSC)
shifts due to the significant difference in doping levels between the materials. As
ZnO thickness increases, the number of photons reaching Si contributes most to
carrier production. As ZnO thickness grows, the VOC decreases, and the en-
hanced fill factor is likely due to reduced charge carrier recombination and effi-
cient transport pathways. As the thickness increases beyond this optimal point,
physical phenomena may occur, such as increased charge carrier recombination
and reduced transport pathways. The device shows a maximum efficiency of
9.79% with a ZnO layer thickness of 20 pm.

4.2.2. Effect of In,03 Layer Thickness (Buffer Layer)

Here, we maintained the previously determined optimal ZnO thickness of 70 um
while varying the In,O, layer thickness (initial solar cell In,O, layer thickness is 60
pm) in 20 discrete increments from 10 um to 110 um. Figure 4 depicts the influ-
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ence of In,O; thickness on Vi, Jsc and efficiency and fill factor respectively. It
was inferred that as the thickness of the In,O, layer increased, the open-circuit
voltage and Jsc of the device decreases. The power conversion efficiency (PCE) is
considerably increased from 9.78% to 10.57% at In,0O, layer thickness of 10 um. A
steep falls off was observed in PCE with the increasing layer thickness. While the
photovoltaic device’s power conversion efficiency (PCE) exhibits a 1% enhance-
ment compared to the unoptimized solar cell, it is noteworthy that the fill factor

experiences a marginal reduction, decreasing from 61.13% to 61.1% (Figure 5).
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> ] o
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Figure 2. Effect of electron transport layer thickness variation on Voc and Jsc of solar

cell.
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Figure 3. Effect of electron transport layer thickness variation on efficiency and fill factor

of solar cell.
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Figure 4. Effect of buffer layer thickness variation on Voc and Jsc of solar cell of solar
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Figure 5. Effect of buffer layer thickness variation on efficiency and fill factor of solar cell.

4.2.3. Effect of n-Si Layer (Absorber Layer)

The thickness of the absorber layer in a silicon solar cell plays a critical role in
determining its performance. Optimal thickness is crucial for maximizing light
absorption while minimizing carrier recombination. In this step we kept the
unoptimized thicknesses of ZnO, and In,O, while we stepped up the thickness of
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the Si layer 20 times, from 30 pm to 130 um. Initially the n-Si layer thickness is
60 um write Figure 6 and Figure 7 display the effects of varying n-si thicknesses
on several electrical characteristics. It was noted that the reduction in absorber
layer thickness constitutes a pivotal measure in augmenting the power conver-
sion efficiency (PCE), leading to a substantial increase in overall effectiveness.
Decreasing the absorber layer thickness to 30 um resulted in increase in the effi-

ciency to ~11.5%.

4.2.4. Effect of Intrinsic Si Layer

The intrinsic silicon (Si) layer in a silicon solar cell serves a pivotal role in the
device’s functionality. Positioned between the P-type (positively doped) and
N-type (negatively doped) layers, the intrinsic layer acts as a depletion region,
forming a built-in electric field. This field facilitates the separation of photo-
generated electron-hole pairs, contributing to the generation of a photocurrent.
Additionally, the intrinsic layer helps minimize recombination losses by provid-
ing a barrier against the recombination of charge carriers. Therefore, it was im-
portant to investigate the intrinsic Si layer thickness role on the overall efficiency
and performance of the silicon solar cell. For this purpose we changed the thick-
ness of intrinsic silicon layer (i-Si layer) from 50 to 150 um (i-Si layer thickness
for the initial solar cell is 90 um) in 20 steps, while keeping other layer parame-
ters to be the same as detailed in section 4.3. The device demonstrated an in-
crease in Jsc, FF and PCE on decreasing the i-Si layer thickness to 50 micron

meters, except a slight decrease in VOC as can be observed from Figure 8 and

Figure 9.
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Figure 6. Effect of absorber layer thickness variation on Voc and Jsc of solar cell of solar
cell.
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Figure 7. Effect of absorber layer thickness variation on efficiency and fill factor of solar
cell.
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Figure 8. Effect of intrinsic Si layer thickness variation on V. and Jg. of solar cell.

4.2.5. Effect of p-Si Layer Thickness (Hole Transport Layer)

Figure 10 and Figure 11 depicts the influence of a hole transport layer with a
thickness of p-Si on electrical characteristics. In this scenario, the thickness of
the p-Si layer is altered from 40 to 140 pm (p-Si layer thickness for the initial so-
lar cell is 80 pm) in 20 discrete steps, while the thickness of the other layers are

taken as for the initially simulated solar cell. A marginal improvement was noted
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Figure 9. Effect of intrinsic Si layer thickness variation on efficiency and fill factor of so-
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Figure 10. Effect of p-Si layer thickness variation on V. and J of the solar cell.

in the power conversion efficiency (PCE), open-circuit voltage (Voo), and

short-circuit current (Js.), with the exception of the fill factor (FF). Nevertheless,

there is no discernible alteration in the overall performance of the device com-

pared to the initially selected thickness of the hole transport layer.
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Figure 11. Effect of p-Si layer thickness variation on efficiency and fill factor of solar cell.

4.2.6. Optimized Solar Cell Layer Thickness Parameters
Finally, after these calculations following optimized thicknesses of electron and
hole transport layers, absorber and buffer layers’ solar cell device was noted:

Optimized thickness of ZnO = 20 pmy;

Optimized thickness of In,0, = 10 um;

Optimized thickness of n-Si = 30 um;

Optimized thickness of i-Si = 50 pm;

Optimized thickness of pc-Si = 140 pm.

At these optimized thickness values the maximum power conversion efficien-
cy of ITO/ZnO/In,0,/si/Au solar cell was observed 12.92%.

4.3. Current Density vs Voltage Characteristics of the Optimized
Layer Thickness Solar Cell

The graph in Figure 12 displays two JSC-V (current density versus voltage)
graphs for solar cells under simulated AM1.5G solar spectrum conditions. The
graph shows the performance of the optimized and unoptimized solar cells un-
der different voltage conditions. The black curve represents a solar cell that has
not been optimized, with a short-circuit current density ranging from 0 to about
-30 mA/cm’. The red curve represents an unoptimized solar cell, with a signifi-
cant reduction in short-circuit current density.

After optimization, the cell’s Voc value is 787.3 mV or 0.7873 V, indicating
charge carrier segregation, reduced recombination, and increased open-circuit
voltage due to the potential barrier at the p-n junction. The optimized solar cell
exhibits a higher Jsc value than the unoptimized cell, indicating that it converts

incoming light into electrical current more efficiently across its entire surface
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Figure 12. Current density vs voltage plot for the solar cell before layer thickness optimi-
zation and the optimized layer thickness.

area. This could be attributed to enhanced light absorption or charge collection
efficiency, both of which could result from the optimized thickness of the layer.
The fill factor and maximum Power conversion efficiency for the optimized
solar cell are FF = 61.59% and PCE 12.92%, which are higher than the unopti-
mized solar cell. The optimized solar cell achieved a higher PCE of 12.92% with
higher Jsc, similar Voc, and increased FF. This shows that optimizing the layer
thickness can significantly influence and enhance the efficiency of solar cells.
The black curve’s placement on the graph and reduced PCE indicate that the

unoptimized cell had lower values for these parameters.

4.3.1. Energy Band Graph of Optimized Solar Cell

The graph in Figure 13 shows the band alignment and thickness details of an
optimized solar cell, with the y-axis representing energy in electron volts and the
x-axis representing the position within the solar cell in micrometers. Four ener-
gy levels are represented by unique line colors: conduction band edge, valence
band boundary, band gap, and Fermi level.

The red lines on the graph depict the conduction band edge, which enhances
the material’s electrical conductivity and allows electrons to move freely. The
almost flat line indicates that the energy of the conduction band remains un-
changed, indicating an interface or junction within the cell where the conduc-
tion band energy is at its peak. The valence band boundary, denoted by the black
line, signifies the energy level at which electrons are present in the states, indi-
cating the presence of a p-n junction or another contact that generates an elec-
tric field.

The band gap, which is the distance between the conduction band (Ec) and
the valence band (Ev), is a critical component in controlling the cell’s efficiency.

The graph also shows the Fermi levels for electrons and holes in the n- and
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Figure 13. Energy band diagram as a function of position.

p-type, with the Fn and Fp symbols representing the energy levels where the
probability of finding an electron and holes is fifty percent.

In conclusion, the fluctuations in Fermi levels suggest the presence of junc-
tions in the solar cell, particularly p-n junctions, crucial for establishing an elec-

tric field and segregating charge carriers produced by light absorption.

4.3.2. Recombination Generation Profile

The graph in Figure 14 shows a fluctuating trend in the generation rate of elec-
tron-hole pairs, which involves the creation of pairs. The red line shows a fluc-
tuating trend with several peaks and troughs, indicating variability in generation
rate across different locations. The black line shows a more consistent trend
overall, remaining steady and not fluctuating as much as the generation rate.

In semiconductor physics, graphs often represent the processes of generation,
which involves the creation of electron-hole pairs, and recombination, which
involves the annihilation of these pairs. The significant variations in the pattern
of the two lines suggest that the techniques or efficiency of formation and re-
combination processes may vary at various sites inside the material or device
under investigation.

Figure 14 illustrates the spatial distribution of electron-hole pair generation
and re-combination within the solar cell, offering a detailed view of their dy-
namics across distinct layers. The total generation rate of electron-hole pairs,
amounting to 1E22, signifies the effectiveness of photon absorption and subse-
quent creation of charge carriers. The recombination rate, recorded at 1E18,
sheds light on the processes wherein generated carriers recombine and nullify

each other.
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Figure 14. Generation Recombination profile of the solar cell as a function of position.

4.3.3. Carrier Concentration Profile

To gain a more profound insight into the spatial distribution and transport me-
chanism of carriers within the device, Figure 15 presents electron (e—) and hole
(h+) concentration values along the one-dimensional thickness direction of the
solar cell. The figure reveals an observable rise in hole concentration within the
electron transport layer and an increase in electron concentration within the
hole transport layer. This trend is likely a result of the amplified generation of
electrons and holes in the P-N junction under illumination. Initially, as the car-
riers traverse the absorber layer, the electron concentration surpasses the hole
concentration. However, with an increase in thickness, there is a reversal, with
the electron concentration becoming lower than the hole concentration. This de-
lineates the identified positions as interfaces, corroborating the presence of the

electric field.

4.3.4. Effect of Doping Concentration in Hole Transport Layer (p-Si)

The performance of a silicon solar cell is significantly influenced by the doping
concentration in its hole transport layer. Elevated doping concentrations aug-
ment carrier mobility, thereby promoting more effective hole transport within
the layer. This, in turn, leads to enhanced charge extraction and diminished re-
combination losses, thereby contributing to an overall improvement in the solar
cell’s performance. Figure 16 and Figure 17 illustrate the influence of varying
hole transport layer doping concentration on device performance. It can be ob-
served that efficiency has been surged from 10.5% to 17.2% for varying the ac-
ceptor doping concentration from 10E14 cm™ to 10E17 cm™ respectively. Simi-
larly, a significant improvement in other device output parameters can also be

observed.
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Figure 16. Effect of varying doping concentration on efficiency and fill factor of solar cell.

4.3.5. Effect of Doping Concentration in Buffer Layer (In;03)

The doping concentration within the buffer layer of a silicon solar cell is pivotal
in influencing its electrical characteristics. Achieving optimal doping levels in
the buffer layer is imperative to establish a favorable energy band alignment be-
tween the absorber and adjacent layers. This alignment serves to mitigate carrier

recombination at interfaces, thereby augmenting the overall efficiency of the
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Figure 17. Effect of varying doping concentration on Voc and Jsc of solar cell.

solar cell. Figure 18 and Figure 19 depict the impact of varying the doping con-
centration in the donor transport layer on device performance, ranging from
10E14 cm™ to 10E19 cm™. Notably, there is only a marginal increase in Vg,
from 78.5 mV to 78.7 mV. However, an incremental rise in J. is observed, esca-
lating from 24.95 mA/cm® to 26.4 mA/cm® as the donor doping increases from
10E14 cm™ to 10E19 cm™, respectively. Conversely, there is a substantial en-
hancement in both device fill factor and efficiency. The fill factor shows a pro-
gression from 59.5% to 65.5%, and the efficiency rises from 11.5% to 13.7%
across the same range of donor doping concentrations.

It is essential to highlight that the doping concentration in the electron trans-
port layer remains constant, as it has been optimized. Even slight adjustments in
the doping concentration, either increase or decrease, may lead to a misalign-

ment in the energy band structure.

4.3.6. External Quantum Efficiency Profile

Figure 20 displays the quantum efficiency of an optimal solar cell based on
wave-length, including the visible light spectrum, infrared area, and a portion of
the ultraviolet (UV) region. The graph shows that the solar cell has a low exter-
nal quantum efficiency (EQE) of almost 0% in the ultraviolet region, suggesting
it was never intended to convert visible light into usable energy.

In the infrared region, the quantum efficiency increases sharply from 775 nm
to 822 nm, reaching a maximum value of 100% at 820 nm. This solar cell is
highly suited for converting infrared light into electrical energy, with an EQE
value of nearly 1.0%. This peak indicates a limited band of high efficiency com-
pared to regular solar cells, which usually have a larger range of effective wave-

lengths.
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Figure 19. Effect of varying doping concentration on efficiency and fill factor of solar cell.

The solar cell’s components include transparent conductive oxide (ITO), zinc
oxide (Zn0O), indium oxide (In,0;), intrinsic silicon (i-Si), n-type silicon (n-Si),
p-type silicon (p-Si), and gold (Au). The high EQE in the infrared region is a re-
sult of deliberate selection to optimize absorption of infrared light.
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Figure 20. Quantum efficiency of the solar cell.

The graph demonstrates that the solar cell has a narrow and sharp efficiency
band, making it best suited for uses where infrared radiation plays a significant
role or where a solar cell that doesn’t respond to UV or visible light is preferable.
It has potential applications in thermal photovoltaics and certain types of sen-
sors. Solar cell technology researchers and engineers would find the released da-

ta interesting.

4.3.7. Mott Schottky Analysis

The Mott-Schottky theory, commonly used for p-n junctions, is also applicable
to determining the built-in voltage potential in solar cell devices. This evaluation
involves utilizing capacitance-voltage (C-V) analysis (refer to Figure 21) and
Mott-Schottky analysis (refer to Figure 22) to gain insights into the electronic
properties of the solar cell. The capacitance of a solar cell can provide informa-
tion on junction quality, defect presence, and charge storage capacity. The C-V
analysis in Figure 21 shows a constant capacitance at around 3 F/cm® at 1.0 V,
indicating charge storage capability. A slight drop in capacitance around —0.6 V
suggests changes within the solar cell, possibly related to charge status or deple-
tion width. The capacitance remains relatively constant between —0.2 V and 0.2
V, indicating maximum charge storage capacity. Beyond 0.2 V, capacitance in-
creases, suggesting higher charge storage with increasing voltage, possibly due to
the semiconductor filling traps or states at higher energy levels. A sharp increase
in capacitance at 0.8 V may indicate the solar cell nearing its maximum voltage,

leading to significant changes in carrier behavior or junction capacitance.
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Figure 22. Mott Schottky analysis of the solar cell.

The input describes Figure 22, showing a graph depicting scientific data re-
lated to a semiconductor diode. The graph illustrates the relationship between
voltage and 1/C2 (nF/cm?®), representing the reciprocal of capacitance squared
per unit area. The curve on the graph starts at the top left, descends rapidly,
reaches a plateau, and then decreases towards the top right. The built-in poten-
tial of the solar cell is determined to be 0.59 V, consistent with the open-circuit
voltage. The junction of the linear extrapolation of the 1/C2 curve against the
voltage curve determines this characteristic value, highlighting the depletion
area and built-in voltage of the semiconductor junction. The graph displays two
distinct zones: a nonlinear zone on the left and a more linear region on the right,

typical of such plots in semiconductor diodes analysis.
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4.3.8. Effect of Temperature Variation

In this investigation, we examined the impact of temperature fluctuations on the
device performance, spanning a range from 270 K to 350 K to simulate condi-
tions in both cold and extremely hot environments (see Figure 23 and Figure
24). The open-circuit voltage (VOC) experiences a notable reduction from 0.82
V to 0.71 V as the temperature exceeds standard testing conditions. Beyond 300
K, further temperature increases exhibit minimal impact. The fill factor and effi-
ciency exhibit a substantial performance decline at low temperatures, reaching
their peak values (64.8% and 13.3%, respectively) at 314 K and 305 K.
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Figure 23. Effect of temperature variation on V. and Jy of solar cell.
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Figure 24. Effect of temperature variation on efficiency and fill factor of solar cell.
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5. Conclusions

A comprehensive investigation of the Si-heterojunction solar cell (ITO/ZnO/
In,0,/n-Si/i-Si/p-Si) has been detailed. It was observed that achieving an opti-
mized device structure is crucial for maximizing performance. The output pa-
rameters of the device, namely Vo, Jso, FF, and PCE, exhibited substantial im-
provements from 794.7 mV, 20.055 mA/cm? 61.39%, 9.78% to 787.3 mV, 26.65
mA/cm?, 61.59%, 12.92%, respectively. The optimization process involved sys-
tematically varying the thickness of each layer by approximately £50 um around
the initially selected thickness, facilitating the identification of the most favora-
ble layer thickness without exhaustive testing.

Furthermore, a comprehensive exploration of the device physics for the opti-
mized structure unveiled improved band alignment, resulting in a decreased
electron-hole generation rate relative to the overall generation rate. The study
emphasized the significant impact of doping concentration on device efficiency,
with an increased p-Si (hole transport layer) doping concentration to 10E19
cm™ leading to a notable enhancement from ~14% to ~17.2%.

Additionally, Mott-Schottky analysis was employed to assess the built-in vol-
tage potential, revealing a value of 0.59 V. The device’s resilience to thermal
stress at temperatures up to 360 K was demonstrated, with the efficiency being
retained over a considerable temperature range. The outcomes underscore the
device’s promising prospects as a viable contender for the forthcoming produc-
tion of high-performance Si heterojunction solar cells. The observed results in-
dicate a substantial potential for the advancement and integration of this device
into future solar cell technologies, showcasing its suitability for contributing to
enhanced efficiency and efficacy in solar energy conversion. The demonstrated
performance characteristics position it favorably for further exploration and de-
velopment in the evolving landscape of solar cell fabrication, emphasizing its

potential significance in advancing the frontier of sustainable energy solutions.
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