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ABSTRACT

In this study, an identified analysis was carried on a 3C-SiC PIN
thin-film solar cell. This cell is constructed from Al-doped p-(3C-SiC) as
the absorber layer with a band gap of 1.454 eV, un-doped 1-(3C-SiC) with
a band gap of 2.39 eV. A double n-layers as the buffer which consists of
n layer of 3C-SiC and a layer of Cr-doped n-3C-SiC with band gaps of
(2.39 and 1.139 eV) respectively, and a window layer of SnO, material
with 3.6 eV band gap was used as anti-reflecting material.

The study was accomplished by using the computer simulation
software SCAPS-1D. This software is designed to simulate and study the
properties of thin-film solar cells.

A parametric study was achieved on the reference cell, which
based on initial values of the cell parameters (doping density and
thickness) for each layer of the cell. The initial carrier concentration
values are: for the p-Al (3C-SiC) is N,=10" cm™, for n-Cr (3C-SiC) is
N=10"cm™, for n'(3C-SiC) is N=10" ¢cm?, for n-(Sn0,) is N=10" cm
3, and intrinsic carrier concentration of 10'° cm™ for the i-(3C-SiC). The
initial thickness values are (1, 1, 0.05, 0.05, and 0.1 um) for the layers: p-
Al (3C-SiC), i-(3C-SiC), n-Cr (3C-SiC), n" (3C-SiC), and n-(SnO,)
respectively. The output parameters of the reference cell were: (Voc =
0.2524 V, Jsc=34.66 mA.cm, FF = 41.21% and n = 3.61%).

The impact of the carrier concentration of each layer on the
performance of the reference cell was investigated. It was proved that the
efficiency of the reference cell was increased from 0.87 to 18.73 % when
the doping density of the absorber layer changed from 10'"to 10" cm™,
also the efficiency of the cell increases from 16.84 to 21.52% as the
carrier concentration in the buffer n" layer increases from 10'® to 10* cm’
3. On the other hand increasing the carrier concentration in the n-Cr (3C-

SiC) buffer layer from 10" to 10" cm™ does not effect on the efficiency



of the cell, due to the sever recombination in the interface that occurred
because of the donors are less than the acceptors. Thus, additional
increment in the doping density was made in this layer up to 10" cm™
and the cell efficiency was increased from 21.44 to 22.69 %. The carrier
concentration variation in the 1-(3C-SiC) and the SnO, layer does not
have a high impact on cell performance and the optimum -carrier
concentration for the i-(3C-SiC) is 10" cm™ and for the SnO, is Ng=10"
cm” that produce a power conversion efficiency of 22.78 %.

The second part of the study was performed on the thickness of the
cell layers, the thickness of the absorber was changed from 1 to 3 um and
the efficiency was increased from 22.78 to 24.14 %, and this results from
the increment in the collection of photo-generated carriers before
recombination. The thickness of the intrinsic layer was changed from 1 to
2.5 um which increases the efficiency of the cell from 24.14 to 34.45%,
and this ensures the significant role of the intrinsic layer thickness on the
performance of the cell. Increasing the thickness of the window layer
from 0.1 to 0.2 um reduces the efficiency of the cell from 34.45 to 31.93
%, also increasing the n" layer thickness from 0.05 to 0.1 pm degrades
the efficiency from 31.93 to 30.32 %. However, increasing the thickness
of these layers has a beneficial effect in reducing the high value of the
short-circuit current of the cell from 54.27 to 47.69 mA.cm™. On the
other hand changing the thickness of the n-Cr (3C-SiC) layer does not
have a noticeable effect on cell performance. Thus taking a thin layer of
100 nm is better to reduce the cell resistance, which produces a power
conversion efficiency of 30.27 %.

Also the present study examined the impact of the main
environmental conditions (Illumination and Temperature) on the
optimum structure. It was proved that the produced current of the PV

cells is proportion directly to the illumination, as the intensity of the light
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increases from 250 to 1200 W.m™ the short-circuit current increases from
11.924 to 57.149 mA.cm™ due to higher absorption of photons which
increases the carrier generation and therefore a Jsc. It was noticed that the
efficiency of the cell reduced with higher irradiation intensity (I,>500
W.m™) from 30.34 to 30.20 %, due to the effect of the high series
resistance. The temperature effect on the optimum cell was studied, it was
found that as the temperature increases from 300 to 400 K the open-
circuit voltage reduces from 0.768 to 0.516 V, which leads to a reduction
in the efficiency of the cell from 30.27 to 18.10 %. V¢ considerably
decreases due to the decrement in current of saturation that reduces
directly with an increase in temperature.

The obtained results are discussed and conclusions have been

given, suggestions are given for further work in this field.
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CHAPTER ONE
INTRODUCTION AND LITERATURE REVIEW

1.1 INTRODUCTION

The need for renewable energy to overcome CO, emissions and avoid
the use of conventional energy fossil fuels such as coal and petroleum is
increasing nowadays. Besides that, these resources are environmentally
harmful to human beings, and will be exhausted within the next century
as well, the advancement of the use of other energy supplies is vital [1].
The development of renewable energy sources such as solar, geothermal
or wind energy and the desire for a healthy environment have attracted
researchers to look for alternative renewable energy conversion devices
[2]. Innovative solutions to more efficient sunlight incident photon
extraction are the most effective option to meet world demand for clean
energy. One significant method of converting solar energy into electricity
is through the photovoltaic effect that was discovered by the French
physicist Becquerel in 1839 [3], it is generally defined as the creation of
an electrical voltage between two electrodes attached to a liquid or solid
system when the light is shining on the system. Basically, all photovoltaic
devices contain a PN junction that generates the photo-voltage directly,
these apparatuses are also known as solar cells [4]. Adams and Day, in
1877, described the effect in much more detail. They noticed that
selenium electrodes were exposed to radiation and produced an electrical
voltage [5], enabling them to generate current. The effect was then
postponed till transistors were discovered and Shockley [6] explained the
physics of the PN junction and Bardeen and Brattain [7] in 1949, that
year marked the start of a semiconductor era. Then, in 1954, Chapin et

al[8] established the very first crystalline silicon-based solar cell at the



bell labs in the United States of America, that had an efficiency of 6%,
which was considerable at that time. Within a few years, this efficiency
has been increased to 10 %. The first workable use of solar cells was in
the supply of satellite power. Photovoltaics is demonstrated to be
persuasive in this application. The early problem of high-efficiency
degradation by cosmic radiation has now largely been resolved [9].
Figure (1.1) shows the Cross-section of a typical solar cell [10]. In
addition to silicon, which is now used almost exclusively for the
generation of solar systems, investigations have been carried out in
numerous institutions into other semiconductor materials. They were
effective in the growth of amorphous silicon (a-Si)-silicon hydrogen
compound [11]. This material conquered the global market (e.g. clocks,
pocket calculators).

j

/"/ 7 _\I I=1(V)

AR Coating ——#
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Fig. (1.1) Cross-section of a typical solar cell [10].

Copper-Indium-Diselenide (CIS) has been at the forefront of all the
other materials made of II-V or II-VI semiconductors or hetero-
compounds [12]. The main benefit of this material is the adequate long-
term stability of solar cell parameters and the accomplishment of a
relatively high degree of productivity. Such-called tandem cells represent
a further sphere of work in which solar cells with different absorption
ranges are optically connected in series to make better use of the solar
spectrum [9]. In the early 1980s, it was recognized that improved

performance in solar cells was of high significance for the reducing costs



of the entire system. From this point on, research and development have

largely focused on achieving high levels of efficiency.

1.2 SEMICONDUCTOR MATERIALS USED FOR SOLAR CELLS

In utilized solar cells presently, photon absorption, that outcomes in
the generation of charge carriers, and photo-generated charge carriers,
separation occurs in semiconductor materials. Consequently, the most
important parts of the solar cell are the semiconductor layers; they
establish the heart of the solar cells. There are several semiconductor
materials appropriate for the transformation of photon energy into
electrical energy, and each has advantages and drawbacks [13].

The most common, highly used and the first successful solar cell was
C-Si. The major factors that can be used to determine the design and
performance of the cell are [14]:

e Concentration levels of doping atoms that decide the width of the

space-charge region of the junction.

e Mobility and diffusion coefficient (u, D) of the carriers that
describe the transport of the carriers due to drift and diffusion.

e Lifetime, t and diffusion length, L, of the excess carrier that
defines the process of generation-recombination.

e Band-gap energy, E,, absorption coefficient, a, and refractive
index, n, which describes the ability of the semiconductor to absorb
visible and other radiations.

Up to date, developed PV cells can be grouped into four types called

generations according to the materials used [15]:

1. First-generation: It is based on both mono and polycrystalline
silicon technologies.

2. Second-generation: includes the amorphous silicon (a-Si) and

microcrystalline silicon (c-Si) thin films solar cells, cadmium



telluride/cadmium sulfide (CdTe/CdS) and copper indium gallium
selenide (CIGS) solar cells.

3. Third-generation: involves technologies that are based on new
combinations including films of nanocrystalline, active quantum
dots, tandem or stacked multilayers of inorganics based on I1I-V
materials, such as GaAs/GalnP, organic (polymer)-based solar
cells, dye-sensitized solar cells, etc.

4. Fourth-generation: that is known as “inorganics-in-organics”.

The following part shows the developments in the solar cells field of

the commonly used materials for the recent years.

1.2.1 FIRST GENERATION SOLAR CELL.:

Mono crystalline-Si

* In (2011) a tandem solar cell with 3-terminal Si-Si:Ge enhanced
the long-wavelength light absorption to improve the power
conversion efficiency [16].

* The effect of the spectral response on the monocrystalline-Silicon
solar cell was studied in (2015). It was found that the external
quantum efficiency increased with wavelength, reached the
maximum at a wavelength of 590 nm [17].

* The photovoltaic parameters of mono crystalline-Si solar cell
analyzed in (2015) by changing the cell temperature, (1) increased
with cell temperature from (9.023%) to (11.417%) [18].

* In (2017) research made about front emitter with diffused boron
and full-area passivating rear contact on n-type (high-performance
multicrystalline silicon) HP mc silicon to have a high-efficiency of
21.9% [19].

e Within the year of (2018) a new corrugation architecture designed

to allow ultra-flexible (140 mm bending radius) with high



performance (17.2 % efficiency) compared to rigid Interdigitated
Back Contact (IBC) efficiency [20].

* Co-doped mono-Si PERC solar cells (passivated emitter and rear
cell) are used to evaluate defect kinetics at high-levels of light
intensity and varying temperatures during the year (2020) [21].

Polycrystalline-Si

* Module temperature impacted on the photovoltaic parameters was
evaluated in (2015), for poly-crystalline silicon the maximum
power reduced by 17 % with a rise in temperature from 15 to 60 °
C. The maximum current increased linearly with an increase in
light intensity. [22].

* (C-Si, CH;NH;Pbl;, and TiO, were used in Si-perovskite tandem
solar cell, the highest recorded efficiency performance of 27.29 %
was obtained in (2017) [23].

* POLO contacts were used in (2017) for both polarities and a 25.0%
efficiency for silicon solar cells was recorded [24].

* An improvement in the efficiency up to 26.6% with 0.3% absolute
(1.16% relative) from the previous recorded (26.3%) using HJ-IBC
solar cell [25].

* New research in (2019), concluded that 27% efficiency is possible
by using a surface passivation technology for c¢-Si by amorphous Si
layer [26].

* The texturization performance of multi-crystalline silicon (mc-Si)
wafers has been improved by adding MnO, particles to
conventional wet acid etching. (HF/HNOs/H,O) system, for the
AM1.5G sun spectrum in (2019) [27].



1.2.2 SECOND GENERATION SOLAR CELL:

Thin films solar cell

L.

CdTe (Cadmium Telluride)

A structure of CdTe-based solar cells was grown on commercial
SnO,: F/SnO, coated substrate using CdSe window layers had
achieved a photocurrent enhancement. An efficiency of 15.2 % was
recorded for this cell in 2015 [28].

A V,0s thin film buffer layer was used to form low-barrier back
contact for the production of CdTe solar cells in 2016, with a
relatively high efficiency of 14.0 % compared to CdTe solar cells
with a traditional Cu/Au back electrode [29].

A heterojunction of CdS/CdTe solar cell with ZnTe BSF layer was
analyzed with a recorded conversion efficiency of (24.66%) in
2017 which was increased about 4.03% in comparison with the
reference cell (16.42%) [30].

The ZnO transparent buffer layer directly impacted on the
performance of CdZnS solar cells in 2019 has achieved up to 1.8
% 1mprovement in conversion efficiency compared to the
corresponding devices without the ZnO buffer layer [31].

The impact on the photoelectric conversion efficiency of the
window layer CdTe solar cell band-gap and the conduction band
offset between the window layer CdTe could have a significant
effect, over 18 % CdTe conversion efficiency could be achieved
for high-quality ZMO films with extremely low donor densities
[32].

CdTe thin films and CdS/CdTe heterojunctions have been
deposited on glass substrates with various technological parameters
using PVD thermal evaporation technique. The optimum thickness

of the CdS layer for the best CdS/CdTe heterojunction efficiency
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values of 15.8 % was configured for simulation of optical
parameters in the SCAPS software in the year of 2019 [33].
Effective materials are chosen in the CdT solar cell (in 2019) for
each layer after the comparison of various materials to improve cell
performance, TiO, was the preferred design for the window layer
and ZnS was the main formula for the buffer layer. Also, the BSF
made of ZnSe and multiple DBR layers made of Si/Al,O; are
added to the final refined cell to further improve the efficiency:
1=23.94% [34].

CIGS (Copper Indium Gallium Diselenide)

The performance of a double junction CGS/CIGS tandem solar
cell with the CGS as top-cell and the GIGS as bottom-cell was
enhanced, and a power-conversion efficiency of 25.11% was
achieved in 2015 [35].

The CdS buffer layer is substituted by other materials such as Zinc
Sulphide (ZnS) and Zinc Selenide (ZnSe), ZnS could be used as an
alternative material to CdS by changing the thickness of the
absorber layer (and buffer layer) and the defect density of the p-
CIGS layer and the n-ZnS layer. The optimized solar cell has an
efficiency of more than 22 % under the AM1.5 G spectrum and one
sun [36].

Glass-ceramics using industrial waste have been established,
proving that they are appropriate as a membrane for CIGS thin-
film solar cells. The method allows both usability and energy
savings during the production process [37].

CIGS thin-film solar cell utilizing Molybdenum as back contact
had an optimal conversion efficiency of 21.35 % to 24.21 % with
slimmer absorber thickness at an energy band-gap of 1.15 eV and

doping concentration of about 10" cm™. Moreover, the thickness



of CdS buffer layer should be greater than 40 nm and less than 60
nm to maintain the remarkable overall solar cell performance [38].

* High performance of the ultra-thin CIGS solar cell was assessed at
the year 2020 using the band-gap grading and the Au plasmonic
nanoparticle array, a remarkable increment in cell efficiency of

around 19 % [39].

1.2.3 THIRD GENERATION SOLAR CELL:
II-V Technique

e In the year of 2003, a 3-junction solar cells InGaP/InGaAs/Ge with
a new recording efficiency of 31.7 % at AM1.5 (1-sun) have been
achieved using Ge substrates by the advancement of the lattice-
matching and AlGaAs/InGaP DH tunnel structure junction with the
AllnP barriers. InGaP/GaAs/InGaAs MS 3-junction cells with
world-record efficiency of 33.3 % were also manufactured [40].

o Efficiency of 40.7 % has been evaluated and independently
verified in 2007 for a metamorphic three-junction
GalnP/GalnAs/Ge cell under the standard spectrum for terrestrial
concentrator solar cells at 240 suns [41].

e A multi-junction cell with visible and IR wavelength absorption
abilities is proposed in 2011. The suggested structured cell is a
lem® cell and consists of two sub-cells: the bottom unit is a 20-
period GaAs-Ge super lattice embedded in a GaAs/Ge bulk solar
cell. At the top of this cell, the AlAs/AlGaAs/GaAs cell is
proposed, suitable for short wavelengths. Both parts are linked in
series through a standard tunnel junction, collection efficiency is
predicted to surpass the current threshold of 42 % (one sun

conditions) [42].



e An InGaP/GaAs/InGaAs inverted triple-junction solar cells have
been developed at the year of 2013 for a concentrator application
with an efficiency of more than 37% [43].

e The InGaAsN (Sb) PIN junction structure is developed in 2016 to
improve the power conversion efficiency of the germanium-based
4) solar cell, The performance of the subcell is modeled using
drift-diffusion simulations using cross light Apsys [44].

e The MISCs are modeled and implemented using the TCAD
SILVACO tool in 2018. InGaP/GaAs/Ge and InGaP/GaAs/InGaAs
TJ solar cells are evaluated and the results acquired are compared.
The efficiency of the optimized InGaP/GaAs/Ge TJ solar cell is
39.61%, compared to 42.01% for the proposed
InGaP/GaAs/InGaAs cell [45].

e The photovoltaic behavior of p-InGaN/n-InGaN single-junction
solar cells has been studied numerically (2019). The simulation is
performed using the SCAPS (Solar Cell Capacity Simulator)
software. The ideal conversion efficiency of 15.32 % was
confirmed at a band-gap of 1.32 eV corresponding to 64 % of the

Indium compositions [46].

1.3 LITERATURE REVIEW

The very first silicon solar cell has been confirmed in 1941 by Russel
S. Ohl [47], The objective of the study was to provide an improved light-
sensitive electrical device. The Photo-E. M. F cell consists of a part of the
silicon ingot that is supplied with conductive terminals, which had an

energy conversion rate of less than 1%.



Many improvements have been made in silicon solar cell performance.
Standardization of past measurements shows there has been a 42%
improvement between 1983 and 1991 [48].

In recent years, more attempts have been devoted to enhance the
efficiencies of silicon solar cells, such as interdigitated back contact
crystalline silicon solar cells at 2015 by Hele Savina [49]. A conformal
aluminum film solved the problem of surface recombination in black
silicon solar cells by offering great chemical and electrical passivation.
Efficiencies above 22 % could be achieved even in thick interdigitated
back-contacted cells [49].

In 2017, industrially suitable processes were used by K. Yoshikawa et
al [50] for the manufacture of large-area silicon solar cells incorporating
interdigitated back contact and amorphous silicon/crystalline
heterojunction. The efficiency was more than 26 9% that is an
enhancement of 2.7 % compared to the previous record rate of 25.6 %.

Light trapping technique is very significant for improving the
performance of solar cells. This technique was confirmed by Dennis M.
Callahan, J. N. Munday, and H. A. Atwater in 2012 [51]. The best
approach to surpassing the standard ray optic or so-called ergodic light
trapping constrain is to construct an increased local optical state density
(LDOS) for the absorber [51]. In the same field another achievement by
H. Heidarzadeh and three others in 2015 [52] showed that the simulation
results of a 50 um cell with a surface pyramid length of about 10 um
provides an efficiency of more than 24 %. Also, a backside filter analysis
showed that it is possible to have a high efficiency cell with a thickness of
less than 10 pum.

Plasmonic concepts is another technique that improves the efficiency.
R. khan and others showed in the year of 2017 [53] that absorption can be

improved by the embodiment of metal nano particles into the structure of
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the cell. Another study at the same year proved that light trapping of
textured silicon solar cell based on light scattering and angle of incident
light of plasmonics indium nanoparticles (In NPs) [54].

Perovskite solar cell is among the new types of solar cells which have
lately been regarded because of its distinctive properties, such as high
conversion efficiency, comfortable construction and low cost such what
was achieved by M. Liu in 2013 [55] and H. Heidarzadeh in 2018 [56].

On the other hand wide band-gap semiconductors have advanced
electrical characteristics compared to silicon (Si) that helps to overcome
the limitations that occurs due to using silicon, the 3C-SiC has specific
important advantages that make it extremely desirable, the major benefit
of the cubic SiC polytype is the lower cost of manufacturing [57].

Initially pioneering work in SiC as a semiconductor material could be
ascribed to Marconi in 1907 [58]. An early attempt to use 3C-SiC for
enhanced boron doping carrier generation was described in 2003 by B. S.
Richards, but the composite material of 3C-SiC was not adequate at that
period [59].

In 2011 structural stability, together with the electronic and optical
properties of 3C-SiC and Ni-doped 3C-SiC, have been analyzed by Y.
Dou [60]. Some new energy levels of impurity occur in the Ni-doped 3C-
SiC band-gap that could enhance the conductivity of 3C-SiC, Doping
with Ni can increase the efficiency of 3C-SiC photo-absorption.

The 3C-SiC/Si tandem solar cell was investigated in 2014 by
Heidarzadeh [61]. The full crystalline tandem cell has accomplished an
efficiency of more than 26%. This assessment showed that 3C-SiC is an
excellent choice for the top cell of the crystalline tandem silicon solar
cell.

In an attempt to demonstrate the ability of 3C-SiC/Si by M. Toure [62]

to develop high-voltage solar cells which was the first approach with a
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simple heterojunction structure. It is evident that the recombination
interface is a degradation mechanism and that the electrical quality of the
junction should also be enhanced to gain the best photovoltaic
parameters.

In 2014 a research by P. Zhou, S. Zheng and others [63] provided
evidence to support the view that co-doping is an effective way to
improve the PL features of 3C-SiC results of the combined function of
band-gap and light absorption.

New intermediate band materials based on Cr doped 3C-SiC for high-
efficiency application of solar cells have been simulated in 2015 by M.
Eskandari, H. Heidarzadeh [64]. The simulation has also demonstrated
that 3C-SiC is an attractive prospect for an intermediate solar band with
an efficiency of almost 60 %.

In 2016 the electronic structure and the optical properties of pure 3C-
SiC were computed and the actual impact of Ti or Fe doped 3C-SiC has
also been investigated by M. Houmad [2]. When Si atoms are substituted
by Ti or Fe atoms. The 3C-SiC band-gap had become direct when doped
with Ti or Fe and the optical coefficient and conductivity enhanced with
titanium and iron doping and it was found that the Fe doped 3C-SiC has a
higher optical conductivity than Ti-doped 3C-SiC.

In 2016 J. W. Sun [65] showed that absorption and room temperature
photoluminescence in boron-doped 3C-SiC demonstrates a depth of ~0.7
eV above the valence band. This implies that boron-doped 3C-SiC is a
good choice for intermediate band photovoltaic material.

Various solar cell formations PN and PIN based on 3C-SiC were
investigated by H. Zerfaoui, D. Dib, and B. Kadem in the year of 2018
[66] and the influences of the irradiance level on the electrical properties
of these solar cells have been investigated. The results showed that the

maximum electrical conversion efficiency for PN and PIN junctions was
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approximately 23.24 % and 23.41% respectively, making the two
proposed structures appropriate for photovoltaic solar cell applications.

Intermediate band (IB) was formed in 3C-SiC in a research by H.
Heidarzadeh in 2019 [67] by substituting cobalt (Co) atoms inside the
supercell structures. Metallic narrow IB is created within the forbidden
3C-SiC band energy when Co atoms are placed inside it. Maximum
conversion rates of around 60 % and 55 % are achieved under the AM1.5
and AMO spectra respectively.

Recently in March of 2020 and also by Heidarzadeh [68] a single-
junction solar cell based on 3C-SiC is assessed using a two-dimensional
finite element model. Impacts of n" and p" thicknesses and operating
temperatures on the performance of n"pp 3C-SiC solar cells are modeled
to determine their true efficiency. The efficiencies of a 5 um cell were
12.52 %, 11.2 %, 10.3 % and 8.8 % for (n") and (p") layer thicknesses of
0.2 um, 0.3 um, 0.4 um and 0.5 um, respectively. Then the performance
of silicon and 3C-SiC solar cells at the high temperatures is investigated
and the results suggested that for high-temperature applications, the 3C-

SiC solar cells are better than the silicon solar cells.

1.4 AIM OF THE WORK

The current work aims at studying and simulating the 3C-SiC thin-
film solar cell. The effect of the thickness and doping density of each
layer, the environment conditions (temperature and illumination) on the

performance of the cell will be investigated.

1.5 ORGANIZATION OF THE THESIS

The thesis is comprised of six chapters. The chapters’ outline is

summarized below:
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Chapter Two contains the theoretical study, which necessary to
explain and describe solar cells in general.

Chapter Three characterizes with the proposed model of 3C-SiC and
the properties of the used materials.

Chapter Four provides a little information on how the user can use
the simulation software, it also includes the input data and a parametric
study on the reference cell, and finally discusses the results of the study.

Chapter Five deals with the simulation results about the impact of
the physical characteristics on the optimized structure.

And finally, Chapter Six discusses the conclusions and
recommendations for future studies.

A part of this work has been published in a “Solid State Technology
journal [69].
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CHAPTER TWO
THEORY OF PHOTOVOLTAIC

2.1_INTRODUCTION

Solar cells can generate electricity when illuminated by sunlight or
artificial light. They directly transform the energy from solar radiation
which is based on the photovoltaic effect into electrical power [18],
which can be converted easily to other forms for the benefit of the world.
Typically, the solar cell-structure is based on semiconductor material,
which has the capability to absorb the incident light with energy that is
greater than the band-gap of this material. This type of solar cell is made
of a PN junction. When the semiconductor is under illumination, the
photovoltaic process occurs. This process can be summarized as when the
photons with high energies are absorbed inside the semiconductor that
leads to the creation of EPH (electron-hole pairs). When a material
absorbs the light, the photons start losing their energy to excite the
electrons to higher levels of energy. The excited electrons decay slowly to
their ground state. These excited electrons are harvested and fed into an
external circuit before they can relax in their ground condition. These
generated carriers must be collected efficiently in order to be able to
contribute to the generation of photocurrents and therefore to the

generation of electricity [70].

2.2_SOLAR SPECTRUM

The sun emits electromagnetic radiation as a black body with a
surface temperature of 6000 K. This is due to the nuclear reactions
happening in the sun. The nuclear fusion processes are wherein helium

created from hydrogen [71]. This process makes the temperature of the

15



sun’s core and surface to be 1.57x10’ K and ~ 5578 K, respectively.
Nuclear activity generates huge amounts of radiation in turn this radiation
produces energy of light called photons. Photons do not have a physical
mass of their own but carry huge amounts of energy and momentum.
Different photons have different wavelengths of light. Some of them will
carry non-visible light (IR infrared and UV ultra-violet), whilst others
will carry visible light (white light) [72]. Figure (2.1) shows the

electromagnetic spectrum of solar radiation [73].
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Fig. (2.1) Electromagnetic spectrum [73].

The solar spectrum and the correlating solar intensity that reaches
the earth's surface are different from the spectrum that reaches outer
space. The air mass coefficients (AM) have been defined for comparing
the solar module performance, air mass can be described mostly as a
parameter that focuses on the effect of the allocation of wavelength on the
photon flow [74], which varies depending on weather conditions such as
water vapor and dust [75]. The solar power intensity without the effect of
the atmosphere or ground surface is called the Air Mass Zero AMO =
135.3 mW.cm™ [71]. The AMI solar radiation spectrum identifies the
sun's rays on the earth's surface when the sun is at its zenith angle. Total
incident power of sunlight 92.5 mW.cm™ under condition AM1. AM1.5
G (global) is the basic spectrum on the surface of the earth. Figure (2.2)
shows AMO, AM1, AM1.5, and AM2 [73].
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Fig. (2.2) AM0, AM1, AM1.5, and AM2 [73].

The AM1.5 G spectrum (8 = 48.2 °) has indeed been standardized
to be 100 mW.cm™ [76], figure (2.3) shows the solar spectrum at different
AM conditions [77]. The most suitable incident solar irradiance for

calculating solar cell power conversion efficiency is the AM1.5 G

spectrum.
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Fig. (2.3) Solar spectrum at different air-mass conditions [77].
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2.3 THE OPTICAL ABSORPTION AND CHARGE CARRIERS
GENERATION IN THE SEMICONDUCTOR MATERIAL

2.3.1 OPTICAL ABSORPTION

The photon incident on the semiconductor surface will either be
reflected from the top surface or penetrate and absorbed inside the
material. In the absence of either of the above two processes, transmitted
through the material [73]. Reflection and transmission of photovoltaic
devices are generally considered loss mechanisms because unabsorbed
photons will not contribute in power generation. If the photon is
absorbed, it has the possibility of exciting an electron from the valence
band to the conduction band. A key factor in determining if a photon is
absorbed or transmitted is the energy of the photon. The photons falling
on the semiconductor material can be classified into three types based on
their energy compared to the semiconductor band-gap [78]:

e If the energy of the photon E, is less than the energy gap of the
band E,, interacts only weakly with the semiconductor, passing
through as though it were transparent. Photons with energy smaller
than E, will not be absorbed and the semiconductor is transparent
for light with wavelengths longer than the cut-off wavelength (A.).
Photons can be categorized by their frequency v and by their
wavelength A [78]:

A=c/v (2.1)

e If the energy of the photon E, is equal to the energy gap E,, Just
have enough energy to create an electron-hole pair and absorb it
efficiently.

e Photons with higher energy than the band-gap are strongly
absorbed. However, the photon energy greater than the band-gap
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is wasted for photovoltaic applications, as electrons rapidly
thermalize back down to the edges of the conduction band.

Photons can also be characterized by their energy E:

E = — 2.2
_v_}\ (')

h is the constant of blank = 4.1357 x 107 eV s .

¢ is the light’s speed in vacuum = 3x10° m.s™".

E is the energy in eV and A is the wavelength in nm.

A useful relationship is given which enables a fast calculation of the

energy for wavelengths, and vice versa [78]:

1,240
E=—— (2.3)

For solar cells, the most important optical constant is the optical
absorption coefficient a. The absorption coefficient is a measure of the
distance a light wave travels into the material before it is absorbed [79].
Figure (2.4) shows the absorption coefficient of several semiconductor
materials [78]. The absorption of photons in a solar cell to create carrier
pairs and thus a photocurrent is dependent on the absorption coefficient a
(cm™). The absorption coefficient determines the luminous penetration
depth 1 / a in the semiconductor material according to Lambert—Beer’s
law [78]:

I(x) =1, exp( ax) (2.4)
I, is the radiation intensity falling on a semiconductor surface.

I(x) is the intensity that remains after the light penetrated to a distance

(x).
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Fig. (2.4) Absorption coefficients of important semiconductor

materials versus wavelength [78].

2.3.2_ GENERATION OF CHARGE CARRIERS

e Band-to-Band Transitions

The primary means of generating carriers in solar cells is the
absorption of light. For a planar slab figure (2.5) a photon that entering
the semiconductor generates dx electron-hole pairs in a thin layer at depth

(x+0x). The function of generation g(x) is given by [80]:
g(x) = a) exp{ a(d)x}  (2.5)

Light intensity
!

— ——
g
———

Figure (2.5) physics used to discuss the absorption of light in
semiconductors [80].
Where a (A) is the absorption coefficient. The generation rate G per
unit volume is related to the generation function g in equation (2.5) by
G=g/A, where A is the illuminated area of the sample.

e Free-Carrier Absorption

20



In high-carrier regions (due to doping or strong lighting), photon
absorption could also occur by electron transitions within the same band,
with initial and final states. This absorption by free carriers does not
generate pairs of electron-hole and competes with transitions from band
to band that generate the photo-generated current, which has been
debated above [80]. Free-carrier absorption may be important for photon
energies close to the band-gap, and should not be included in the
coefficient of absorption (o) before exponential in equation (2.5).

2.4 THE PN JUNCTION

PN junction semiconductor is produced by doping impurities p-type
and n-type on a wafer, as shown in figure (2.6) [76]. The interface plane
at the boundary where two semiconductor regions meet is called a
junction. Theoretically, the density of donors and acceptors is equal in the
junction plane [76]. A grain boundary is introduced if it is constructed
from two different parts so that PN junctions are created in the single
crystal of semiconductor by a doping process. Following three
phenomena take place at the junction [76]:

e The space-charge region or depletion region or transition region

shall be established all over the junction.

e A potential barrier is formed across the PN junction.

e The existence of the depletion layer gives rise to junction and

diffusion capacitances.
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Fig. (2.6) PN junction semiconductor diode [76].
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2.5 DEPLETION REGION ELECTRICAL CHARACTERISTICS

If there were two separate pieces of semiconductor material. The
doping concentrations in both pieces are constant, and equal to in the n-
type region, and in the p-type region, a PN junction is at thermodynamic

equilibrium [79].
Ep, E;=KTIn (%) (2.6) in the n-type region

E; Egp, =KTIn (Z—‘Z) (2.7) in the p-type region

Where Ef of (n,p,i) is the fermi level for (n-type, p-type and
intrinsic semiconductors). KT is the product of the Boltzmann constant
and the temperature, Ny is the donors carrier concentration, N, is the
acceptors carrier concentration, and n; is the intrinsic carrier
concentration. When these two pieces are attached together, the surface
where the contact is made is called the "metallurgical junction" figure
(2.7), electrons instantly diffuse from the electron-rich n-type region into
the electron-poor p-type region, and holes from the p-type material
diffuse into the n-type region. As a result of the charge displacement an
internal built-in potential called junction potential, ®, is formed at the
junction. Within a multiplication factor-q the junction potential is equal to

the curvature of the energy bands, q is an electronic charge [79]:

Nd Na Nd Na
Ern  Epp =q®y = KTIn (—) + KTIn (—) = KTlIn 5 (2.8)
KT Ny N,
®o = In 5 (2.9)
q n;
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Fig. (2.7) PN junction and corresponding band diagram [79].

When electrons diffuse from the n-type region into the p-type
material, they "leave behind" the ionized donor atoms they originated
from. These atoms occupy substitutional sites in the crystal lattice and
cannot move within the crystal. The region where these positively
charged ions are located constitutes a space-charge region called a
"depletion region" because it is depleted of electrons. The positive charge
in the depletion region attracts electrons in such a way as to equilibrium,
the diffusion force which pushes electrons into the p-type region is
precisely balanced by the force of the built-in electric field that recalls the
electrons back into the n-type region. Likewise, the diffusion of p-type
holes into the n-type region results in a depletion region in type p
material. The positive charge in the depletion region attracts electrons
such that at equilibrium, the force of diffusion pushing electrons into the
p-type region is exactly balanced by the force of the built-in electric field
that "recalls" the electrons back into the n-type region. Similarly, the
diffusion of holes from the p-type into the n-type region gives rise to a
depletion region in the p-type material. This region is depleted of holes
and bears a negative charge because of the presence of negatively
charged acceptor ionized atoms. There are several names for the

depletion region located around the metallurgical junction; it may be
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called the "depletion region", the "space-charge region" or the "transition
region" [79], Figure (2.8) illustrates the creation of depletion regions by
the diffusion of electrons and holes [79].
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Fig. (2.8) creation of depletion regions by the diffusion of electrons

and holes [79].

Use the Poisson equation to calculate the electric field and the
potential variation in the space-charge region [79]:
ae d2d(x) B
dx dx?

Where, ¢ is the permittivity, p is a concentration of holes, n is a

g(p n+Nj Nz) (2.10)

concentration of electrons, carrier

N, ionized acceptor doping
concentration, and Njis an ionized donor doping carrier concentration.
Using Boltzmann Relationships:

d*dx) q

Lfp,exp |

dx? €

qP(x)

d(x
T n, ex [q () +N;

PI7kT
Na‘} 2.11)

Where p, is the intrinsic holes concentration and n, is the intrinsic
electrons concentration. The last equation cannot be solved analytically

and a close-form solution for the potential cannot be found. It can,
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however, be simplified by wusing the "depletion approximation".
Accordingly, in the situation of the abrupt PN junction observed here and
under the given concentrations, the concentrations of n and p compared to
the fixed charges may be ignored at room temperature [81]. In the region
x; < x < 0, the volume charge density is determined solely by the
N, acceptors and, similarly, in the region n, 0 < x <X, the volume charge
density is determined by the N donor concentration. The concentrations
of the respective charging carriers are constant in the other regions x < x,

and x > x,. On the p side of the space-charge region [81]:

b = 1 N, 2.12

dx - € a ( . )
And for the n side:

dE q

—= =N} 2.13

dx € d ( )

) d
Outside these zones ﬁ =0

By integrating-and taking into consideration the boundary conditions E-;
=0 and E,_, = 0, we derive the following pathways for the electrical field
[81].

qN,

E(x) = (x x) (2.14)

And in the n region of the depletion region:

N+
E(x) = qiNg

(x x) (2.15)

The field path is thus linear and always negative with the positional
coordinates. Where x = 0 the field strength is at its maximum and both
values must be of equal magnitude. Then it maintains that

N;x; = Njx, (2.16)

In order to determine the potential space-charge region distribution
equations (2.14) and (2.15) has to be integrated with the following
boundary condition [81]:
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do
for x= x, and x= x;:

N, 1
T 0P

P(x) =
+ D (2.17) nregion of the depletion layer

qNg 1
d(x) = — 7 x)?

+ C (2.18) p region of the depletion layer
The origin point for voltage is chosen, so that ®,—, = 0. This leads
to determine the constants C and D. thus the potential in the space-charge

region is [81]:

d,- = % [xZ (x; +x)?] (2.19) pregion

ang .2 2 '
. [xf  (x, +x)°] (2.20) nregion

O+ =+
Distribution of field strength and voltage is shown in figure (2.9).
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Fig. (2.9) Field and potential distribution in a PN junction [81].

Outside the depletion region the potential is as follows:
ql\f x? (2.21) pregion

O, =

_ ﬂ 2 .
D+ =+ X (2.22) nregion

Space-charge region width and capacitance are significant

equations and must to be considered. The built-in potential barrier (V;;)

for the PN junction is given by [81]:
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q
128 = g (o + Ny

q
=5 (Nax7 + Nox7)  (2.23)

And because of Nyx,, = Nyx,,, the values of x, and x, are [81]:

X, =\/2£(Vl;+VR){x_Z(ﬁ)} (2.24)

Vs the reverse applied biasing voltage

» =\/25(Vb;+ VR){%(ﬁ)} (2.25)

The total depletion region width W is the sum of the two components

given as:

2e(Vy; + Vi) ((Ng + N
W=xr+x1=\/ (”; R){< ]“\lIdN a)} (2.26)
a

The maximum electric field at the junction is:

(2.27)

= 2q(Vp; + Vi) NgN,
m £ N, + Ny

Since there will be a separation of positive and negative charges in
the space-charge region, the capacitance is correlated with the PN
junction. The depletion region capacitance can be written as [81]:

dx,

Caep = quTR (2.28)
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Coop = 9elaNa (2.29)
P [2(Vy; + VR)(Ng + Np) '

2.6 BASIC SEMICONDUCTOR EQUATIONS

To evaluate the Solar Cell performance, basic semiconductor

equations got to be solved, these equations play a real-valued role. The
governing equation is the Poisson equation that relates the charge to
electrostatic potential. The Poisson Electrostatic Potential equation is
given in equation (2.30) [76].

aE_P (230
dx? ¢ (230)

Where and p is the density of charge (C.cm™) and from charge
neutrality equation p can be expressed as given in equation (2.31) [76]
with an assumption that dopant is fully ionized.

p=a( n+Nj+Ng) (231
By putting equation (2.31) in equation (2.30), it becomes equation (2.32)
[76].

d2E _ q(p —n+NJ +Ng) (2.32)

dx? £

The second equation is an equation of continuity, the reason the
equation of continuity is called governing equation because drift,
diffusion, generation and recombination are analyzed concurrently.
Equation (2.33) and (2.34) represent continuity equation for concentration

change in electron and hole [76].

o _ 1 0 + (G, R 2.33
at - q aX ( n Tl) ( ' )
ap 1 9J,

3t =g o T (G, R,) (2.34)

Where J, is the electrons current density, J, is the holes current

density, G,, G, is the generation rate for electrons and holes, and R, R,, is
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the recombination rate for electrons and holes respectively. To calculate
the current and characteristics of a solar cell simulator must be capable of

solving the drift-diffusion equation for current in a solar cell.

2.7 TRANSPORT PROPERTIES

Unlike the conditions of equilibrium, a net electrical power under
operating conditions current flows through the device. The electric
currents are produced in a semiconductor because electrons and holes
transport the charge from place to place. In a semiconductor, two basic
transport mechanisms are drift and diffusion [14].

e Drift

Drift is the motion of charged particles in proportional to the electric
field. Due to collisions with thermally vibrating lattice atoms and ionized
impurity atoms, the carrier's acceleration is often disturbed. The resulting
motion of electrons and holes can be described by mean drift velocity v,
and vy, for electrons and holes, respectively. In the case of low electrical
field, the average drift velocity is directly proportional to the electrical
field as demonstrated by the equations (2.35) and (2.36). The
proportionality factor is called mobility pu. Mobility is a measure of how
easily the charged particles can move through a semiconductor material
and 1s a primary parameter that characterizes the transport of electrons
and holes due to drift[14].

Van = Hp B (2.35)

Vap = Up B (2.36)
Where p, and p, are the mobility of electron and hole respectively.
Even though the electrons flow in the reverse direction to the electric
field, since an electron's charge is negative, the resulting electron drift
current is in the same direction as the electric field and this illustrates in

figure (2.10)[14].
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Fig. (2.10) Visualization of carrier drift using the band diagram [14].

The electron and hole drift-current densities J, arii, Jp arite are defined

by equations (2.37), (2.38) and the total drift current by equation (2.39).
Jnaripe = qnvan =qnu, B (2.37)
Jparirte = AP Vap =qP W E - (2.38)
Jarife = CI( pU, t1n Hn) E (2.39)

e Diffusion
Diffusion is a process by which particles tend to spread from high
particle concentration regions to low particle concentration regions as a
result of irregular thermal motion. The gradient in the concentration of
the particles in the semiconductor is the driving force for the transmission
of the particles associated with the diffusion. Contrary to the mechanism
of drift transport, the particles do not need to be charged to participate in
the diffusion process. Currents resulting from diffusion are proportional
to the particle concentration gradient and expressed through equations
(2.40) and (2.41) and total diffusion current through equation (2.42) [14].
The total current due to both drift and diffusion expressed by equation
(2.43) [14].
Jnaiff = qDn V. (2.40)
Jpair = 9D, Vp (2.41)
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Jaiee = q( D, Vn D, Vp) (2.42)
J = Jariee +Jaie = q(pup +npy) E+q(D, V0 D, Vp) (243)
Proportionality constants, D, and D,, are referred to as electron and
hole diffusion coefficients, respectively, the electron and hole diffusion-
current densities are J, 4, Jp i The diffusion coefficients of electrons
and holes are linked by the Einstein relationship, which is expressed by
equations (2.44) and (2.45), to the mobilities of the corresponding charge

carriers.

— = g (2.44)
q

£ = % (2.45)

Figure (2.11) [14] shows the visual representation of the diffusion

process and the resulting directions of particle fluxes and current.
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Fig. (2.11) Visualization of carrier diffusion using

the band diagram [14].

2.8 RECOMBINATION PROCESSES

Some of the generated electrons and holes are annihilated in a
reaction known as recombination. From the energy freed in this reaction,
either photons or phonons are created, or both are produced

simultaneously [82]. Nature is conservative, because it always offers
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several mechanisms able to bring the system back to balance. In the case
of electron-hole pairs, these are generation-recombination mechanisms.
Each process needs an associated interaction. The interaction with the
electromagnetic field allows for the radiative recombination in which the
photon is emitted, while the absorption of the photon corresponds to the
electron-hole pair generative process [83].

Non-radiative generation-Recombination mechanisms are often
nuisance optoelectronics as they proceed in parallel and competition with
radiative processes. It is therefore important to recognize them in order to
assess the performance and limitations of optoelectronic devices. The two
major processes are as follows [83]:

e Shockley-Read-Recombination hall, in which impurities play a key

role. At first, an electron and then a hole is stuck in the same
impurity center, removing a single electron-hole pair. Figure (2.12)

illustrates the SRH recombination process.

CcB s 747
Trap I - Recombination
CB MYy
Trap — T Generation
VB 7777% 77777 707

Fig. (2.12) Shockley-Read-Hall recombination and generation
processes [83].
e Auger recombination resulting from electron-electron interaction,
by which the electron recombines with a hole and transfers the

resulting energy from recombination to another electron (or hole)
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in the form of kinetic energy figure (2.13) shows the auger
recombination process [83]. This is an intrinsic process and is not
dependent on the participation of centers of defects or impurities.
In this case, the respective process of generation is impact
ionization, where an electron with appropriate kinetic energy could
develop an electron-hole pair by transporting its energy in the
valence band to an electron and promoting it to the conduction

band [83].

cB

VB

(a) (b)

Fig. (2.13) Two possible Auger recombination processes:(a) an
electron with momentum Kk; recombines with a hole k;, and another
electron at k; receives the liberated energy and is promoted to k;
(CHCC); (b) a similar process involving two holes and a single

electron at the outset (CHHH) [83].

2.9 DEFECTS

The existence of prohibited energy bands results from the periodicity
of the crystal potential. Any deviation from this periodicity will thus
introduce additional, allowable levels of energy to the electron in the
band-gap [83]. A crystal defect occurs by altering the perfect crystal in
such a way that it does not reproduce the original crystal. Defects can

generally be classified as point defects, line and surface defects, and
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dislocations. Defects can lead to band-gap states. Some defects have
favorable impacts, such as doping [84], figure (2.14) shows the defects in

one-dimensional periodic potential [83].

m-1 m m+ 1
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Fig. (2.14) Representation of a defect in a one-dimensional periodic

potential [83].

Defects that create states close to the center of the band-gap tend to
function as recombination centers. If conduction carriers are lost to these
recombination centers, the carrier population must reduce and the
conductivity must be weaker than without defects [84]. Point defects may
be divided up into impurity and native point defects. Impurities refer to
the random placement of foreign atoms in the crystal. Some impurities,
including doping, have a beneficial effect. However, other impurities and
defects of the native point aim to lower conduction and emission
efficiency. Point defects may extend over several nuclear lattice sites
[84].

2.10 THE EQUIVALENT CIRCUIT OF THE SOLAR CELLL

As shown in the figure (2.15) [80] an ideal solar cell can be
represented by a current source connected in parallel with a rectifying
diode. This model is the equivalent circuit diagram of the PV system and
is called the "four parameters model" which consists of a current source, a
diode, a series resistance, and parallel resistance. The current source
symbolizes the light produced by the solar cell, the diode represents the

nonlinear impedance of the PN junction, the resistance of the series Rg
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represents the internal electrical losses and the resistance of the shunt Rgy,
corresponds to the current of leakage to the ground. The respective JV

characteristic is defined in the solar cell equation of Shockley (2.46) [80]:

I=1y I (exp (Z—';) 1) (2.46)

Keeping in mind that a solar cell in the dark is simply a semiconductor
current rectifier or diode. I is the saturation current, the photo generated
current I, is closely related to the photon flux incident on the cell, and its

dependence on the wavelength of light [80].

[ 2| 57 e

Figure (2.15) The equivalent circuit of the optimal solar cell (full

line). The non-ideal components are shown by the dotted line [80].

The JV characteristics of an ideal solar cell comply with the
superposition principle: the functional dependence can be obtained from
the corresponding characteristic of a diode in the dark by shifting the
diode characteristic along the current axis by I, figure (2.16) [80].
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Figure (2.16) The superposition principle for solar cells [80].

In practice, the JV characteristic of a solar cell usually differs to
some degree from the ideal characteristic. A two-diode model is often
used to fit the observed curve, with a second diode containing an 'ideality
factor' of two in the denominator of the exponential term argument. Solar
cells (or circuits) also may have series (Rs) and parallel (or shunt, Rgy)

resistances, resulting in greater resistance [80].

V + IRs V + IR
1= Ton I°1<eXp( KT )) lo, (eXp< 2KT> 1)

2.10.1 PARASITIC RESISTANCES

e Series resistance Rq:

This resistance has the following components: a contact resistance
metal-semiconductor, ohmic resistance in the metal contacts, ohmic
resistance in the semiconductor material. Figure (2.17) indicates the
effects of series resistance [81]. It mainly affects the fill factor that is
influenced by increasing resistance. Only at high (usually not possible)

values does the short-circuit current drop off. To achieve the highest
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possible efficiency, the series resistance must be kept as low as possible

(equal or less than 0.5 Q.cm?) [81].
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Figure (2.17) The influence of series resistance on solar cell parameters

[81].

Series resistance Rg, can be calculated accurately by using both
light and dark measurements. In order to measure the dark current, a
higher voltage (V,) than the open-circuit voltage (Voc) 1s required to
obtain a current having the same value as the short-circuit current,
because the additional voltage drop at the series resistance must be
overcome. The series resistance can be determined from the difference
between the two voltages [81]:

Vo Voc = RsIsc (2.48)

e Shunt resistance Rg;:

The value of this resistance is evaluated by the leakage of currents
along the edges of the solar cell. Point defects in the PN junction also can
result in low parallel resistance. Such defects may be PN junction
interruptions, which arise during the diffusion of the n emitter, impurity
particles at certain points have hindered diffusion. The base material can

also be in electrical contact with the finger structure at a certain points,

37



generating a short-circuit (if only a small one) [81]. Figure (2.18) displays
the impact of shunt or parallel resistance. With lowering resistance the fill
factor FF reduces in the first estimation and only at very small values
(below 100 ©Q.cm?) the open-circuit voltage also lessens [81], short-circuit

current is not influenced by parallel resistance.
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Figure (2.18) The influence of shunt resistance on solar cell

parameters [81].

2.11 BASIC PHOTOVOLTAIC PARAMETERS

1. Short-circuit current

Short-circuit current (Isc) is the maximum current flow through the
solar cell at zero load condition (i.e. the short-circuited solar cell). The
maximum Igc voltage value across the solar cell will be zero. Short-circuit
current flows due to generation and collection of light-generated carriers.
It depends mainly on the number of incident photons and their spectrum,
the optical properties, collection probability and the area of a solar cell
[85]. The graphical representation of the short-circuit current is given in
figure (2.19) [76].

2. Open-circuit voltage

The open-circuit voltage (Voc) is the maximum voltage from the solar

cell. When the solar cell is open-circuit, there is no connection in the
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charges across the solar cell, then the current will be at its minimum
(zero) value, while the voltage will be at the highest value. By
establishing the net current to zero in the solar cell equation (2.49) [85],
Voc can be derived.

Voc = % In (I;)—Oh + 1)atI = 0 (2.49)

The open-circuit voltage (Voc) varies depending on the light
generated (I;p) and the saturation current (Iy) from the above formula. I
relies on the recombination of the solar cell. So, Voc is a measure of the
amount of recombination of the solar cell. The graphical representation of

Vocis illustrated in figure (2.19) [76].
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Figure (2.19) Isc and Vo representation in J-V cure [76].

3. Fill Factor and maximum power

The fill factor, indicated by FF in figure (2.20) [86], is a graphical
tool that provides a ratio that defines the quality of a power cell.
Generally, a less rounded JV characteristic curve would provide a higher
fill factor and a high-quality solar cell. The fill factor is characterized as
[86]:

ImPPVmPP _ Pmpp

FF =

= (2.50)
ISCVOC ISCVOC

Where:
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Popp 15 the power at the maximum power point, V,,, 1s the maximum
voltage, Iy, 1s the maximum current, Voc is open-circuit voltage, I is

short-circuit current.

FF

>V

L
Vap Ve

Figure (2.20) Characteristic curves of a solar cell diode [86].

4. Efficiency

Solar cell efficiency provides the means of quantifying the power
output of a PV cell as a percentage-ratio of the input of the sun. A low-
efficiency cell requires more power generation, needs more natural
resources, and will have a higher relative cost of manufacturing compared

to a more efficient cell [86].

Prpp  IscVoc FF
= = AreatemD 100 (2.51)

000

Where:
P;, is the solar cell input power, FF is the fill factor, and Area is the

surface area of the solar cell.

5. Quantum Efficacy
Spectral response provides important data on the spectral reliance of
the photocurrent which is used to identify the factors involved for the

short-circuit current reduction. Quantum efficiency is closely linked to
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the spectral response. External Quantum Efficiency (EQE) is the ratio of
the number of carriers collected to the number of incident photons of a
given energy. The EQE includes the impact of photons that are
transmitted and reflected. However, it is more necessary to assess the
efficiency of the carrier's collection by investigating Internal Quantum
Efficiency (IQE). The IQE refers to the quantum efficiency that could be
produced by photons which are not reflected and transmitted. The IQE

can be calculated by the equation [87]:

EQE(A)

IQE(A) = 1-R()-T(A)

(2.52)

Where, R is the Reflectance, and T is the Transmittance.
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CHAPTER THREE
3C-SiC SOLAR CELL

3.1 INTRODUCTION

Photovoltaic solar cells have become widely accepted for the
production of clean, renewable energy. This was premised on more than
40 years of research that has profited from the revolution in silicon
electronics and compound semiconductors in optoelectronics [88]. The
challenge is to gain maximum amount of electrical power from the
energy of the sun. In addition to the restrictions of the basic science of
such devices, the formulation of materials presents a serious challenge.
The latter became more prevalent in the need to lower the cost of
photovoltaic modules manufacturing as it joins popular power generation
[88].

Two basic specifications that constrain the efficiency of the cell: the
portion of solar photons absorbed in the cell and the electric power
generated per photon [88]. The first factor is determined by integrating
the suitable AM quantity over the solar spectrum as well as the cut-off
wavelength of the semiconductor absorber layer, the second efficiency
factor implies that not all photon energy would be transformed to electric
power and this process is related to the energy gap of the semiconductor.

Other factors that may affect the option of solar cells materials have
included the following [88]:

e Absorption coefficient

e Contact resistance

e The abundance of raw materials

e Toxicity of materials

e Stability of materials and junctions
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e Radiation resistance

These factors were considered when selecting different photovoltaic
systems to evaluate the merits of various materials. Indeed, there is not
one best choice, but different applications could even make one material
more desirable than the other.

3.2 THE DEVICE STRUCTURE OF PIN 3C-SiC SOLAR CELL:

Figure (3.1) depicts a schematic representation of a PIN 3C-SiC
solar cell which is proposed in the current work. The simulation of the
current cell structure is based on the deposition of a p-type layer which is
a 3C-SiC doped with Al with a band-gap of 1.139 eV, followed by a layer
of intrinsic (3C-SiC) with a band-gap of 2.39 eV. The following layer is
the buffer which consists of two layers the first is n-type 3C-SiC layer
with a band-gap of 2.39 eV and the other is n-type layer of Cr-doped in
3C-SiC with a band-gap of 1.454 eV and finally the anti-reflection
coating material that is SnO, n-type window layer with a band-gap of 3.6
eV.

Window -
Buffer s |: n-(3C-SiC)

n-Cr(3C-SiC)
Intrinsic layer g i-(3C-SiC)
Absorber wpe p-A.l(3C-SlC)

Fig. (3.1) PIN 3C-SiC solar cell structure.
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3.2.1_ THE SILICON CARBIDE (3C-SiC) MATERIAL

Silicon (Si) is the most widely used material in electronic devices,
due to its elementary features that are optimal in a wide range of
circumstances. Even so, there are restrictions with Si, such as the
miniaturization process may demonstrate to make silicon unreliable to
high temperatures. The potential to handle the required operating
conditions was a major concern. This implies that devices that use silicon
are not advantageous for operation at temperatures exceeding 250 °C.
However, it can be possible to operate beyond this temperature with SiC
due to its large band-gap [89].

Silicon carbide (SiC) is a wide band-gap semiconductor material that
maintains excellent characteristics, including a wide band-gap (more than
2 eV), elevated breakdown voltage (3.0 mV/cm), high thermal
conductivity (3.7 W/cm °C), lower carrier concentration and good oxide

structure capability [89].

3.2.2 STRUCTURE OF SILICON CARBIDE (SiC)

SiC crystal is a compound of Si and carbon (C) with good bonding
energy. This enables a quite strong tetrahedral covalent bond to be
formed. Four atoms of silicon are combined with one carbon atom to
form a SiC compound and the silicon-silicon, silicon-carbon spacing is
3.04 A and 1.89 A, respectively [90]. Silicon Carbide is available in 250
crystal structures recognized as polytypes, and the difference between
them is the stacking. The most commonly used polytypes are 3C, 4H, 6H,
15R, the numbers 3, 4, 6, 15 indicating the layers necessary to form
atomic topology (periodicity) and cubic (C), hexagonal (H), rhomboedral
(R) representing a crystallographic categorization [89].
3C-SiC or B-SiC has a cubic phase zinc blend structure. The
configuration of the 3C-SiC crystal, shown in figure (3.2). Si atoms

44



occupy the vertex and face centers of the cubic lattice, while C atoms
occupy the inner tetrahedral positions [91], whereas 4H, 6H, 15H has a

wurtzite structure (hexagonal) [89].

Fig. (3.2) 3C-SiC crystal structure [91].

3.2.3 PROPERTIES OF SILICON CARBIDE

Silicon carbide (SiC) is an indirect and wide band-gap material with
quite excellent electrical properties such as high electron mobility and
drift velocity saturation [92], in addition to high strength and durability,
good chemical resistance, excellent thermal conductivity, and high
thermal stability. These characteristics make it the perfect material for
electrical devices used in high-power, high-temperature, and high-
frequency environments [63]. The 3C-SiC However has specific
important advantages that also make it extremely desirable for power
devices. The major benefit of the cubic SiC polytype is the lower cost of
manufacturing [57]. Due to the non-sensitivity of the SiC to long
wavelengths of light ranging from most visible to infrared regions of the
optical spectrum as a result of its indirect and wide band-gap [93]. It is
therefore very necessary to find an effective method for improving its
luminous efficiency. Doping has known to be an efficient technique of
modifying the properties of SiC material. Table (3.1) illustrates the

parameters of the 3C-SiC material.
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Table (3.1) 3C-SiC parameter set [94].

Parameter 3C-SiC
a(eVK" 0.66 x 10 °
B (K) 1335
Electron affinity (eV) 3.83

Dielectric permittivity (relative) 9.720
Nc (300 K) (cm °) 1.5536 x 10"
Ny (300 K) (cm ) 1.1639 x 10"

i, electron mobility (cm™ V' s™) 6.500%10°

uy, hole mobility (cm”. V™' s™) 4.000*10

Electron thermal velocity (cm.s™) 1.000%10’
Hole thermal velocity (cm.s™) 1.000%10’

3.3 AI-DOPED 3C-SiC ABSORBER LAYER
The absorber layer of the current cell is a 3C-SiC doped with Al to

have p-type properties based on what was done by Lu in 2019 [91]. As
for Al impurities in 3C-SiC, the band-gap is smaller than the un-doped
system. The Al-doped 3C-SiC fermi energy level enters the valence band
region figure (3.3), indicating that its metallicity rises, and the
conductivity of the doped system increases with a massive rise in carrier
concentration [95]. The number of valence bands levels increases
dramatically and the band-gap slightly increasing to 1.454 eV [91]. Due
to the smaller band-gap, the host peaks of the doped systems are moving
in the direction of low energy, which means that a red-shift phenomenon

occurs [91].
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Fig. (3.3) Band structures of Al-doped 3C-SiC [91].
3.4 3C-SiC INTRINSIC LAYER

The main design of the cell is a PIN structure, quite common for
inorganic optoelectronic devices [96], which is typically defined by an
intrinsic (1) semiconductor layer, sandwiched between the p-doped and
the n-doped semiconductor layer. Involving an intrinsic semiconductor as
a central photoactive layer, providing the driving force for the separation
of charges [96]. On the other hand, i-layer placement between p and n
layers has to lead to higher wavelength response compared with PN
junction [66]. The primary advantage of using PIN configuration over PN
configuration is a better response of long-wavelength [66]. Photons enter
deeply into the cell in the case of long-wavelength irradiation. However,
only those electron-hole pairs that have been produced near the depletion
region are contributing in the current generation. The depletion region of
the PIN structure stretches throughout the intrinsic region and allows the
pairs to be created profoundly inside the device; this enhances the
quantum efficiency of the cell and therefore increases the Jsc [66]. In the
present work, the intrinsic layer inserted between the absorber and the
buffer is a 3C-SiC un-doped material with a band-gap of 2.39 eV, figure
(3.4) shows the band structure of i-(3C-SiC). Moreover, the un-doped
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system has high absorption and reflectivity in ultraviolet regions (80-390
nm) and introduces the "Barrier Type" property, however, in a visible
region (390-780 nm) the system utilizes low absorption coefficients and

reflectivity, introducing the "Transparent Type" [91].
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Fig. (3.4) Band structure of i-(3C-SiC) [97].

3.5 Cr-DOPED 3C-SiC AND n'-(3C-SiC) BUFFER LAYERS

The buffer layer of the current cell consists of two thin layers of n-
type 3C-SiC with a band-gap of 2.39 eV which is heavily doped to
produce n" layer and 3C-SiC doped with Cr to have n-type properties
based on what was done by Lu in 2019 [91]. The Cr-doped 3C-SiC band
structure 1s shown in figure (3.5). It must be indicated that the fermi level
enters the conduction band after doping, and then the Cr-doped 3C-SiC
system shows a strong metallic property [91]. The Cr doping system has a
relatively higher level of energy, that is, the amount of electron
occupying energy is rising and the concentration of the carrier is
increasing. Particularly in comparison to un-doped 3C-SiC, the Cr-doped
3C-SiC band-gap decreased to a certain extent (E,=1.139 eV) [91]. The
Cr doping system's band-gap lessens because the CB's shifting distance is
larger than VB. The band-gap of the Cr-doped systems is lowered, which
reduces the energy needed for the electrons from the excitation band to

the conduction band, and the absorption band moves to a lower energy

48



state relative to the Al-doped 3C-SiC system, i.e. the ability to respond to
visible light is much higher than that of the Al-doped system [91].
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Fig. (3.5) Band structure of Cr-doped 3C-SiC [91].
3.6 WINDOW LAYER n-(SnQ,)

The top contact of the solar cell is recommended to be electrically
conductive and transparent to allow solar radiation to flow through, a
Transparent Conducting Oxide (TCO) was therefore used [98]. Electrical
contacts are also needed to extract the current generated in the cell. Tin
Oxide is the most widely utilized Transparent Conducting Oxide (TCO)
for thin film solar cells, owing to its high conductivity, low reflectance,
wide band-gap, and low sheet resistance [73]. It offers a high degree of
conductivity and transmission. Another considerable attraction is its
compatibility with low cost and mass production [98]. Figure (3.6) shows
the structure of SnO,, figure (3.7) is the energy band structure of SnQO,.
The parameters set of SnO; is illustrated in the table (3.2).
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Fig. (3.7) energy band structure of bulk SnO, [99].
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Table (3.2) n-SnO, parameters [100].
Parameters
E; (eV)
Electron affinity (eV)

Dielectric permittivity (relative)
Nc (cm 3)
Ny (em )

i, electron mobility (cm®. V™' s™)

iy, hole mobility (cm”. V™' s™)

Electron thermal velocity (cm.s™)

Hole thermal velocity (cm.s'l)
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1_INTRODUCTION

The performance of solar cells relies on their design, material
characteristics and manufacturing technology. Photovoltaic (PV) studies
investigate enhanced cells over time, although the total process is
complicated, expensive, and time-consuming. Numerical simulation is the
best method for solar cell researchers, which helps to identify an
optimized structure with decent parameters. As a result manufacturing
difficulty, time and expense greatly decreased [101]. Simulation software
is progressively used to offer knowledge into the details of the physical
functioning of thin-film solar cells. Numerous modeling tools particular
to PV devices were grown over the years. A number of these tools have
reached maturity and are obtainable and free to the PV community.

4.2 SCAPS-1D SIMULATION SOFTWARE

The electrical solar cell simulation software SCAPS (Solar Cell
Capacitance Simulator) is a development of the University of Gent by
Prof. M. Burgelman et al. in the Department of Electronics and
Information Systems and is available to the photovoltaic research
community, it is a computer-based window application software written
in C code [102]. In recent years, its abilities have been improved, such as
band-gap grading and all other semiconductor properties [103]. SCAPS
work on the use of basic semiconductor equations such as the Poisson
equation, and Continuity equation for both of electrons, and holes.
SCAPS computes the different profiles of the defined architectures, such
as steady-state band diagram, carrier transport, and recombination, and

bulk defects [102]. SCAPS can manage steady-state illumination by
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monochromatic light or through standard spectrum light (defaults are

AM1.5 G and AM1.5D), figure (4.1) shows the SCAPS user interface.
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Fig. (4.1) The SCAPS user interface.

4.2.1_BASIC PRINCIPLE OF SOLAR CELL CAPACITANCE
SIMULATOR (SCAPS) - 1D SCAPS

1-D SCAP discretized device with length L into N intervals and
N-+1 main grid points which would not be uniform as seen in figure (4.2)
and solve numerically utilizing Poisson equations and continuity
equations for each grid point with appropriate boundary conditions [102].
Three variables ¥, Ep,, and Eg, are then solving at every grid point (node)
from 1 to N+1, defined by solid lines under the light, voltage, and
temperature conditions, and other variables such as electric field, carrier
concentration, or trapped charges are defined, the recombination profiles,
electron and hole current densities, as well as other data on transport,
maybe gained [102]. Then the overall characteristic of the JV could then
be acquired from J(x) = Ju(x) + J,(x). These are not just the JV
characteristics, as well as the spectral response, QE, and the capacitance

measurements CV and CF [102].
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Fig. (4.2) Intervals and grids used in the numerical method. There are N

intervals (dashed lines) and N +1 major grid points (solid lines) [102].

This software has been designed to effectively simulate the electrical
properties (DC or AC) of thin-film solar heterojunction cells. The
problem of solar cell simulation is stored in an ASCII file that can be read
and entirely modified by the SCAPS graphical user interface [102]. This
software is organized in several panels (or windows) where the user can
select variables or show the results. It opens via an action panel in which
the user can set an operating point (temperature, voltage, frequency,
illumination) and an action list of the computations to be performed (JV,
CV, CF, and QE) [102]. The user can navigate to a wide range of
auxiliary panels also cannot only directly view initially measured data,
but also band diagrams, electric field, carrier densities, partial
recombination currents, i.e. one single mechanism. All measurements can
be stored in ASCII format to be treated by the user using their favored set

of tools.

4.2.2 GENERAL SCAPS WORKING POINT PARAMETERS

The working point clearly states parameters that are not modified
in a measurement simulation and that are relevant to that measurement,

figure (4.3) shows the working point parameter for SCAPS.
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The temperature T: relevant for all measurements. In SCAPS, only
Nc (T), Ny (T), thermal velocity, thermal voltage KT, and all their
derivatives will be the only factors that have an explicit
temperature dependence; that should be entered according to the
correlating material parameters for each T [102].

Voltage V: is discarded in JV and CV simulations. It is the dc-bias
voltage in the CF simulation and the QE (A) simulation. SCAPS
begins at 0 V and continues at the working point voltage in a
sequence of iterations that user should also specify [102].
Frequency f: is discarded in JV, QE (A), and CF simulations. It is
the frequency where the CV evaluation is modeled [102].

The illumination: is used for all measurements. It defines the bias
light requirements for the QE (A) measurement. The fundamental
settings are dark or light, the decision of the illuminated side, the
selection of the spectrum. A single sun (= 1000 W.m?)
illumination with the air mass 1.5. The global spectrum is the
default, but there is a wide range of monochromatic light and

spectra for specialized simulation [102].

Working point
Temperature (K) 530000
Voltage (V) ~ 0.0000
Frequency (Hz) ~ 1.000E+6
Number of points 35

lllumination: Dark .—“ Light

Fig. (4.3) General working point parameter.
REFERENCE CELL

In the current study, the proposed solar cell PIN structure consists

of five layers; the absorber is a p-(3C-SiC) doped with Al with a band-

gap of 1.454 eV, an intrinsic layer of (3C-SiC) with a band-gap of 2.39
eV. Two buffers are used an n'(3C-SiC) with a band-gap of 2.39 eV and
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an n-(3C-SiC) doped with Cr with a band-gap of 1.139 eV and a window
layer of SnO, with a band-gap of 3.6 eV. The cell structure is shown in

Y

n - 3C-SiC

n(Cr_3C-SiC)

1-3C-SiC

p-(Al 3C-SiC)

Fig. (4.4) Structure of the PIN 3C-SiC solar cell used in the numerical

simulation

In the current design of the solar cell, material parameters such as
thickness and doping density must have initial values. These initial values
have to be in a reasonable range for each layer to obtain a structure with
excellent performance and relatively low cost. The reference cell is a
structure with initial inputs that are selected according to the layered role
in the cell and to the acceptable useable range. The output parameters as
well as quantum efficiency will be the baseline output of the cell, and

then a parametric study will occur on this reference cell.

The present study includes the effect of thickness and doping
density for each layer of the reference cell on the photovoltaic parameters
(short-circuit current density Jsc, open-circuit voltage Voc, fill factor FF,
and the efficiency 1), besides the physical characteristics or the impact of
the environmental conditions on the cell output which represented by the

temperature and light intensity. To eliminate the reliance of the solar cell
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area, the short-circuit current density (Jsc in mA.cm™) is more popular
than the short-circuit current Igc. Table (4.1) includes the thickness and
the doping density for all the layers as inputs of the reference cell. The

defects of each layer were fixed on the values given in appendix (B).

Table (4.1) Initial values of the 3C-SiC solar cell.

layer Doping density (cm™) Thickness (um)

p-Al(3C-SiC) N.=10"

i-(3C-SiC) 10"

n-Cr(3C-SiC) Ng=10"

n"(3C-SiC) Ng&=10"

n-Sn0O, N&=10"

4.4 SIMULATION RESULTS OF THE REFERENCE CELL

The JV curve of the reference cell with initial values is shown in
figures (4.5) and (4.6) which include the dark and light cases, where (Voc
= 0.2524 V, Jsc =34.66 mA.cm>, FF = 41.21% and 1 = 3.61%). Figure
(4.7) shows the quantum efficiency response with the wavelength of the
cell with the initial values. The peak response of the cell is (50 %) at the
wavelength from (800 to 900 nm). The range drops from (800 nm to
approximately 420 nm) due to the recombination processes in the
interfaces from (55 % to 23 %) and starts to elevate again from (23 % to
less than 40 %) in the range of wavelengths from (less than 400 nm to

300 nm).
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Fig. (4.5) JV curve of the reference cell (a) Dark (b) Light.
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Fig. (4.6) Quantum efficiency of the reference cell.

The energy band structure of the 3C-SiC cell is shown in figure (4.7)
under AM 1.5 illumination of 1000 W.m?, 0 V bias, and thermodynamic

equilibrium with the constant fermi level (Eg) through the cell.

T
Eg=1.139eV

05 A
—
i iEg=1 454 aV
\——____________
05
s [r— | ;Egzi:ﬁe\l’ |
8 ap .
- ‘ Eg=3geV
g
Easp .
w |
2 e |
s Eln " :
25— =750 G |
— Eg=2.39 &V
b

Thickness (um)

Fig. (4.7) Energy band structure of 3C-SiC cell with initial values.
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4.5 PARAMETRIC STUDY

To have a solar cell with the best performance, a parametric study on
the major parameters of the cell should be carried out. The study begins
by taking the doping density as the first parameter to be changed within a
reasonable range for each cell layer until the best cell performance is
achieved. The same thing happens on the thickness parameter for all

layers.

4.5.1 EFFECT OF CARRIER CONCENTRATION

Each layer of the cell must have a certain doping density to produce an
optimum power conversion efficiency. The parametric study starts by
keeping the thickness of the whole layers constant at the initial values and
start varying the doping density in a single layer independently and
keeping the doping of the other layers constant at the initial values to

study its effect on the cell performance.

e ABSORBER LAYER P-AI3C-SiC)

In this section, the simulation software will be used to investigate the
effect of the carrier concentration of the absorber layer by changing the
doping density of the acceptor N, from 10'°to 10"° cm™, while the doping
density of the other layers was kept at the initial values. The simulation

results are listed in table (4.2).
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Table (4.2) The impact of the carrier concentration variation in the

absorber on the output parameters.

Jsc (mA.cm™)

29.86

30.81

33.68

34.66

35.05

36.32

The results in figure (4.8) shows that, changing the doping density
in the absorber layer plays a significant role in enhancing the
performance of the cell, resulting in a dramatic increase in efficiency
from 0.87 to 18.73 % with the doping density increasing from 10'’to 10"
cm” respectively. These results give an indication that the optimum
doping density for this layer is at N,=10" cm™. With an increase in the
carrier concentration, the saturation process of the cell increases as does
the Voc [103]. However, increasing the doping density more than N,=10"
cm”, recombination at the interface becomes large and the possibility of
the accumulation of photo generated electrons reduced, and as a result a
reduction in the current and conversion efficiency [103]. Increasing
carrier concentration more than the optimum value also leads to a
reduction of the band-gap and the minority carrier lifetime as well
[104][105]. Figure (4.9) shows the enhancement of the shape of the JV

curve with increasing the absorber layer doping density.
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Fig. (4.9) The impact of carrier concentration variation in the

absorber layer on the JV shape of the cell.

e BUFFER LAYERS n*(3C-SiC) and n-Cr (3C-SiC)

The doping density Ny of the n"(3C-SiC) layer was varied from 10'® to
10* cm™, while keeping the doping density in the absorber layer at the
previous optimum value (i.e. N,=10" cm™ ), the doping density of the
other layers are kept at the initial values. It i1s found from the results
shown in figure (4.10), that the carrier concentration in the buffer layer
increases from 10'® to 10** cm™ a power conversion efficiency of the cell
increases from 16.84 to 21.52%, while Jsc increases slightly from 36.12
to 36.47 mA.cm™ and the V¢ is almost constant at 0.735 V. The effect of
the carrier concentration in this layer on the output of the cell is not as
significant as the carrier concentration effect in the absorber. The
optimum doping density in this layer is at Ng =10** cm™ that produces an
efficiency of 21.44 %. The main role of the top n" layer is to enhance the
absorption in the UV region of the spectrum and consequently enhance
the performance of the cell [106]. Figure (4.10) shows the effect of
doping density in the n' layer on the output parameters, while figure
(4.11) shows the effect of doping variation in the n" layer on the JV

curve.
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Fig. (4.10) The impact of doping concentration variation in the n" on

the (a) Open-circuit voltage (Voc) (b) Short-circuit current density

(Jsc) (c) Fill Factor (FF) (d) Efficiency (n).
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The effect of carrier concentration will be investigated on the
second buffer layer n-Cr (3C-SiC), keeping the donor concentration in the
n' layer at N&=10% cm™, the acceptor concentration in the absorber at
N,=10" cm™, and other layers at their initial values. It is obvious from the
results that, for donor concentration from (10" to 10" cm™) the
efficiency of the cell does not elevate and stays at (21.44 %) and the
values of V¢, as well as Jgc, remain constant at 0.7351 V and 36.47
mA.cm” respectively. The reason behind this is that the donor density in
the buffer should not be less than the acceptor, due to the sever
recombination in the interface that will occur [107]. Since, the acceptor

concentration of the p-(3C-SiC) was at the value (10" cm™), as the donor
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density equal to that value, the electron traps decreases to a lower level at
the interface, which finally makes the Js¢ increase and consequently the
efficiency. As the donor concentration increased up to 10" cm>, a
moderate increment of Jsc from 36.47 to 37.70 mA.cm™ and efficiency
from 21.44 to 22.69 %, which leads to an additional decrement of
electron traps in the interface. However, beyond the value of 10" cm™ is
not a good choice for a semi-conductive material, as it can be turned into
a metallic regime due to 'Mott transition' rule [107]. Therefore, in this
study, the donor concentration of 10" cm™can be considered as an
optimum value for n-(Cr-3C-SiC) buffer layer which gives an efficiency

of 22.69 %. Figure (4.12) shows the effect of carrier concentration

variation on the fill factor and the efficiency of the cell.
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Fig. (4.12) The impact of doping concentration variation in the n-Cr

(3C-SiC) on the (a) Fill Factor (FF) (b) Efficiency (1).
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The variation of carrier concentration in the n-Cr (3C-SiC) buffer
layer has a noticeable impact on the quantum efficiency response
especially in the wavelength range from 600 to 900 nm. It starts to

increase slightly with doping at Ng>10"" cm?

and reaches the peak
response at Nq ~10" ¢cm™ at wavelengths range 800 to 900 nm as shown

in figure (4.13).
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Fig. (4.13) The impact of doping concentration variation in the n-Cr
(3C-SiC) on the QE.

The overall impact of the carrier concentration variation in the
intrinsic layer of 3C-SiC and the SnO, layer is not obvious i.e. does not
have a high impact on cell performance. The optimum carrier
concentration of the i-(3C-SiC) is 10" cm™ and for SnO, is Ng=10"% cm™,
which produces a power conversion efficiency of 22.78 %, Voc of 0.7354

V, Jsc of 37.70 mA.cm™ and fill factor of 82.18 %.

As a summary of the parametric study on the carrier concentration of
each layer of the reference cell, the optimum doping densities that give

the better performance are for p-Al(3C-SiC) layer is N,=10", for n"(3C-
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SiC) is Ng=10%, for n-Cr(3C-SiC) is Ny=10"", for SnO, is N=10"%, and

carrier concentration of 10" cm™ for i-(3C-SiC).

4.5.2 EFFECT OF THICKNESS

This part of the simulation will consider the thickness as the subject of
study. By keeping the doping density for all the layers at the optimum
values mentioned before, the second step is varying the thickness of each
layer independently to get the best performance of the structure. This
process is achieved for the whole layers of the cell until reaches the best

conversion efficiency and better response.

e ABSORBER LAYER p-Al(3C-SiC)

The influence of the absorber layer thickness on the cell performance
will investigate in this part of the study. The simulation achieved by
varying the thickness of absorber from 1 um to 3 um with a step of 0.5,
while the thickness of other layers is kept at their initial values. It is clear
from the results that the increase in the thickness of the absorber layer
produces a slight increment in Voc from 0.73 to 0.76 V and the fill factor
from 82.18 to 83.94 % that in turn elevates the efficiency from 22.78 to
24.14 %, while the short-circuit current density is almost constant at 37.7
mA.cm™. This can be ascribed to the increase in the collection of photo-
generated carriers before recombination that improves efficiency.
However, the absorber layer thickness cannot be increased excessively,
the thickness that is more than 3 um makes the Voc, Jsc, FF, and the
efficiency only increase marginally and it can be considered almost
saturated. Further increase in the thickness of this layer will cause a part
of the incoming photons being absorbed deeply far from the space-charge
region, and the generated carriers cannot reach the depletion region
during their lifetime and they will be recombined. In other words, the

increase in the absorber layer thickness makes the possibility of
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increasing the bulk recombination [108]. Thus, it can be considered that

the optimum absorber layer thickness is 3 pum which produces an

efficiency of 24.14 %. Figure (4.14) shows the effect of absorber layer

thickness on the fill factor and the efficiency of the cell, and figure (4.15)

shows the JV variation with thickness for the current layer.
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Fig. (4.15) The impact of thickness variation in the absorber layer on

the JV curve of the cell.
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e INTRINSIC LAYER i-(3C-SiC)

The second part of thickness tailoring, the thickness of the absorber
layer is kept at 3 um, other layer thicknesses kept at their initial values,
and the intrinsic layer thickness is varying from 1 to 2.5 um in a step of
0.5 to investigate the influence of this layer thickness variation on the cell
performance. The simulation results depicted are in the table (4.3). It is so
clear that the role of this layer thickness is the most dominant. Increasing
the intrinsic layer thickness elevates the efficiency excessively from
24.14 to 34.45%. The main role of this layer is that it enlarges the width
of the space-charge region, where the creation of electron-hole pairs
occurs due to photons absorption, thus an increase in Jgc will follow, and
consequently the efficiency increase, while the V¢ is almost constant.
The results imply that as the thickness of the active layer increases from 1
to 2.5 um, Jsc increases from 37.73 to 54.27 mA.cm™ due to an increase
in the photo-generated carriers, thus the efficiency also increases. Figure
(4.16) shows the impact of intrinsic layer thickness on the output

parameters of the cell.

Table (4.3) The impact of the thickness variation of the intrinsic layer

on the output parameters.

Thickness Jsc (mA.cm™)

(nm)

1

1.5

2
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Fig. (4.16) The impact of thickness variation in the i-(3C-SiC) on the
(a) Open-circuit voltage (Voc) (b) Short-circuit current density (Jsc)
(¢) Fill Factor (FF) (d) Efficiency (1).

The FF is the percentage of the collected pairs compared to
created, therefore when the intrinsic layer thickness increases, a general
decrease in the FF due to the generation-recombination balance [109]. On
the other hand, increase the thickness of the intrinsic layer will add
additional series resistance, which in turn reduces the fill factor. As well
to that, when the intrinsic layer becomes thicker than the diffusion length
of photo-generated carriers, most of the generated carriers will be trapped
in this layer and it becomes difficult for these carriers to reach the
electrodes. Thus, the optimum thickness of this layer is 2.5 um, which

gives the highest power conversion efficiency and the most enhanced
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quantum efficiency as shown in figure (4.17), but the cell still needs
optimization on the other layers thickness to reduce the very high value of

the Jsc and keep the efficiency at a high value.
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Fig. (4.17) The impact of intrinsic layer thickness variation on the
QE.
Figure (4.17) shows the improvement in the QE of the cell with

increasing intrinsic layer thickness from 1 to 2.5 pm and the
improvement include the whole range of the wavelength from 300 to 900
nm, which implies the significant role of this layer in the enhancement of
the cell performance. Figure (4.18) also shows the improvement in the JV
curve which is related to the increment in the short-circuit current density

with a thickness variation of the current layer.
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Fig. (4.18) The impact of intrinsic layer thickness variation on the JV

curve shape of the cell.

e WINDOW LAYER n-Sn0O2

Every solar cell must have anti-reflecting coating material with
optimum thickness to reduce reflection losses and enhance the
performance of the cell. To reduce the high short-circuit current that
produces due to using a relative thick intrinsic layer, a thickness of anti-
reflecting coating material that is more than 0.1 pm is required to increase
the absorption in this layer and reduce the number of photons reach the
absorber and consequently the photo-generated carriers, and this will
yield a decrease the short-circuit current. The simulation performed by
varying the thickness of this layer from 0.1 to 0.2 um in a step of 0.025.
Figure (4.19) shows the impact of anti-reflecting layer thickness on Jgc
and efficiency. It is so clear from the results that the increase in the
thickness of this layer has a direct effect on the reduction of Jsc from

54.27 to 50.24 mA.cm?, while no impact on the Voc was observed,
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which was kept constant at 0.767 V. As shown in figure (4.19 b) the
change in Jgc affect on the efficiency. Thus increasing the thickness of
anti-reflecting layer more than the optimum value that is in the range of
100 to 200 nm degrades the efficiency and causes the SnO, to lose its
feature as anti-reflecting material. The optimum thickness value for this

layer is 0.2 um.
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Fig. (4.19) The influence of SnO, layer thickness on the (a) Short-
circuit current density (Jsc) (b) Efficiency (n).

Figure (4.20) shows the influence of increasing the thickness of the
window layer in reducing the quantum efficiency of the cell. Thus, there
must be a trade-off between the cell parameters i.e. reducing the short-
circuit current to the detriment of efficiency degradation, so a precise
decision must be taken in choosing the thickness of each layer. Figure
(4.21) shows a slight change in the shape of JV curve in the current step

of the simulation.
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e BUFFER LAYER n’ (3C-SiC) AND n-Cr(3C-SiC)

In this part of the simulation, the effect of the two buffer layers
thickness on solar cell performance is investigated. The n” layer thickness
is varying from 0.05 to 0.1 um in a step of 0.01, while the thickness of
the absorber is kept at 3 um, the intrinsic is at 2.5 um, and the window
layer is at 0. 2 um. Table (4.4) depicts the output parameters response
with n" layer thickness variation. The results show that the increase in the
buffer thickness causes a reduction in the cell parameters. However, the
reduction is not so noteworthy for the efficiency as that for Jsc as shown
in figure (4.22), while Vo is almost constant at 0.768 V. This result can
be attributed to the photon loss that occurs in a thick buffer layer. That is,
as the buffer layer thickness is increased, more incident photons will be
absorbed by the n" (3C-SiC) layer, which will affect a decrease of
photons that can be capture by the absorber layer. Therefore, the absorbed
photons will yield less electron-hole pairs, thus decreasing the quantum
efficiency of the cell. Although the higher performance of the cell
obtained at thinner buffer layers but too thin buffer layer may result in
leakage current, so the optimized and the preferred buffer layer thickness
in this cell 1s 0.1 um, which gives the minimum short-circuit current
density and still produce a good efficiency.

Table (4.4) The output parameters with n* layer thickness variation.

Thickness Jsc (mA.cm™)
(nm)

0.05 50.24

0.06 49.72

0.07 49.20

0.08 48.69

0.09 48.19

0.1 47.69
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Figure (4.23) shows the impact of changing this layer thickness on the
QE of the cell, which proves that as the n' buffer layer thickness
decreases the QE of the cell improves especially in the UV region. Figure
(4.24) illustrates the very slight variation of the JV shape with n* buffer

thickness variation.
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Fig. (4.23) The impact of n"(3C-SiC) layer thickness on the QE.
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Fig. (4.24) The impact of n"(3C-SiC) layer thickness on the JV curve.
On the other hand, changing the n-Cr (3C-SiC) thickness does not

have a noticeable effect on cell performance. Thus taking a thin layer of

100 nm 1is better to reduce the cell resistance.

As a conclusion of the parametric study on the thickness parameter,
the optimum thicknesses for each layer of the cell are (3, 2.5, 0.1, 0.1, and
0.2 um) for (p-Al(3C-SiC), i-(3C-SiC), n-Cr(3C-SiC), n'(3C-SiC) and n-
(SnO,)) respectively, that produce a power conversion efficiency of 30.27

%, Voc 0.7680 V, Jsc 47.63 mA.cm™, and a fill factor of 82.74 %.
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CHAPTER FIVE
PHYSICAL CHARACTERISTICS

5.1 INTRODUCTION

The efficiency of solar cells is generally studied for (STC) Standard
Testing Conditions, which are: 1000 W.m™ direct ordinary intensity of
light, Air Mass of 1.5 (AM 1.5) and 300 K temperature. The PV cells
behavior dramatically affected by the temperature as, in the applications
of terrestrial, they are commonly facing temperatures in the ranges from
(288 K) 15 °C to (323 K) 50 °C [77] and to also temperatures higher than
that in space applications and systems of the concentrator [110].
Increasing temperature causes both FF and PCE to decrease, the
efficiency degradation due to V¢ decrease [110][111][112][113]. On the
other hand, the output current of solar cells is directly proportional to the
irradiation, so any change of the light intensity causes a proportional
change in the Jsc [111], while the open-circuit voltage Voc is less
sensitive to light intensity than the short-circuit current. Thus, the power
conversion efficiency and the whole performance of the cell will be
influenced by the light intensity variation.

5.2 ILLUMINATION AND TEMPERATURE IMPACT

The characteristics of (JV) curve of a single diode model of the PV
cell are usually described as given in equation (5.1) [114][91][102][115],
which constructed from five variables called photo generated current
(Iph), current of reverse saturation (ly), factor of diode ideality (n),
resistance of series (Rg) and resistance of shunt (Rg,). These variables
have a strong and direct effect on the (JV) curve shape of a solar cell at
any level of light intensity and temperature and therefore determine the

values of the parameters of the performance [112].
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1
=1y, Iy[exp (m(VHRS) 1| ¢ w+IR) (1)

Where, Vg, is the thermal voltage =KT/q, and G= 1/Rg, is the
conductance of shunt Rgy, .

The impact of light intensity on the photovoltaic parameters is
represented by its effect on Voc and Jsc. Open-circuit voltage Voc as a

function of irradiation can be express in the following equation:
nKT E
Voc = Voen + —In(—)  (5.2)
q Ion

Where: V., and [y, are the open-circuit voltage and the irradiation under
nominal conditions, while the relationship that links Jsc with the
irradiance I, can be written in the equation (5.3) [111]:

Jse =Kg X1y (5.3)

Where Kg is a constant represents the relative variation of Jgc as a
function of illumination. Many attempts were achieved to study the
dependency of solar cell parameters to the major conditions of the
environment, the irradiation and the temperature. The behavior of the PV
cell is affected by light intensity variance as its performance variables, i.e.
open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor
(FF) and efficiency (n). These parameters are directly related to the
characteristics of the cells, that is resistance of series (Rg), resistance of
shunt (Rg,=1 / Ggp,), and the current of reverse saturation (Iy) [111]. The
behavior of solar cells could be greatly affected by the inner series
resistance. The area of the maximum rectangle in the output
characteristics curve represents the maximum output power of the PV
cell. The rectangle area increases by increasing the "sharpness" of the

knee in the photovoltaic output characteristics. At increasing the light
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intensity, the internal series resistance causes a larger of these
characteristics. Solar cells are normally designed for best performance at
radiation intensities as obtained at the earth’s surface [113]. The lowest-
resistance solar cell demonstrates a repetitive increase in power output
with an increase in light intensity, while the limited Rg values induce the
highest output to enhance less quickly with increasing light intensity, this
influence is successively increased with the rising of resistance of series
and illumination [113]. For photovoltaic cells with small values of series
resistance or with fairly low illumination rates so the influence of series
resistance could be ignored. This is demonstrated in the situation that the
multiplication of IRg should be negligently low in comparison to the V
node voltage. When this requirement is not satisfied, a decrement in the
voltage of the ends will be equal to the multiplication of the inner
resistance of series Rg and the difference in the current generated by light
[113], thus a reduction in efficiency with increasing light intensity in
some solar cells is due to the high value of Rg. On the other hand, the
temperature has a significant impact on the photovoltaic parameters. At
excessive values of temperature, some of the parameters as electron and
hole mobility, concentrations of carrier and the material band-gap will be
influenced that leads to a reduction in the cell efficiency [102]. The
reduction in a semiconductor band-gap with increasing temperature could
be seen as an increment in the electron energy inside the material.
Smaller amount of energy is needed to destroy the bond. In the band-gap
of the semiconductor model of bond, the decrement in the energy of bond
decreases the band-gap too. As a result, the large values of temperature
decreases the band-gap. Voc is the highly influenced parameter by
temperature, the variance of Vo with the temperature can be expressed

by equation (5.4) [114]:
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d(Voc) — h Eg/q
dT T T

5.3 OPTIMAL STRUCTURE

(5.4)

The impact of temperature and illumination on the optimal solar cell
structure performance resulting from the parametric study will be
investigated in this section. The optimal structure of 3C-SiC PIN solar
cell is the one that produces a power conversion efficiency, Voc, Jsc, and
fill factor of 30.27 %, 0.7680 V, 47.63 mA.cm™ 82.74 %, respectively.
That had properly optimized input parameters resulted from the previous
parametric study as illustrated in table (5.1). The energy band structure,
the JV curve and the quantum efficiency of the optimal cell shown in
figures (5.1), (5.2) and (5.3) respectively.

Table (5.1) Simulation main parameters.

Parameters n"(3C-SiC) | n-Cr(3C-SiC) | i-(3C-SiC) | p-Al(3C-SiC)
Thickness (um) : 0.1 0.1 2.5 3
Donor density Ny 1*10™ 1*10"” 1*10" 1*10'

(em™)
Acceptor density 1*10° 1*%10° 1*10" 1*10"
N, (cm™)
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As it was mentioned before, that the current simulation is solved
using SCAPS software. This software provide a control on the operating
parameters like temperature and illumination through the action panel.
After setting the operation point of the solar cell, a list of all cell

parameters can be calculated [102].

5.3.11ILLUMINATION

Changing the intensity level of illumination on a PV cell affects all the
solar cell parameters. The photo-generated current is directly proportion
to the flux of photons and thus Jsc is proportional to the irradiance

directly of the solar spectral as the equation [115][116][117]:

(0.0]

dN.
Jse=a | TS 69

Where N, 1s the flux of initial photon. The series resistance has a
stronger impact on the performance at high intensity, while the shunt
resistance has a higher impact on the performance of the cells at a low

light intensity [118].

84



The first step of the study is keeping the temperature constant at 300 K
and start to change the light intensity from 250 to 1200 W.m™ to study
the change in the photovoltaic parameters. Table (5.2) implies that the
short-circuit current density Jsc increases linearly with increasing light
intensity, while the V¢ increases logarithmically only for 1, (light
intensity) equal or less than1000 W.m™. At higher light intensity, i.e.,
more than 1000 W.m™ the open-circuit voltage Voc is almost constant.
The results indicated that increasing the irradiation level has a significant
impact on the short-circuit current, where the increasing of light intensity
from 250 to 1200 W.m™ produce an increase of the Jsc from 11.924 to
57.149 mA.cm™. The reason which stand behind this effect is that the
high light intensity implies higher absorption of photons, and hence
increasing the carrier generation which lead to produce a high value of
Jsc. A reduction in the fill factor FF with higher irradiation intensity
(I>500 W.m’z) was observed, while V¢ 1s almost constant at 0.76 V,
due to the effect of the high series resistance [111].
Table (5.2) Cell’s parameters variation with light.

Light intensity I, Jsc (mA.cm™) | FF (%)
(W.m™)

250 11.924 83.19

500 23.835 83.09

750 35.739 82.92

1000 47.636 82.74

1200 57.149 82.60

The open-circuit voltage is much less sensitive to the light factor.
The cause of the slight reduction in efficiency was the decrease in the fill

factor, which mostly depends on two solar cells parameters; the high
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values of Rg series resistance and the change in the shape of the dark JV
curve. Figure (5.4) shows the impact of irradiance on the cell parameters
and figure (5.5) shows the influence of the illumination variation on the

shape of JV curve, which is highly affected due to the severe effect on the

JSC.
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5.3.2 TEMPERATURE

Photovoltaic cells are highly affected by temperature variation.

Increases in temperature makes the semiconductor band-gap decrease,
and hence most of the parameters of the semiconductor material are
influenced. The reduction in the semiconductor band-gap with
temperature increment can be ascribed to the increasing in electrons
energy in the material. Thus, smaller energy is required to destroy the
bond. Most of the variance in the energy gap of the semiconductors with
temperature is attributable to the two following processes [119] :
e The main contribution to the temperature-dependent of the
semiconductors band-gap is the shift in the relative position of the
conduction and valence bands due to the temperature-dependency

interaction between the electron and the lattice.
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e The temperature-dependent expansion of the lattice involves a
change in the relative position of the valence band and conduction
band.

Using the relation of Varshni [120] that links the band-gap with
temperature which can be described in the equation:

Eg(T) = Eg(0) ——

(T+P)

Where, E, (T) 1s the semiconductor band-gap at some values of

(5.6)

temperature, which can be direct or indirect, E, (0), is the band-gap at T~
0 K and @ as well as B are constants. Other solar cells parameters will be
affected through the impact of temperature on the band-gap. The effect of
temperature on the short-circuit current density Jsc can be seen in the
equation (5.5) which is used to calculate the value of Jsc at different
values of temperature [117]. Jsc can be found by integrating the solar
spectrum to the corresponding E, by equation (5.5), the E, value for each
T can be extracted from equation (5.6). On the other hand the open-circuit

voltage as a function of T can be given by [117]:

KT

Where, Jsc ~ Jpn, Voc 1s directly relevant to Jsc and J, reverse
saturation current density, and therefore to E,. The V¢ temperature

dependence can be gained from equation (5.8) as [117]:

1 d]SC

1
)+Vth(;W ]—0) (5.8)

dVoc _ (Voc
dT T

The simulation was performed at irradiance level of 1000 W.m™,
and the temperature was varying from 300 to 400 K in a step of 20.
Figure (5.6) shows the effect of temperature on the cell parameters. The

results of simulation proved that increasing temperature has a dramatic
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impact on Vgoc, as the temperature increases the Voc decreases and
consequently the efficiency of the cell decreases. The reduction in the
Voc 1s because it is directly depends on the current density of saturation
Jo that reduces rapidly as well with raising values of temperature
[115][116]. The change in temperature from 300 to 400 K led to
increasing the saturation current and hence the Vo reduces from 0.768 to
0.516 V, which in turn decreases the fill factor and the efficiency of the
solar cell from 30.27% to 18.10% respectively. Reverse saturation
current, Jo, is a measure of recombination or leakage of the minority
carriers through the PN junction in reverse condition of biasing. This
leakage results from the recombination of the carrier on each side of the
junction in the neutral areas and, thus J, mainly controls the value of V¢
in the PV cell. Minority carriers are thermally-produced; consequently, J,
is extremely sensitive to changes in temperature. Reverse saturation

current density, J,, for PN junction PV cell is given by [117]:

D, D,

mi (5.9)

Where, L, and L, are lengths of diffusion of minority carriers in n
and p regions, respectively. From equation (5.9), J, is totally committed

to the proportionality to ~ n? and ni can be described as [117]:
2 Ey
n{ = N.N,exp( ﬁ) (5.10)

Furthermore higher temperature reduces the band-gap, thus
affecting the cell whole performance [121][117]. Intrinsic -carrier
concentration depends on the energy of the band-gap (lower band-gaps
leading to higher intrinsic carrier concentration). Merging equations (5.9)
and (5.10), Jo can be represented in terms of temperature and band-gap

[122] as in equation (5.11):

3 Eg
Jo=CT exp( 20 (5.11)

89



According to equation (5.11), doping as well as the solar cells
parameters are combined in this single constant C [122]. The temperature
and band-gap parameters of the solar cell are essential for calculation
process. The larger the E, the lower the J,.

Finally, the effect of temperature through its effect on Jsc and Voc
could be seen clearly in the fill factor parameter, which can be described
as the ratio of the maximum output power to the product of the V¢ and
the Jsc. With the temperature increase, J, increases, and hence, Vqc
decreases which in turn reduces the fill factor and consequently the
efficiency of the PV cell. Table (5.3) depicts the current structure
behavior at the temperature values ranging from 300 to 400 K. Figure
(5.7) shows the impact of temperature on the JV curve shape, which is
directly affected through the effect of Voc that in turn impacted by
operating temperature.

Table (5.3) Output parameters of a solar cell sample at different

temperatures.

Temperature Jsc (mA.cm'Z) FF (%)
K)

300 47.636 82.74

320 47.612 81.74

340 47.587 80.03

360 47.571 78.19

380 47.562 76.07

400 47.563 73.72
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CHAPTER SIX
CONCLUSIONS AND FUTURE WORKS

6.1 CONCLUSIONS:

The utilization of simulation software would help to understand the
basic concepts of the operation of solar cells in details. Owing to the
unrestricted nature of the simulation models, the research could
recommend multiple techniques for enhancing its devices before
manufacturing them to save effort, time, and cost. Based on this concept
we used SCAPS software to study the performance of the PIN solar cell.
The proposed structure in the current study, based on 3C-SiC material
consists of five layers, the absorber is a 3C-SiC doped with Al to obtain
p-type semiconductor properties. Two n-type buffers n-3C-SiC and a 3C-
SiC doped with Cr to get the n-type semiconductor properties, an intrinsic
layer of 3C-SiC which inserted between the absorber and the buffer and
finally a window layer of SnO, material. Such doping with Cr and Al of
the 3C-SiC produces a semiconductor with energy gap of 1.139 and 1.454
eV, respectively. This will lead to an increase the sunlight absorption in
most of the visible regions. A parametric study was achieved on a
reference cell that based on initial values. The study includes the effect of
doping density and thickness for each layer of the cell to obtain the
optimal design with best performance. In addition to that a study of the
physical characteristics impact, illumination and temperature, on the
performance of the optimum cell was achieved. The study indicated that:

1. The concentration of acceptors in the absorber layer was varied in a

moderate range from (10" to 10" c¢m™). It was found that the
acceptor concentration of 10> c¢m™ is best density in order to

obtain a power conversion efficiency of 18.73 %. An increasing in
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the carriers density will cause an elevated in the saturation process
of the device as well as Voc. However, with a further increase in
the concentration of carriers more than N,=10" cm>,
recombination at the interface enlarge and the possibility of photo-
generated electrons accumulation reduced.

. A variation in the carrier concentration in the n* (3C-SiC) buffer
layer from 10'® to 10** cm™ produces an increasing in the power
conversion efficiency of the cell from 16.84 to 21.52%. The effect
of the carrier concentration in this layer on the output of the cell is
not as significant as the carrier concentration effect in the absorber
layer. The optimum doping density in this layer is at Nq =10** cm™
that produces an efficiency of 21.44 %.

. The concentration of donors in the buffer layer should not be less
than the acceptors in the absorber, since it causes serious
recombination in the interface. As the donor concentration equal to
the value of acceptor concentration, the electron traps decrease to a
lower level at the interface, which eventually increases the Jsc and
caused a high increment in the efficiency. As the acceptors in the
absorber is 10" cm™ thus, the donors in the buffer should be more
than this value to have best output. In the current structure for the
n-Cr (3C-SiC) Ng=10"" cm™ is the optimum donors that gives an
efficiency of 22.69 %. Beyond the value of 10" cm™ is not a good
choice for a semi-conductive material, as it can be turned into
metallic regime.

. The variation in the carrier concentration for the intrinsic layer of
3C-SiC and the SnO, layer doesn’t have a high impact on cell
performance. The good doping density of the SnO, layers is

N,=10"® cm™ and the intrinsic carrier concentration of 10" ¢m™ for
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the 1-(3C-SiC), that produces a power conversion efficiency of
22.78 %.

. The efficiency of the cell is improved by increasing the thickness
of the absorber layer in a restricted range, which leads to increasing
in the collection of photo-generated carriers before recombination
that improves efficiency. However increasing it more than the
optimum value leads to more photons absorbed deep inside the
absorber and the generated carriers cannot reach the depletion
region during their lifetime and they will be recombined. The
optimum absorber layer thickness is 3 um that gives a power
conversion efficiency of 24.14%.

. An intrinsic layer of (3C-SiC) with a proper thickness is very
significant to enlarge the space charge region in order to enhance
the internal electric field and increase the separation of generated
charge carriers, besides increasing the absorption and consequently
the generation in this region. All these points proved that using a
PIN structure leads to enhance cell performance and increases
efficiency. The optimum thickness for this layer is 2.5 um that
makes Jsc increases from 37.73 to 54.27 mA.cm™ due to increasing
the photo-generated carriers which in turn makes the efficiency of
the cell elevates excessively from 24.14 to 34.45%.

. Using a TCO layer in the current cell is SnO, material as a window
layer with proper thickness reduces the reflection losses and
improves the efficiency of the cell. However, to reduce the high
value of Jgc that produces as a result of a relative thick intrinsic
layer, a thickness of more than 0.1 um is required to increase the
absorption in this layer and reduce the number of photons reach the
absorber and consequently the photo-generated carriers, and this

will yield a decrease the short-circuit current. The optimum
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thickness for this layer is 0.2 um, which reduces the Jsc from 54.27
to 50.24 mA.cm™ and still produce a relatively high efficiency of
more than 30 %.

8. The efficiency of the 3C-SiC solar cell can be enhanced by
reducing the thickness of the buffer layer due to an increment in
the number of absorbed photons reaching the absorber layer, but
the further thinning of these layers will increase the chance of the
cell being shunted. The optimum n’ (3C-SiC) buffer layer
thickness is 0.1 um which gives a cell efficiency of 30.32 % and
also reduces the Jsc to 47.69 mA.cm™. Using n* (3C-SiC) buffer
layer also enhances the absorption of light in the UV region due to
the high band gap of this layer.

9. Changing the thickness of the n-Cr (3C-SiC) layer does not have a
noticeable effect on the performance. Thus taking a thin layer of
100 nm is better to reduce the cell resistance, which gives an
efficiency of 30.27 %.

10. The optimum structure of the current 3C-SiC solar cell has doping
densities of N,=10"> ¢m™ for the p-Al (3C-Si0), N=10%, 10", and
10'® ¢cm™ for n*, n-Cr (3C-SiC) and SnO, layers respectively and
carrier concentration of 10" cm™ for the intrinsic layer. On the
other hand the thicknesses of the optimum structure are (3, 2.5, 0.1,
0.1, 0.2 pm) for p-Al (3C-SiC), i-(3C-SiC), n-Cr (3C-SiC), n" (3C-
SiC) and SnO, layers respectively, all these input parameters
produce output cell parameters of (Voc=0.7680 V, Jsc=47.63
mA.cm™, FF=82.74 % and 1=30.27 %).

11. The influence of the light intensity was investigated on the optimal
structure and it was found that increasing light intensity has a high
impact on the short-circuit current, while the open-circuit voltage is

less sensitive to illumination variation. The illumination level
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changing from 250 to 1200 W.m™ produced an increasing in the
Jsc from 11.924 to 57.149 mA.cm™. This is happened due to the
higher absorption of photons, and hence increasing the carrier
generation. A reduction in the fill factor and the efficiency with
higher irradiation intensity that is more than 500 W.m™> was
observed, due to the effect of the high series resistance.

12. The impact of changing the cell temperature was studied on the
optimal cell and it was found that the most affected parameter by
temperature variation is the open-circuit voltage. As the
temperature increases from 300 to 400 K the V¢ decreases from
0.768 to 0.516 V and consequently the efficiency of the cell
decreases from 30.27 to 18.10%, Voc considerably decreases due
to the decrement in current of saturation that reduces directly with

an increase in temperature.

6.2 FUTURE WORKS:

1. A fabrication of 3C-SiC thin film solar cell with optimum design
gained from the current simulated data in practice and finding the
characteristics of the fabricated cells, such as Vo, Jsc, FF, 1, and
QE to make a comparison with the simulation results.

2. Using this structure in constructing a tandem junction solar cell and
utilizing a proper back and front contact.

3. Study the influence of the multi defect levels on the cell

performance.
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APPENDIX (A)

The series resistance Rg of the proposed 3C-SiC solar cell structure
was calculated by using the information in the website PV Education:

https://www.pveducation.org/pvcdrom/solar-cell-operation/series-

resistance
Series Resistance

Series resistance in a solar cell has three causes: firstly, the
movement of current through the emitter and base of the solar cell;
secondly, the contact resistance between the metal contact and the silicon;
and finally the resistance of the top and rear metal contacts. The main
impact of series resistance is to reduce the fill factor, although

excessively high values may also reduce the short-circuit current.

series resistance Current
—_—

NANN—e
RS A

L T ! Voltage

Schematic of a solar cell with series resistance.

q(V + IRy)
nKT

Where: /is the cell output current, /;is the light generated

I = IL IO eXp(

current, V' is the voltage across the cell terminals, 7'is the temperature, q
and k are ,nis the ideality factor, and Rgis the cell series
resistance. The formula is an example of an implicit function due to the
appearance of the current, /, on both sides of the equation and requires

numerical methods to solve.
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Series resistance does not affect the solar cell at open-circuit
voltage since the overall current flow through the solar cell, and therefore
through the series resistance is zero. However, near the open-circuit
voltage, the IV curve is strongly affected by the series resistance. A
straight-forward method of estimating the series resistance from a solar
cell is to find the slope of the IV curve at the open-circuit voltage point.
An equation for the FF as a function of series resistance can be
determined by noting that for moderate values of series resistance, the
maximum power may be approximated as the power in the absence of
series resistance minus the power lost in the series resistance. The

equation for the maximum power from a solar cell then becomes:

PMI; = Vuplup II%/IPRS = Vuplup (1 II/M_PRS> = Pyp(1 IiS_CRS)
MP oc
P MI; = Pyp (1 ﬁ)
Rey
defining a normalized series resistance as;
" Ren

gives the following equation which approximates the effect of series
resistance on the output power of a solar cell;

Pup = Pup(1  1%)

Assuming that the open-circuit voltage and short-circuit current are not
affected by the series resistance allows the impact of series resistance on
FF to be determined;

Pup = Pup(1  1%)

VoclscFF' = VoclscFF(1  15)

FF'=FF(1 ry)
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In the above equation the fill factor which is not affected by series
resistance is denoted by FF,and FF' is called FFs. The equation then
becomes;

FFEs = FFy(1  71%)

An empirical equation, which is slightly more accurate for the
relationship between FF, and FFj is;

FFS = FFo(]_ 7‘5)

g
5.4

Which 1s valid for , < 0.4 and v,. > 10.

FFS == FFo(l 1.17”5) +

The following calculator determines the effect of R; on the solar
cell fill factor. Typical values for area-normalized series resistance are
between 0.5 Q.cm’ for laboratory type solar cells and up to 1.3 0.5
Q.cm” for commercial solar cells. The current levels in the solar cell have
a major impact on the losses due to series resistance and in the following

calculator, examine the impact raising the current has on the FF.
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Series Resistance Calculator

Input Parameters
Open circuit Voltage, Vo (volts)
0.7680

Short circuit current, /¢ (amps)

0.47636210

Ideality factor, n (units)
1

Temperature, T (K)
300

Ideal FF withno R, FFp
0.8561

Calculate FFO from Voc

Rs (ohms) 1.00

Results

Cell characteristic resistance, Rgy 1.6122 (ohms)
Normalized Ve, Voo 29.6812 (units)

Normalized series resistance, rg 0.6203 (units)
Approximate fill factor, FF, with Rg FF 55,0, 0.3251
More accurate FF valid for rg < 0.4 and v, > 10 FF
0.3432

101



APPENDIX (B)

The defects values of the absorber and the buffer layers are listed in the
following table:

Layer Defect type Defect density N, total (cm™) Energy level (eV)

p-Al(3C-SiC) Amphoteric 1¥10" characteristic energy
0.3

Single Donor 1*10' 0.6 above E,

n-Cr(3C-SiC) Single Donor 1*10" 0.4 below E,

n (3C-SiC) Amphoteric 1*10™ characteristic energy
0.1
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