Democratic and Popular Republic of Algeria
g.dﬂ‘ Gl g gil.d‘ ﬁhﬂ‘ 5109

Ministry of Higher Education and Scientific Research

University of Mohamed Khider — /é’»’@‘ B_Suu -yl daaa daala
v\
/. \‘

Biskra i 483410 o glat) 438
Faculty of E Sci d \ -+
aculty of Exact Sciences an e v

Science of Nature and life. / suall o

Thesis presented to obtain the degree:
Doctorat LMD

Option:
Physics of materials and photonic devices

(Physique des matériaux et composants photoniques)

Entitled:
Simulation of CZTS-based thin-film solar cells

(Simulation des cellules solaires en couches minces a base de CZTS)

Presented by:

Bouslit Sonia
Jury
Toufik Tibermacine Professor U.M.K. Biskra President
Nouredine Sengouga Professor U.M.K. Biskra Supervisor
Widad Laiadi M.C.A. U.M.K. Biskra Examiner

Slimane Chala M.C.A. Uni. Boumerdes Examiner



Acknowledgements

In the Name of Allah, the Beneficent the Mercifidl

Foremost | am very gratefil to Almighty Allah for without
His graces and blessing, this study would not have been
possible.l thank him for giving me the strength and ability
to complete this research.

! would Like to express my gratitude towards my family for
encouragement which helped me in completion of this study.
My dear parents; my brothers and sisters.
| submit my heartiest gratitude to my respected Prof-
SENGOUGA Nouredine for his sincere guidance and help

for completing this work.

[ extend my thanks to all concerned persons who co-operated
with me in this regard and everyjone who supported me and

nelped me to get myy thesis.



Abstract

Cu2ZnSnSs (CZTS), is a quaternary semiconductor of the thin film with a direct
band-gap, has a gap of 1.6-1.4 eV with a large absorption coefficient of 10* cm-L, a film
absorber with very beneficial properties, in addition to its low production cost. In this
work, the effect of many parameters of the absorber layer on the performance of a CZTS
solar cell is investigated using the numerical simulation program SCAPS-1D. Also the
effect of defects type (donor and acceptor) deep in the band gap of the CZTS was studied.
The series and shunt resistances and the interface defects between layer P and layer N were
also considered. The effect of the band-gap of energy, thickness, acceptor density and
electron affinity were also highlighted. The performance of the solar cell was studied in
terms of the short circuit current Jsc, the open-circuit voltage Vo, the fill factor FF, and the
efficiency n. It was found that when volume defects are considered in the CZTS absorber
layer, better results were obtained but not as expected; only the short circuit current is
reproduced. On the other hand, interface states are considered between CZTS and CdS
give good agreement of the open circuit voltage. The series and shunt resistance lead to a
better agreement of the fill factor. Only when all these are considered together that

experimental measurements are reproduced.

Keywords: solar cells, thin-film, SCAPS numerical simulation, defects
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General Introduction

GENERAL INTRODUCTION

Technological progress is closely linked to the evolution of different materials and
tools made from those materials. Only the different ages were described with respect to the
materials used. Several of today's main attributes (i.e., the age of electronic materials) are
modern instruments such computers and fiber-optic telecommunication networks, in which
semiconductor materials provide critical components for various microelectronic and
optoelectronic devices in applications, like: computing, memory storage, and

communication [1].

Photovoltaics is the direct transformation of sunlight into electricity using solar cells.
Edmond Becquerel, as a young 19-year-old employed in his father's laboratory in France,
demonstrated the first photovoltaic system in 1839. However, understanding and exploiting
this effect was to depend on some of the 20th century's most significant scientific and
technological developments. One is the invention of quantum mechanics, which is one of
the 20th century's great scientific achievements. The production of semiconductors is
another, which is based on the first technology that was responsible for the omnipresent
revolution in electronics and photonics revolution now gathering pace. Loferski (1993)
provides a fascinating overview of modern photovoltaic innovations and Crossley et al.

(1968) explains the early history, dating back to 1839, in more technical detail [2, 3].

The use of photovoltaics has become ever more systematic processes to manufacture
ever thinner cells with higher efficiencies and lower costs in greater quantities. Advances in
photovoltaic materials and manufacturing will continue to improve cost-competitiveness of
the technology and slowly extend its applications without the need for scientific
breakthroughs that change game. If true breakthroughs are made, the kind that exploits new
understanding of physics and material science to overcome old efficiency and cost
limitations then the current solar power evolution could turn into a revolution with a more
rapid pace. Several broad routes have been pursued to reduce production costs, including
increasing the efficiency of traditional Si-based photovoltaics, using thin film absorbers
(amorphous Si, CdTe, and CulnyGaix Sez; CIGS), and developing novel low-cost platform
technologies such as organic photovoltaics (OPVs) and dye-sensitized solar cells
(DSSCs)[4].
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Copper zinc tin sulfide (CZTS) is a quaternary semiconducting compound that has
gained growing popularity in thin film solar cells since the late 2000s. Many 12-11-1V-V134,
such as copper zinc tin selenide (CZTSe) and sulfur-selenium alloy CZTSSe, are included
in the associated content class. CZTS is a p-type semiconductor, provides favorable optical
and electronic properties similar to CIGS (copper indium gallium selenide), making it well-
suited for use as a thin film solar cell absorber layer, but unlike CIGS (or other thin films
such as CdTe), CZTS is composed of only abundant and non-toxic materials. Concerns about
the price and quality of Indium in CIGS and Tellurium in CdTe, as well as the toxicity of
cadmium, the quest for alternative thin film solar cell materials has been a significant
motivator [5, 6]. CZTS has sufficient optical bandgap energy of 1.4-1.68 eV and a high optical

absorption coefficient bigger than 10* cm™ in visible wavelength range [7-12].

This thesis is organised over three chapters.

Chapter | is a comprehensive and general theoretical study of the basic concepts of
semiconductors, and their evolution over time, as well as to provide a summary of some of
their types, crystal structure, summary of defects in semiconductors, and the characteristics
and defects of CZTS semiconductors. CZTS solar cells are presented in this chapter. Their
characteristics, different configurations and structures are discussed.

Chapter Il presents the definition and description of the numerical simulation by SCAPS,
used in this study.

Chapter 11l summarizes simulation results and discussions of thin films and solar cells. First
, CZTS parameters are taken from experimental measurements in the litterature [13]. Second,
a simulation of thin film solar cells base on these CZTS films is conducted before adjusting
these parameters and the presence of defects to achieve acceptable fitting to experimental
measurements. The results and discussion of solar cell performance are based on the open

voltage circuit Voc, the short circuit current Jsc, efficiency n and the fill factor FF.
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Chapter 1 Solar cells

Chapter I. Solar cells

1.1. Introduction

Since the discovery of electricity, humans cannot do without it due to its significance
in their daily life. For instance, our mobile devices need electricity, our street lighting needs
illumination and our cars need gasoline. We supply our homes with household oil, propane,
or electricity for lighting, heating, and powering our appliances from a national or local grid.
All these things take energy from fuel. Those sources have polluting emissions and harmful
impacts on the environment. While electricity generation from carbon fuels can lead to these
problems, renewable energy which is produced from clean and sustainable resources, such
as solar radiation, solar photovoltaic technologies directly convert solar radiation into power.
The planet is doing its utmost to minimize carbon emissions and limit the global average
that increases its temperature. We need to move to renewable sources to generate our energy
to help preserving the environment and secure the future of the planet.

This chapter introduces the photoelectric effect, followed by a brief presentation of the
essential solar energy aspect for radiation. We will discuss the photovoltaic cell's operating
theory, its various properties, and provide a brief presentation of thin-film solar cells based
on CZTS.

1.2. Semiconductors

A semiconductor is a substance with a certain degree of conductivity between a
conductor and an insulator. Physical conductivity is tied to its resistance to current flow. In
other words, the higher the conductivity level and the lower is the resistance. Figure 1.1
illustrates the electrical conductivitys of certain materials from the three parts (and the
corresponding resistivity p = 1/c). Insulators have very low conductivity and high resistivity
in the range of 10*®-10® S/cm such as a diamond (pure), fused quartz, and sulfur; and
conductors have low resistivity and high conductivity such as copper and platinum, typically
between 10* and 10° S/cm. Semiconductor’s conductivities occur between insulators and
conductors. The temperature, illumination, magnetic field, and minute amounts of impurity
atoms affect a semiconductor’s conductivity The semiconductor becomes one of the

important materials in conductivity for that purpose [1].
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Figure 1.1: Electrical conductivity at room temperature of some solid bodies; boundaries
between semiconductors, metals and insulators.

1.3. Different types of doping

Intrinsic semiconductors are of little use. In fact, the semiconductor materials’
properties can be substantially altered by adding impurity atoms to the proportionally pure
semiconductor content. Though added, these impurities will reasonably alter the band
structure to fully transform the material's electrical properties [2]. There are two types of

semiconductors:

1.3.1. N-doped semiconductors

N-type doping is about amplifying the semiconductor electron density. Thus, the
acceptor concentration will be lower than the donor concentration (Na <Np). For this, we

include several rich atoms in electrons in the semiconductor.

1.3.2. P-doped semiconductors

P-type doping is designed to increase the density of holes in the semiconductor, the
concentration of acceptors would be higher than that of donors (Na > Np). For this reason,

we include several poor atoms in electrons in the semiconductor.

I.4. The p-n junction

The interaction between an n-type semiconductor and a p-type semiconductor

produces a diode or a p-n junction. Under the influence of the concentration gradient, some
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of the majority holes in the p-type component are transferred to the n-type region leaving
negative acceptor ions N, . It is the same for the other-way electrons leaving some positive
donor ions Nj. As a result, near the n-side is formed a positive spatial charge, and near the
p-side of the junction is formed a negative spatial charge (see Figure 1.2). An area without
mobile charges is formed, called space charge region (depletion zone or space charge layer),
where an extreme electric field prevails. The role this region in solar cells is fundamental.
The photogenerated carriers inside the depletion region are immediately separated, diffused
outside the depletion zone, and collected at the external contact point. The photogenerated
charges outside the depletion zone must first be diffused into the depletion zone and then
guided through by the electric field. The classical homojunction structure can be expressed
in terms of energy bands, and the structure of which it is shown in Figure 1.2: 1.Figure 1-2-2
(@) shows the characteristic band structure of the p and n-type materials. Figure 1-2: 2 (b)
demonstrates the processes of absorption and aggregation given the band structure. Where
the space charge area produces an electric field, which counterbalance the charge exchange

and restores thermodynamic equilibrium.

p-type n-type

1 DODDO—P!...
O O Ope ® ® & & __—clectron
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hole

depletion layer
od I 2
EZ}DDDD e & o @
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.‘—
electric field

N Ev

Figure 1.2: Schematic illustration of the p-n junction. Solar radiation

Though the sun's surface radiation is constant [3, 4], because of its absorption and
diffusion in its atmosphere, it is very unpredictable when it hits the Earth’s surface. The

highest radiation hits the surface of the Earth when the sun is directly overhead in the
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clearness of the sky. The spectral distribution of sunlight outside the ambient atmosphere
(Air Mass Zero or AMO0) and AML.5 are illustrated (see Figure 1.3). Air mass Zero does not
essentially change, and the total density of its embodied power in the spectrum is called the
solar constant which is given by the generally accepted value of 1.3661 kW / m?[3, 5]. It is
common to look at the "direct” (or "beam™) solar radiation and the "diffuse™ radiation

somewhere else in the sky, the sum of which is known as "global” radiation, separately [6].

Then Becquerel is one of the first to discover the photoelectric effect, after noticing in
1839 that some of the materials exposed to light created an electrical current and permitted
direct conversion of light energy to electrical energy. This effect is now called the
photovoltaic effect. This conversion of energy can be divided down into solar radiation
absorption, separating and collecting optical charges. When the solar cell is illuminated,
photons whose energy is larger than the material bandgap are absorbed resulting in electron-
hole pairs [7, 8].
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Figure 1.3: The spectral power density of sunlight, outside the atmosphere (AMO), and at
the earth's surface (AM1.5), shows absorption from various atmospheric component [9].
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I.5. Characteristic parameters of a photovoltaic cell

A solar cell is most often a p-n (or n-p) junction to which contacts are added to collect
the current [10]. Once the solar cell is exposed to light, pairs of electron- hole are formed
and thus the photogenerated Ipn current is created which depends on the amount of incident
light. Figure 1-4 shows the solar cell’s two I-V characteristics in the dark and under the

illumination. The following equation defines the curve [11]:

I=1, (e™-1)-1,, I-1
l, = Agn? ., Dy -2
LeNA I—hND

Where: kg is Boltzmann's constant, T is the absolute temperature, q is the electron
charge, V is the voltage on the terminals of the cell, o is the diode saturation current and
Ion is the photogenerated current. The diode saturation current is a reminder that a solar cell

in the dark is simply a current rectifier semiconductor or diode.
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Figure 1.4: 1-V characteristics of the PV cell and its equivalent electric circuit[12].
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1.5.1. Short circuit current I

It is noticed that the curve under illumination is displaced concerning the first value of
Isc which explains the constant generation of current by light. This value is known as the

short-circuit current, or it is the current that generates the cell under zero voltage under light.

1.5.2. Open circuit voltage in Voc

This is the open-circuit voltage, the voltage of the cell under zero current. In the ideal

case, the short circuit current I is equal to the photogenerated current Ipn
|
V,, = (k—Tj [L“j +1 1-3
q )L\l

1.5.3. Fill factor FF

The fill (form) factor indicates the cell quality that it develops the maximum power

Pmax at a voltage Vm and a current I, and it is handy to define the fill factor FF by:

1.5.4. Energy conversion efficiency n

The energy efficiency or the conversion efficiency is defined as the ratio between the
maximum power produced by the cell and the incident power P; of the solar radiation that
arrives on the photovoltaic cell, which is normalized to 1000 W/m? for an AM1.5 spectrum.

_Py _FRV e 15
P P

1.6. Series and parallel (shunt) resistances Rs and Rshunt

The photovoltaic cell is not ideal in reality. The parameters that lead to resistance

effects: edge leaks, recombination and contacts. Figure 1.5 indicates the two resistors.
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The series resistance (Rs) is an interpretation of the interface resistance of the front and
rear contact. The short circuit resistance (Rsnunt) is in parallel with the diode and the current
generator. It reduces the short circuit through the cell. In general, by at least one order of
magnitude, the value of Rqn is greater than that of Rs. Reduce Rs, and boost Rsh to reduce

losses. The ideal case is Rsn equal to infinity, and Rsequal to zero [13].

R
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Figure 1.5: Equivalent circuit of a photovoltaic cell.
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Figure 1.6: The effect of the series resistance (a) and shunt resistance (b) on the I-V
characteristic of the solar cell.

1.7. Photovoltaic cell technologies

1.7.1. First generation (silicon-based)
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Solar cells are typically made of semiconductor materials, such as crystalline silicon;
the explanation for the plentiful use of silicon in the solar cell industry is due to the materials
large availability in nature and its fair price. Including silicon cells, the first generation of
solar cells has evolved over 60 years as it has the longest production history, which includes
up to 90% of all solar cells produced in 2008. Silicon is considered environmentally friendly
and one of the most abundant commodities on Earth, accounting for 26 % of crustal materials
[14, 15].

For current PV production, the mono-junction solar cells based on silicon wafers like
monocrystal (c-Si) and multi-crystalline silicon (mc-Si) dominate. Mono-crystalline cells
consist of a single large silicon wafer, as shown in Figure 1.7. These types of mono-junction,
silicon-wafer devices are now called first generation technology (1 G), these cells are highly
effective, but they are very expensive due to the production process which requires a huge
effort. Such crystals are grown in cylindrical ingots using the Czochralski process and
therefore do not cover the entire region of a square solar cell, this method was developed in
the late 1940s and early 1950s, forming p-n junctions by spreading high temperature vapor
[16].

[ Monocrystalline type / System \

Silica Q@ arystallization Slicing Module
Low-purity l +
silicon lnvener’
Slhcon scrap o }
-|
/ "—vw
- '-||| A
silicon ] .
o "0- rwlai !
Crucble Ingot block Slicing Cel Module
\ Polyarystalline type j \ ki) ),

Figure 1.7:Production process for typical commercial crystalline silicon solar cells [15].

This type of cell is the most commonly used and will remain a pioneer until the

development of yet another more cost-effective technology. The amount of energy emitted
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by photons decreases at high wavelengths so today’s efforts are limited to improve
performance. Furthermore, radiation with longer wavelengths contributes to thermal
dissipation, which mostly causes the cell to heat up and thus lowers its efficiency. Silicon
solar processing technology has a lot to do with the microelectronics industry and the
advantages of significant developments in wafer processing technologies used in
microelectronic applications are to increase the efficiency of laboratory cells, making this

technology the most suitable [14].

The polycrystalline solar panels or multi-crystalline (mc-Si), and it differs from the
monotype in the form in which the cells are compact squares, and their capacity is medium,
contributing to the need for more of them to produce the same energy that is less costly than
the mono type. The construction is less energy-consuming, but it is cheaper than
monocrystalline growth. Its performance under bad lighting is poor.

1.7.2. Second generation (non-silicon- based, thin film)

Thin-film solar cells are thin films of semiconductor materials added to a substrate
with solid support. Compared to silicon wafers, it is lower in the cost of production as it
significantly decreases the number of semiconductor materials required for each cell.
Amorphous silicon (a-Si), selenium-copper indium (CulnxGai.xSe2 or CIGS), and cadmium

telluride (CdTe) are among the materials commonly used for thin-film PV cells.[14, 17].

Thin-film cells are produced using sputtering techniques, depositing thin layers of
some materials on glass or stainless steel substrates (SS). Indeed, this methodology is
distinguished by the fact that the thickness of the depositing layers is barely a small
micrometer thickness (less than 10 um) compared to the multi-hundred micron thick
crystalline wafers, in addition to the films placed on the SS sheet which allow flexible PV
modules to be created. The resulting disadvantage decreased the production costs in addition
to lower material costs due to the high production precipitation technique. Technically, the
efficiency of thin-film solar modules is less than crystalline since it produces light materials
that are less absorbable from much thinner layers for solar radiation, although the ability to
deposit many different materials and alloys has allowed significant efficiencies to be
improved [14].
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The photovoltaic effect was first reported in material from gallium arsenide (GaAs)
in 1954. In 1955, solar cell efficiencies for cadmium diffused GaAs wafers of 6.5 % and for
small polycrystalline devices of 1 to 4 % were registered. A cell structure of the GaAlAs /
GaAs is reported in 1971. A thin layer of GaAlAs, known as the "window", is deposited on
a p-on-n GaAs cell and greatly decreases losses in surface recombination. The new design
paved the way for the cell to increase its efficiency, reaching 16 % in sizes of 2 x 2 cm at
AMO in 1977. The research was sought to increase the efficiency of 0.25 cm cells above 23
% under AML1 lighting[16].

Amorphous silicon (a-Si), the non-crystalline form of silicon; distinct from the first-
generation photovoltaic of crystalline silicon (a-Si) is a material whose behavior can be
contrasted with the conduct of a direct gap material [18]. The structural arrangement of the
atoms has no long-range arrangement in amorphous silicon. Chittick et al- was the first to
deposit a-Si by a discharge of the radio frequency glow in silane in 1969 [19]. This can also
be produced, much cheaper than polysilicon. Successively, in 1976, Carlson et al achieved
high efficiency of 2.4 % [20]. The most advanced thin-film technology with 5 to 7 % cell
efficiency and double and triple junction designs that promote it to 8-10 %[14]. Amorphous
silicon types include amorphous silicon germanium (a-SiGe), amorphous silicon carbide (a-

SiC), microcrystalline silicon (pc-Si), and amorphous silicon nitride (a- SiN) [14, 21].

Cadmium telluride (CdTe) is a photovoltaic element; it has a high coefficient of direct
absorption for a 1.45eV solar absorber material and direct bandgap. A limited area of CdTe
cells has given efficiency supremacy of 16%. CdTe is simpler to deposit and more
appropriate for large-scale dissimilarity to the other thin-film technology, CdTe solar cells
make use of only 1% of the semiconductor content used by bulk silicon cells; this is because
of their effectiveness. But they have lower costs because of smaller amounts of materials
used and simpler manufacturing methods and are typically much less effective than large

quantities of silicon cells [14].

Although low-price sales of CdTe cells fell sharply; the increased demand for rare
mineral tellurium pushed the price of this product sharply higher. Concerns about the risk of
CdTe solar cells have been increased, as CdTe is a carcinogenic and toxic element. Such
questions were answered by suggesting that one square meter of cadmium in the CdTe cell
is less than that in the C-NiCd lamp battery and that CdTe is well lined with metal. [14].
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For any thin-film cell, a combination of copper selenide (CIS) and copper indium
gallium selenide (CIGS) demonstrated the highest efficiency where the junction consists of
an asymmetric semiconductor bandgap, instead of a traditional junction consisting of p-type
silicon and n-type silicon which have similar bandgap energies. The bandgap of
semiconductors in CIGS cells can be adjusted by changing the ratio of indium to gallium,
allowing the bandgap in the cell to continuously range from 1.0 volts to 1.7 volts, which
corresponds well to the solar spectrum. In contrast to what some optical semiconductors
need in a complex vacuum precipitation cycle, CIGS is also fairly easy material to produce
[14].

CIS and CIGS are polycrystalline p-type semiconductors with direct-gap and high
optical absorption, they are used in solar cells (heterojunctions) by positioning them with
n-type layers (commonly CdS or ZnO), and the effective bandgap between 1.1 and 1.2 eV
is the reason why CIS and CIGS are highly successful. These are also optical devices that
contain elements of the group 1, 111, and VI semiconductors in the periodic table, giving

them good optical and electrical properties[14].

1.7.3. Third generation (new emerging technology)

This category aims to reduce the costs of production by introducing new technologies
(organic solar cells, Gratzel ...). It also needs to solve the current limitations of productivity
by using original ideas such as multijunction cells, intermediate gap cells, or using hot

carriers.

Organic semiconductors were set up by Alan J. Heeger, Alan G. MacDiarmid, and
Hideki Shirakawa, in 1977 [22]. Organic solar cells and solar polymers are made from thin
films (usually 100 nm) of organic semiconductors such as polymers and small-molecule
compounds such as pentacene, multiphenylene, vinylene, copper phthalocyanine (a blue or
green organic pigment). Phenyl-C61-butyric acid methyl ester (PCBM) between the
different active layers of solar cell poly(3-hexylthiophene)(P3HT)[14, 23].

This material is of importance on account of its mechanical flexibility and the
likelihood of disposal. Because they are largely made from traditional silicone-contrast

plastics, the manufacturing process is efficient with limited technical challenges (not
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requiring high temperature conditions or high vacuum) and also cost-effective (low-cost
materials, high production industries); these are much thinner than cells made from silicone.
Hence, itis less in weight and does not require a lot of manufacturing materials, which means

that it is cheaper than silicon, and this is an essential advantage [14].

Such organic cells are extremely transparent and can be mixed with any color, giving
them an aesthetic look that can be used in buildings. On the other hand, these cells have
weak efficiency compared to silicon, and their shelf life is lower than that of silicon cells.
Given what has been said about the defects of these cells, this technology can outperform
silicon technology in very rapid growth, but it can fold down low-cost organic carbon-based
solar cells. It can be turned into flat, foldable rolls, inserted around structures or in clothing,
to be part of our surroundings to fit all tastes[14, 24].

To create an organic photovoltaic cell, molecular sensitizers (dye molecules) which
are the absorbing material of sunlight are connected to the titanium surface with the anode
(the first electrode), which is a thick film of titanium dioxide nanoparticles (about 100 nm)
formed on the conducting side of a transparent glass covered with an electrolyte material
such as fluorine-doped tin oxide. The electrolyte is in between the two electrode layers. The
cathode (second electrode) is yet another transparent platinum-covered glass plate. This kind
of color-sensitized solar cell is also known as the Gratzel Dye-Sensitized Solar Cells
(DSSC), which has a short-length diffusion defect. Furthermore, super-molecular or
multifunctional particle sensitizers were tested for increasing the carrier diffusion’s lifetime.
For instance, adding secondary electron donors varied the dye chromophore. Minority
carriers (holes in this case) diffuse for recombination to the attached electron donors.
Consequently, the recombination of the electron-hole is hindered by the physical separation
between the moiety of dye-cation and the surface of TiO2. Lastly, this process increases the
diffusion length of the carrier's which results in an increased carrier lifetime [12, 23].

Approximately the quantitative conversion of the incident photon into electric current
occurs over a wide spectral range from the UV to the near IR region. The concept of working
dye solar cells makes it possible to utilize them in light illumination conditions such as
indoor or overcast sky, as their efficiency increases in the case of high temperature, whereas
the semiconductor-based solar cells decrease their efficiency with increased temperature.
The design of the coloring solar cells makes them better; they are able to dissipate internal

heat, which assists to operate at lower temperatures. The key flaw in the pigment cells is that

16 |



Chapter 1 Solar cells

their model employs electrolyte, which has problems with temperature change related to its
stability. This liquid, can freeze at a low temperature which causes breakdowns in the cell.
The leakage of the liquid allows it to spill out of the containment of the cell at high

temperatures and this leads to a physical imbalance within the cell.
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Figure 1.8: Schematic representation of the components and of the basic operating
principle of a DSSC [25].

The electrolyte is also an organic solvent, which must contain a well and must not
cause it to leak out. Replacing the conductive liquid with a solid in this field is a big challenge
and a lot of work is being done to solve this problem. Solid mineral salts have been used as
an alternative to the electrolyte in recent studies, but with some problems linked to the short

life of these cells, particularly when working continuously [12, 22].

1.8. Photovoltaic solar cell based on CZTS

From a technical point of view, commercially accessible thin film solar cells suffer
from low efficiencies, such as a-Si, raw material shortages such as Te in the case of CdTe,
and In in the case of CIGS technology, or toxicity of materials such as Cd in CdTe

technology [26]. For this reason, researchers have attempted to find some alternative

solutions, and they prepared the solar cells based on CZTS(Cu}Zn''Sn'VS}").

Naturally, CZTS semiconductors are non-toxic and plentiful, with a direct bandgap of
about 1.5 V and an absorption coefficient above 10* cm™ [27]. In 1988, Ito and Nakazawa

stated for the first time that the photovoltaic effect was observed in CZTS heterojunction by
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atom beam sputtering, which consists of a transparent conductive film cadmium-tin-oxide
and CZTS [28]. The conversion efficiency for CZTS thin-film solar cells of 0.66 % was
achieved in 1996 [29]. Katagiri and co-workers developed a new type of thin-film solar cell
used vapor-phase sulfurization of E-B (electron beam) from evaporated precursors in 1997
[29]. They presented a 4.53 % conversion efficiency for CZTS-based solar cells in 2005
[30].

Additionally, the conversion efficiency in laboratories has been enhanced over the
years, Dhakal and co-workers obtained an efficiency of 6.2 %for CZTS/CdS solar cell
devices produced using co-sputtering supported by H>S annealing [31], through optimizing
the experimental conditions including target composition, Katagiri and co-workers obtained
an efficiency of 6.89 percent [32]. An efficiency of 8.76% is accomplished by Liu and co-
workers [33].

1.8.1. Solar cell structures

The structure of the CZTS based solar cell is shown in Figure 1.9 which consists of
e A back metal electrode made of molybdenum deposited on a glass substrate.
e CZTS absorber layer whose thickness varies from 1 to 3 um.
e A buffer layer (CdS, ZnO and ZnS) with a thickness between 10 and 100 nm each,
guaranteeing the junction and absence of short circuits respectively.
e An optical window of aluminum-doped ZnO (ZnO: Al) that must combine two

significant properties: electrical conductivity and optical transparency (TCO);

Solar Radiation, AM 1.5G

Figure 1.9: A schematic representation of the CZTS solar cell.
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a. Absorber layer

Due to the low cost and appropriate photovoltaic properties of the materials, copper-
zinc-tin-chalcogenide Cu2ZnSnSs (CZTS) has become an essential candidate for use as an

absorber layer in solar cells.

b. Buffer layer

The buffer layer is positioned between the optical window and the absorber layer.
When communication is directly realized (absorber layer / optical window), there could be
a photovoltaic junction. On the other hand, due to the presence of disordered areas at grain
joints, its performance is limited by the inadequacy of the bandgap and leakage currents. It
is therefore preferable to insert a thin layer, called a buffer layer, between these two
compounds to optimize cell performance such as In;Ss, ZnS, and CdS [13]. The n-type
conductivity of the buffer layer forms a junction with the absorber layer. In fact, its
conductivity must be lower than that of the absorber layer to avoid the consequences of
current leakage. An intermediate bandgap allowing a "flexible™ transition between the

absorber and the optical window with a value of 2.4 to 3.2 eV.

c. Optical window

Thin films of transparent conducting oxides (TCO) with high electrical conductivity
and optical transparency are widely used, as they have produced many industrial and
technical applications. Usually, n-type TCO materials such as ZnO, In203, SnO», and CdO
are structured using different deposition methods, In203: Sn (ITO), SnO2: F (FTO), ZnO: Al
(AZO) thin films are the best n-type TCO materials. Their transparency is related to their
gap value while their electrical properties depend on the layer composition and possible
doping [34].

1.8.2. Crystal Structure

The binary semiconductors 11-V1 follow a cubic zincblende (Or hexagonal wurtzite)
structure where two interpenetration fcc of group Il and VI networks atoms have tetrahedral
coordination. The ternary I-111-VI> compounds by mutating the group Il atoms into group |

and group 11 pairs. This progression incorporates the possibility of ordering the cation: the
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smallest energy structures are those where the group I and group 11l atoms are arranged in
(201) (chalcopyrite structure “CH”) and (001) (Cu-Au structure*(CA)-like”) planes. These
structures are preferred because they satisfy the local charging neutrality requirement. Each
anion is coordinated by two group I and two group Il cations (Shown Figure 1.10) [35, 36].

One way to develop novel materials is by adopting the principle of mutation to further
segment the ternary | — 11 — VI, structures into quaternary compounds (see Figure 1.10).

There are two methods of this cation mutation:

1) Replacing two group Il atoms with one group Il and one group IV atom, creating

a compound lo—11-1V-Vly;

2) Replacing one group | atom and one group 11 with two group Il atoms, creating a
compound I-111-11>—-V14. Similar tetrahedral crystal structures are holding for the quaternary

compounds to their parent materials.

Element Group
I Il 1] v VI

ZnS
1-VI

CuInS2
-111-VI1,

Cu22nSnS 4
lo-11-IV-V,

Figure 1.10: Relationship between binary, ternary, and quaternary semiconductors to
produce Cu2ZnSnSg, starting from a I11-VI parent compound.

Figure 1.11 shows the structural transition from binary to quaternary semiconductors.
There is a possibility of cation arranging, with the complexity of the problem increasing to
three quaternary material lattice locations, e.g. Cu, Zn, and Sn in CZTS. The ordering of the
I—I1 sublattice: kesterite derives from the ordering of chalcopyrite (201) and stannite derives

from the ordering of Cu-Au (001), as indicated in Figure 1.10 a third form of order can be
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extracted from the structure of CuAu, the primitive-mixed CuAu structure ( PMCA) [35,
36].

Moreover, Cux(MIN(MIV)(S, Se)4 (MIlI= Mn, Fe, Co, Ni, Zn, Cd, Hg; MIV = Si, Ge,
Sn) are Chalcogenide compounds that have been significant for many years due to their
suitable direct band gaps and also appearance as naturally occurring minerals for use in solar
cells and other optical devices. Cu2ZnSnS4 crystallizes in the kesterite structure and stannite
that are observed for the closely related minerals; Cu,FeSnSs (CFTS); Comparable to ZnS
or ZnO, all cations and anions are placed in a tetrahedral bonding system, with a zinc-blend-
like stacking (face-centered cube); the different structural changes are related to a different
order in the cation sublattice [37, 38].

One way to test these structures is by starting from the CuM(S, Se). ternary
chalcopyrite structure and replacing the trivalent My ions with an equal number of divalent
M and tetravalent My metals. When My and My atoms alternate on the z = 0 and 1/2 planes
and only Cu exists on the z = 1/4 and 3/4 planes, this is known as the stannite structure, while
Cu and My atoms (CuSn) alternate on the z = 0 and 1/2 planes (z =fractional coordinates
along the long c-axis of the structure) and Cu and M, atoms (CuZn) alternate on the z = 1/4
and 3/4 planes. While the kesterite structure has the same basic Cu/S structure as
chalcopyrite, some reorganization of the Cu sublattice is required in the stannite structure
[37].
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[I-VI = [-I[I-V], = L-II-IV-VI],
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(d) Kesterite (e) Stannite (f) PMCA

Figure 1.11: Crystal structure representations of zinc-blende ZnS; (201) ordered
chalcopyrite CulnS»; (001) ordered CuAu-like CulnSg; kesteriteCu2ZnSnSs; stannite Cu»
ZnSnS4, and mixed-CuAu Cuz ZnSns[39].
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1.8.3. Affinity

The electron affinity y is known as the energy needed to remove an electron from the
semiconductor surface to the vacuum level, or it is the energy difference between the vacuum
level (Evac free electron energy) and the bottom of the conduction bands (Ecem minimum

conduction band) [11, 40] as shown in Figure 1.12.
X= Evac - ECBM 1-6

E
A

VVacuum level

Ec —

Figure 1.12:Schematic illustration of the electron affinity (y) [11].

1.8.4. Band structure (the conduction band Offset CBO)

Anderson suggested that the difference in electron affinities may account for the offset of

the conduction band (the barrier energy for an electron)

AEc = Ecl_Ecz =X I-7

Then, the buffer layer plays an important role in the performance of solar cells, since
a (spike-like or type I) structure in the band alignment(E. pysrer > Ec absorber) When the CBO
is positive, whereas a (cliff-like or type 1) structure (E. putfer < Ecabsorber) When the CBO

IS negative [41, 42].
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1.9. Crystal defects

The atoms are regularly arranged without defects in ideal crystals, but in fact, there is
no ideal crystal free of defects. Where the defect is present, any difference in the consistency
of the crystal network's systemic composition of the atoms is. Also, defects play an important
role in solid state physics, as they greatly affect physical properties namely: electrical
conductivity, thermal conductivity, and the optical and mechanical properties of solid

materials. There are several types of defects.

1.9.1. Point defects

A point defect in the position of an atom or the location of a few adjacent atoms is
known as a deviation or anomaly. This defect is called a point defect and the reason for this
is that it occurs in a very small area compared to the size of the crystal (0-dimensional
defects), and it is classified as a point defect because of the presence of additional voids or

atoms within the crystal structure:

a. Vacancies (intrinsic point defect)

A vacancy implies a crystalline pattern in space. This space typically occurs when one
or more atoms (or ions) of one or more of the original atoms (Self-atoms) are lost or
displaced from their normal lattice site to another position in a crystal, leaving a vacant lattice
site. More present at elevated temperatures. These are particularly common in high
temperatures when atoms change their positions regularly and randomly, leaving empty
lattices behind [11].

b. Self-interstitial (intrinsic point defect)

This type of defect can be regarded as a type of inverse vacancy that transfers an atom
from the crystal surface to its interior (an atom may exist in the crystal structure between the
lattice sites). However, due to the lack of an unoccupied lattice site location, the excess corn

must be "pressed™ into an interstitial site within the crystal structure [11].

c. Substitution impurity (extrinsic point defect)
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It is a foreign atom, an atom of a different nature than the original atom, being in the lattice
occupying the place of the original atom. Alternative atoms with impurities typically similar

to the size of the original atom[11, 43].

d. Interstitial impurity (extrinsic point defect)

In this case, the size of the foreign atoms is smaller than the host atoms, as they are
situated in the interstitial space between the atoms in the lattice structure [43].

Vacancy Supstitut‘ional
impurity

o /

O & [ ]

© O .

O
Interstitial Interstitial
impurity

Figure 1.13: Schematic for vacancy and self-interstitial defects, for Substitution and
Interstitial defects.

In the case of moving atoms, they can migrate in successive stages to eventually settle
at the surface of the crystal, causing the expansion of the crystal. It refers to the existence of
holes in the crystal without the presence of additional initial atoms that lead to those holes.
Such a defect is considered a Schottky defect [11].

If the atom travels from its normal web site to interstitial locations, the defect would
contain a void and an additional initial atom; this defect resulting from an initial interstitial

distance and atom is called the Frenkel defect [11].
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i<
(b) Frenkel defect

(a) Schottky defect

Figure 1.14: Schematic for Frenkel and Schottky defects.

1.9.2. Line defect

Line defect is also known as dislocation. The dislocation is a major source of
irregularity in the crystal, and as a result of a type of stress on the crystal a region can slide
onto another region, and the line separating the two regions is called the line of dislocation.
There are two ideal disorders forms, the edge, and the screw. The dislocation of the edges is

amongst these the simplest form of dislocation [43, 44].

a. Edge dislocation

A dislocation in a crystal lattice may result from the introduction of an additional level
of atoms that ends at the dislocation line, the difference of uniformity of atoms row along a
straight edge in the crystal structure. The optimal offset of the edges can be considered the
result of insertion along with one of the crystalline directions, from "half-level” foreign
atoms in an unblemished crystal network. By definition, the edge of the inserted hemisphere
corresponds to the dissociation line or axis. The crystal lattice is disrupted near the
dislocation; however, out of dislocation, the crystal lattice remains relatively "perfect”. It
can be described as half of a row of the outer atoms of an ideal crystal that distinguishes the
edge boundaries of a portion of an atomic layer and then shifts the levels near it to fill the
void. This dislocation line is with greater energy in contrast to the crystal parts because the
network above the dislocation line is in a compressed state while below the dislocation line
is in a tensile state in which a strong interstitial vacuum may occur, and the dislocation line
acts as a property of the atoms collection and chemical impurities[43, 44].
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b. Screw dislocation

To obtain a pure spiral dislocation, a strange level of atoms is not required; however,
the atomic planes inside the network turn into an arrangement similar to a "spiral staircase".
Once again, the corresponding imbalance of the crystal structure near the dislocation axis
leads to a local increase in the crystal stress energy. It is produced by a successive transfer
of atomic levels in a spiral or spiral shape around the emission line and may be accompanied
by some tensile and compression stresses that affect the solid materials’ mechanical and
physical properties. The process of displacing one part of the crystal lattice relative to

another part in a spiral shape, the following figure shows the removal of the edges and
screws[43, 44].

Edge dislocation Screw dislocation
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(a) (b)

Figure 1.15: (a) edge dislocation; (b) screw dislocation.

1.9.3. Planer defects (Surface defects)

These defects are named after this name because they arise from the accumulation of
many linear defects, which constitutes a surface of defects. This type has a full crystalline
where the defects extend in two dimensions, and the crystal surface itself is a defect because
the patrol of the network is flawed on the surface and this is shown through the study of thin
film and divided into external surfaces, grain boundaries, twins, etc.[11, 43].
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a. Grain boundaries

That some solid materials do not consist of a crystalline structure from one crystal, but
rather from many small-sized crystals that are called grains in which each granule inside the
structure of the solid material differs in terms of its direction, size, shape, and distance from
its neighbor. Therefore, it must be separated from each other by separating boundaries called
grains boundaries. The grain boundaries impede the movement of free electrons, thereby
creating additional resistance to metallic materials, as the electrical conductivity in them

decreases; this type of defect occurs during the hardening of molten metal’s.

Grain boundary
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Figure 1.16: Schematic of the grain boundary.

b. Twins boundaries

Twins are common superficial defects that occur as a result of the lack of continuity
of the network patrol, and the twins’ formation process is a pattern of malformation of the
skin and during the twinning process, a small displacement occurs between many adjacent
levels which the crystal’s distorted part has a mirror similar to the non-deformed part.
Twinning is of two types depending on the way it is formed, it is called developing twins if
formed in a crystalline growth method, and it is called deformed twins if formed in a

mechanical distortion method such as knocking and pressing.

c. Packing defects (stacking fault)

Assuming that the crystal is stacks of levels consisting of atoms on top of each other,

one of the levels was joking about the adjacent level with an offset that is not equal to a
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vector in the crystalline grille which consists of a defect in the composition called a stacking
error. These errors occur in compact crystals such as the concentrated cubic crystal. The
stacking in this crystal has multiple patterns, as stacking on ABCABC or stacking on the
ABAB body as shown in the form when the ABABC arrangement is produced, for instance,

instead of the ABCABC arrangement, we say that there was an error in stacking.

1.9.4. Volume defect

A volume defect is any volume within a semiconductor that differs in composition,
structure, and/or orientation of the rest of the crystal. Volume defects are formed from
vacancy clusters that can expand to form dislocation loops and ultimately collapse. Some
impurities may precipitate into a separate process, and large, three-dimensional aggregates

may also form impurity atoms and vacancies[11].

1.10. CZTS defect

CZTS normally comprises a high concentration of neutral and charged point defects.
These defects include the vacancies (Vcu, Vzn, Vs), antisites (Cuzn, Znss, Zncy), and
interstitials (Cui, Zn;j) in their unionized state and complexes. These defects and defect-
complexes form shallow donor levels, shallow acceptor levels, mid-gap states, and deep trap
states within the bandgap of CZTS absorbing material. The defect-complexes are self-
compensated defects that form because of the presence of donor and acceptor vacancies,
interstitials, and antisites in CZTS. These defect complexes include (Cuznt+Zncu),
(Snzn+Znsn), (Cusn*+Sncy), (VcutZneu), (VzntSnzn), (Znsnt2Zncy). They are created because
their formation energy is lower than the formation energy of individual antisite defects[45,
46].

The concentration of point defects in materials in equilibrium is determined by their
formation energy, which depends on the atomic thermodynamic chemical potential (growth
conditions) as well as electron chemical potential (Fermi energy) for charged defects[35].

Each anion in kesterite CZTS (CZTSe) is tetrahedrally coordinated by four cations (in
nominal valence two Cu+1, one Zn in +2, and one Sn in +4). An acceptor level is created
above the maximum valence band (VBM)when Cu replaces Zn (Cuzn antisite), and two

electrons occupy a donor level below the minimum conduction band (CBM) b when Sn
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replaces Zn(Snz, antisite), Since Snz is a double donor defect, (Cuzn+ Snzn)there's only one

donor electron can compensate for another Cuz, acceptor forming the 2Cuzn+Snzn tri-

cluster[47].The measured energy-transition levels for all intrinsic defects are shown in

Table I-1:Possible defects and defect-complexes in CZTS[45]

Details of defects

lonization levels
(Donor/Acceptor)

vacancies Copper vacancy (Vcu) One, Acceptor
Zinc vacancy (Vzn) Two, Acceptor
Tin vacancy (Vsn) Four, Acceptor
Sulfur/Selenium vacancy One/One,
(Vs/Vse) Donor/Donor

Antisites Copper-on-Zinc antisite (Cuzn) | One, Acceptor
Zinc-on-Copper antisite | One, Donor
(Zncu)
Copper-on-Tin antisite (Cusn) Three, Acceptor
Tin-on-Copper antisite (Sncy) Two, Donor
Zinc-on-Tin antisite (Znsn) Two, Acceptor
Tin-on-Zinc antisite (Snzn) Two, Donor

Interstitials Copper interstitial (Cu;) One, Donor
Zinc interstitial (Zn;) Two, Donor

Defect complexes

Stoichiometric-conserving
defect complex(Cuzn+Zncu),
(CUSn+SnCu) y (ZnSn‘l'SnZn)

(CuzntZncy): ~0.2 eV
formationenergy, for other
two >0.2 eV

Non-stoichiometric-conserving
defect complex(VcutZncu),
(VZn+SnZn),(ZnSn+22nCu)

Formation energy
~0.3-0.6 eV
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Chapter II. Numerical Simulation by SCAPS

11.1. Introduction

The performance solar cells were studied by numerical simulation for approximately
40 years [1]. In 1975, Jerry developed a method for discussing the carrier transport problem
of silicon solar cells by solving Poisson’s equation and continuity equations for electrons
and holes [2, 3]. There are many software programs used recently for this purpose such as
SCAPS-1D, PC1D and AMPS-1D[3]. Many researchers also studied and analyzed dye
sensitized solar cells (DSCS) [4-6].

In this thesis, we have used SCAPS for our simulation. Firstly, we have given some
explanations of the Solar Cell Capacitance Simulator in one Dimension (SCAPS-1D) which
is used for the study and analysis of solar cell performance and the way it works and explains
the its control panel. Then, we explain the solar cell structure is defined and how to enter its

various parameters.

11.2. Program Overview

SCAPS-ID ( Solar Cell Capacitance Simulator) is a Windows application program
that is developed by Marc Burgelmann at the Department of Electronics and Information
Systems (ELIS) of the University of Gent, Belgium, as a 1-D (one dimensional) numerical
optoelectronic device solver specifically targeted at solar cell [7, 8]. It was originally
developed for CulnSe; and CdTe based solar cells , then has evolved to study CIGS solar
cells [9]. It is also used for amorphous silicon cells (a-Si and micro-amorphous Si) and
crystalline solar cells (Si and GaAs family) as the latest of the uses of the program now.
SCAPS contains several panels (or pages or windows), where the user can enter parameters
related to his works and observes the results. It is possible to enter several panel points while
opening the program like temperature, voltage, frequency, illumination and can show an
action list of calculations (I-V, C-V, C-f, Q (1)) [8, 10]. The program solves the Poisson (2-
1) and continuity, equations simultaneously for electrons (2-2) and holes (2-3) with

appropriate limit conditions [8, 11-15].

2
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Where v is electrostatic potential, q is the electrical charge, & and g are the relative
and vacuum permittivities respectively, p and n are hole and electron concentrations
respectively, Np and Na are the donor and acceptor type impurities concentrations
respectively, pp, and pn are holes and electrons distribution, respectively, J» and J, are
electron and hole current densities, Gy and Gp are the electron and hole generation rates, R
and Ry are electron and hole recombination rates, pn is the electron mobility and L, is the
hole mobility, Dy is the electron diffusion coefficient, Dy is the hole diffusion coefficient.
Carrier transport in semiconductors occurs by drift and diffusion and can be described by

the equations:
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We have relied on the work by simulation package SCAPS 1D, most of the information
is taken from the SCAPS manual[16]. The simulation stages SCAPS are shown in Figure
I.1.

Launch (Run) SCAPS

L 2
Add set problem

L 4
Enter input parameters (Define the
problem)
.4

Add working conditions
$
Specify the actions to be carried out
9
Run the program

Figure 11.1: SCAPS working procedure.
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11.3. The beginning

First, to run the application, we double-click the file scaps3305.exe in the file manager
(or any other SCAPS version). In the action panel, we click the icon set problem, and in the
lower right of the panel that opens, we choose load. Select and open the file NUMOS CIGS
baseline.def: that is the example problem file of the practicum session at the NUMOS
workshop. This file is supposed to be in the folder /scaps/def, where /scaps/ stands for the
directory where SCAPS is installed, and where the SCAPS .exe file resides. If necessary,
browse to find this file. In case of adding a new cell, we click on the button new; add
information about it, and save it by clicking the button save. We can also change all

information about the cell later by clicking the set problem icon in the action panel.

'[i‘& |:> ‘ Set problem J |:> new J load ] save J
s _oonce | ok ]

Figure 11.2: Run and define the problem in SCAPS.

We specify information (parameters) about our work, or measurement that does not
change during the simulation (remains constant when the simulation is performed) (see 3 in
Figure 11.3). Thus:

The temperature T: relevant for all measurements. Note that in SCAPS, only Nc (T), Nv
(T), the thermal velocities, the thermal voltage kT, and all their derivatives are the only
variables that have explicit temperature dependence. The corresponding materials

parameters must be entered for each temperature.

The voltage V: is discarded in I-V and C-V simulation. It is the dc-bias voltage in C-f
simulation and QE (A) simulation. SCAPS always starts at 0 V and proceeds at the working

point voltage in a number of steps that also should be specified.

The frequency f: is discarded in 1-V, QE (1), and C-f simulation. It is the frequency at which

the C-V measurement is simulated.
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The illumination: it is used for all measurements. For the QE (A) measurement, it
determines the bias light conditions. The basic settings are dark or light, choice of the
illuminated side and choice of the spectrum. A one sun (= 1000 W/m?) illumination with the
(air mass 1.5, global) spectrum is the default, but it has a large choice of monochromatic
light and spectra for specialized simulations. If there is a separate optical simulator, it can be

loaded as a generation profile instead of using a spectrum.

11.4. Select the Measurement(s) to Simulate

In the action-part of the Action Panel, one or more of the following measurements to
simulate: 1-V, C-V, C-f, and QE (L) can be selected. If necessary, the start and end values of
the argument, and the number of steps can be adjudted. Initially, one simulation at a time is
carried out. It should be noted that in a C-V simulation, the I-V curve is calculated as well;

no need then to specify it separately (4 in
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Figure 11.3).
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11.5. Shunt and series resistances

It is also possible to enter external values for parasitic resistances on the action panel

@3 in
[%) SCAPS 3.0.0 Action Panel =B8] B
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Eqewicy §8) !l_Oi)_OEE_*G_J S e | Save Action List l | Save all settings l
Numberofpoinis &5 ] Sfem2  Gsh §100E3 |
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Figure 11.3). To operate parasitic resistances the button yes/no is switched. Either resistance

or conductance can be defined.

11.6. Start the calculation(s)

In the action panel, the icon calculate: single shot is clicked. The Energy Bands Panel
opens, and the calculations start. At the bottom of the panel, a status line, iv from 0.000 to
0.800 Volt: V =0.550 Volt can be seen, showing how the simulation proceeds. Meanwhile,
SCAPS stands an animation how the conduction and valence bands, the Fermi levels and the
whole caboodle are evolving (5 in Figure 11.3). After that the results of the simulation are

shown.
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Figure 11.3: The SCAPS start-up panel: the Action panel or main panel.

11.7. Solar Cell Definition

11.7.1. Editing a Solar Cell Structure

When clicking the ‘Set Problem’-button on the action panel, the ‘Solar cell definition’-
panel is displayed. This panel allows create/edit solar cell structures and to save those to or
load from definition files. These definition files are standard ASCII-files with extension
“*.def”, which can be read with notepad. Here, various properties about our cell located in it
like band gap, electron affinity, thickness, defect, and others can be put. Layers, contact, and
interface properties by clicking on the appropriate box as shown in Figure 11.4 can also be
added. Similarly, layers can be added by clicking ‘add layer’. The user can input own
reference conventions for the applied voltage V and the current density J in the external

contacts.
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SCAPS 33.05 Solar Cell Definition Panel

iluminated fom:  applyvoltage Vto:  cuentreference as a:

Layers right left contact consumer
2 ﬁ left right contact E generalor Invert the structure

left contact (back)

Interfaces
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n-ZnQ
Al:ZnO

|
|
add layer 4’
|
||

|t

Internal R and T atfront

right contact (front) R m
t it T iomEd

Info on graded parameters only available afler a calculation

Figure 11.4: Defining a solar cell structure.

In SCAPS 1D, there are many facilities such as:

‘Apply voltage V to’: when ‘left’ is set, then the right contact is the reference contact,
and the voltage V is applied to the left contact; this is the default and the only possible option
in SCAPS<4.0. When ‘right’ is set, the left contact is the reference contact, and the voltage
V is applied to the right contact; in a JV curve, this corresponds to a reversal of voltage axis
compared to the traditional JV curves in SCAPS (At the top of the Figure 11.4).

‘Current reference as a’: when ‘consumer’ is set, then the current reference arrow is
set such that P = J.V is the power consumed by the cell, and thus J.V is the power generated
by the cell. When ‘generator’ is set, the current reference arrow is set such that P =1J.V is the
power generated by the cell, and thus J.V is the power consumed by the cell. The setting of
the current reference arrow thus depends both on the selected voltage reference and on the
consumer/generator selection (At the top of Figure 11.4).

‘Invert the structure’: the solar cell structure is mirrored along the x-axis: the leftmost
layer becomes the rightmost layer, and so on. This inversion of structure also swaps the
interfaces, and all grading information in the layers and the defects. Clicking the inversion

icon twice brings the original cell back. This inversion only concerns the structure: the
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illumination side, the voltage and current reference settings all remain unchanged (At the

top of Figure 11.4).

Internally, in SCAPS only the default reference is used: voltage applied at the left
contact and current reference arrow from left to right, resulting in a reference as a consumer.
In all output (graphs, show/save tables), the result is shown consistent with the user’s choice
of reference. Note that the electric field in the SCAPS output is not subject to the user-set V

and J references: it is always referred to the positive x-axis, thus from left to right.

11.7.2. Contact

The contact properties can be set by either clicking the front or back contact button on

the cell definition panel, which opens the ‘contact properties panel’, see Figure I1.5.

The metal work function ®n, (for majority carriers) can be input by the user.
However, the user can also choose the option “flat bands”. In this case, SCAPS calculates
for every temperature the metal work function ®n, in such a way that flat band conditions
prevail. We can edit value of ‘thermionic emission/surface recombination velocity (cm/s)’
for electrons and holes, also most of the cell electrical properties and optical properties can
be added through this panel.

When the layer adjacent to the contact is n-type, Equation (11-6) is used. When it is
p-type, Equation (I1-7) is used. When it can be considered to be intrinsic, Equation (I1-8) is
used. As can be seen, only the shallow doping density is taken into account in order to

calculate the flat band metal work function.

N
CI)mZXﬂLkBTln[ £ J 11-6
ND' A
N
@, =y+E, kg Tln| — -7
NA'ND
N
d)m=x+kBTln(—°j 11-8
n;
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Figure 11.5: Contact properties panel.

11.7.3. Defects and Recombination

In adiode, the current is converted from hole current at the p-contact to electron current
at the n-contact. This means that somewhere in the diode recombination must take place,
even in the most ideal device. So the user must specify recombination somewhere, at least
at one place (in a layer, at contact, or an interface). If this is not done, a convergence failure

will result in non-equilibrium conditions (non zero voltage, and/or illumination).

In the bulk of a semiconductor layer, three different kinds of recombination processes

can be introduced: through defects, radiative, and Auger.

Edit Edit Edit Edit Add a
Defect 1| Defect 2| Defect 3| Defect 4| Defect 5

Remove| Remove| Remove| Remove

Figure 11.6: Adding, editing, and removing defects.
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Up to seven defects can be introduced in a semiconductor layer. The parameters
governing each defect can be edited by clicking the appropriate Add/Edit-button, Figure 11.6,
which opens the ‘defect properties panel’; this depends on the type of cell, the type of
semiconductor, and the related defects (Figure 11.7). And all that relates to the defects of one
layer (Defect type, electron thermal capture cross section, hole thermal capture cross section,
energetic distribution, and others).

Also, on one of the ‘defect summary text boxes’; can be right-clicked where a panel
then opens where a defect can be removed, duplicated or added, much the same as it was
with removing, duplicating, and adding a layer.

Defect4 oflayer 1

defect type Sngle Donor ([f+) T.t
caphwe efoss sechon elecions (emf) 1.000E-15
caphwe cross saction holes (cm?) 1. D00E-15
energebt dismbubion Gault |
rafarence for dafect energy level Et Above EV (SCAPS <27 w|

enargy level with respectio Reference (2 0600

charactarnisic enargy (eV) 0.200

Mt grading dependent on posiion x M (x) » exponenlial - W
MR batal (1fem3) Lefx=010 9 1.000E+15 Heghl {x=1 : 1.000E+14
M peatc (1/eViomdlefife=0) 8  2821E+15) Rightfx=1)0d 2821E+14

Op#ical capture of alactons [«

refractive index (n) 3.000

affactve mass of elecrons (rel) | 1.000E+0

affactve field ratia 1.00E+D

cul ofl enargy (eV) 10,00
Madel
Filg:

Opical captura of holes I

refraciiva indax (n) 3000

affactve mass of holes (rel) 1.000E+0

affactve field ratio | 1.00E+0

cut off enargy (&) 10,00
hadel
File

C

Figure 11.7: The defect properties panel.

45 |



Chapter 11 Numerical simulation by SCAPS

11.7.4. Interfaces

Between any two semiconductor layers, an interface can be defined. The model which
is implemented for interface transport in SCAPS is thermionic emission [17]. The thermal
velocity of the interface transport equals the smallest thermal velocity of the two neighboring
layers. The use of this model implies that there will always be a (small) step in the quasi-

Fermi level energy values at an interface, even when there are no band offsets [8].

Just as in a bulk layer, recombination centers can be present at an interface. The
definition of interface defects is very similar to bulk defects. However, there are only three
possible defects, and there charge type cannot be multivalent. The interface defect can be
edited by clicking for Checkbox of the interface. Then, defect parameters can be added.

P T ——— U

SCAPS 3.3.05 Interface Panel = = ﬁ

Interfaces INTERFACE 112 | Name of interface | p-CZTS /n-CdS

p-CZTS / n-CdS

INTERFACE STATES |

|
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| chargetype: neutral
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|

|

energydistribution: single; Et = 0.60 eV above EV left
this defect only, if active: Sn(left) = 6.0e+02 cm/s, Sn(right) = 6.0e+02 cm/s
this defect only, if active: Sp(left) = 6.0e+02 cm/s, Sp(right) = 6.0e+02 cm/s

Defect 2

Internal R and T at front
0 0000nn cancel I

R+ 0.000000 none
= 1.000E+0
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I'settings | Defect 3

none

icaps3305.exe, dated 23-12-2(
31526 . ;
Effective mass of electrons
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numerical modeling of thn fr Allow ntraband

Figure 11.8: Adding, editing, and removing interface defects.

11.8. Result Analysis

11.8.1. Navigation to the Analysis
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SCAPS performs a lot of calculations any time the ‘calculate’-button is clicked. We
can analyze these results and provide a lot of help. Fortunately, there is a lot of help. The
analysis-panels can easily be accessed from the action panel or any other analysis panel the

analysis-panels can easily be accessed from the action panel or any other analysis panel, see

Figure 11.9.
energy bands

2 Gen-Ri

Results of calculations =
EB] G,R] ACJ |-v] c-v) C-f] QE
i > > e ‘ B2 P 2 ac-bands
Recorder results

(GAY

| Curvefitting results | oof

Script graphs J Script variables QE

Figure 11.9: Navigating to the results from the action panel (left) or any other panel (right).

Several options are available on every panel: saving data, showing data, saving graphs,
and plotting the panel (sending to a printer). There are options available for scaling and
zooming of graphs and to show more info about the plotted curves. Other options are panel

specific.

At the bottom of every panel, there are two comment windows. The left window is
auto generated and gives the definition file used with its last saving and when the simulation

was performed. The right window can be used to write personal comments.

11.8.2. Zooming and Scaling

Most of the graphs are scalable. For most axes a logarithmic or linear scale can be
chosen and/or the absolute value of the property can be plotted. The axis-range can be set by
clicking a ‘scale’-button, which opens the following pop-up menu.

e The scaling of both axes can be set automatically (default) or manually.
e A minimum/maximum value can be given.

e The settings on this panel can be saved/loaded (generating an ASCII-txt-file).
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e Clicking the minimal positive button sets the y-axis scaling to manual and sets ymin
to the smallest positive data point which needs to be plotted. This might be very useful when

there are negative data points in a semilogarithmic diagram.

(] SCAPS 3200 Graph Scoling Panel
Sanng the 5¢3165 of & graph m panal FV pansl
Graph Currentvs voltage: Jvs V
x-axis y-axis
vokage (V) J(mAfcm2)
Scaling mode Scaling made
Auto e Manwal Ao Manusl

VRIS ranga
Only active when "Manua®™
Leets 88 in axns label

ymin  Q00CE-D Minimal
positive
ymax 4 025E+3 -

oK

(or press ENTER

Load Scale Settings | | Save Scale Settings |

Figure 11.10: The Scaling panel.

Almost all diagrams have zooming facilities. In order to zoom in, the CTRL-icon
should be held pressed whilst drawing a rectangle with the mouse on a graph. For zooming
out, the CTRL-icon should be held pressed whilst right-clicking with the mouse. Resetting
the initial zooming can often be done as well by changing the log/lin property of the axes.

This only works if the axes scaling is set to auto.

11.8.3. The I'V-Panel

The results of the current-voltage simulations are shown on the IV-panel. The left
graph displays all 1-V simulations. The right graph gives detailed information about the
recombination currents in the last simulation. This allows seeing the main recombination
mechanism in the structure for varying voltages. If the simulation is performed under
illumination, the solar cell parameters are calculated and shown under the graph I-V, see
Figure 11.11.
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Voc (V) _ Jse (mAfem2) FF (%) eta (%) Simulated IV parameters
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0.4655 32100000 | 6735 | 1006 | of Measurement1 vl

Figure 11.11: Visualization of the solar cell parameters.
11.9. The batch set-up panel

The batch set-up panel allows to vary up to nine different parameters. An example of

the batch set-up panel is shown in Figure 11.12.

Simultaneous

I” Vary definion fles From Steps  Custom kst
Remove) pCIGS(LT) | defect1 | loldefectde | Jotside  v| frocogars :[_' ¥ wEeer
Remove) [~ nCaS() | ickness[pm] ~] P P f Mgl
Remove) [§ nZo0(L3) | icknessfym) | P2 fw T wilwer
“ﬂ') r l[ﬂ_'l Set | 3values savedintee lemperatresbdt ¥
Remove) [™ luminaton__v| Spectumfle ] m [ unsaved kstof2spectumfies 7
)

Figure 11.12: The batch set-up panel, illustrating most of the options.

All (most of the) parameters present in the currently defined structure can be varied.

Also, working point conditions can be varied.

When checking ‘simultaneous’, this parameter will be varied together with the
parameter above (and thus in the same number of steps). If ‘simultaneous’ is not checked,

the parameters are varied in a nested way.

Parameters can be varied in a linear, logarithmic, or a custom defined way.
Parameters that are filed can be varied by entering a list of file names: generation files,
spectrum files, filter files, grading files, optical capture cross-section files and initial state

work point files.
Some parameters can only take two values (on/off), e.g. illumination.

When changing any of the illumination parameters (ND filter, spectrum file...) as a

batch parameter, the illumination is automatically switched on.

When changing one of the effective mass parameters, the accompanying tunneling

mechanism is automatically switched on.
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It is possible to save/load the parameters on the batch panel in a “*.sbf’-file which is a
standard ASClI-file.

It is possible to print the batch panel in order to remember your settings.

11.9.1. Custom defined values

When checking the custom list option, a Set-icon appears which when clicking it

opens a panel that allows to enter a list of parameter values.

3) SCAPS 3.2.00 Batch Parameter Valoes Table Panel =

Batkch Parameter | 0 [p-CIGS (L1p>thickness{pm)]

Checked Value List Edtkstof values
(cantbe edded) (ENTER = new kne)

v 4 [otwoc000
T (1 010000000
Y (1006
e ey
L2 050000000
4 [0 314159265
g (€6 030000000
R B
L) = {Opcs
)~727|EJ 271828
Ty i1 Sort increasing
Sont decreasing
K|
1 |

Figure 11.13: Setting custom batch values.

e Parameters can be typed or copy/pasted in the right list interactively. Afterward
‘Update’ should be pressed to allow SCAPS to interpret the typing work. Data that cannot
be interpreted as a number will be ignored.

e The values in the left list are the values SCAPS will use. These can be sorted.

e Parameter value lists can be saved and loaded. The resulting files are standard ASCI|I
files with extension “*.bdf’. This allows to make custom lists with any other program (MS
Excel, Origin, Matlab...) and load them in SCAPS. The layout of this file is rather tolerant.
Just the parameter values can be added one below the other. All the lines which cannot be
interpreted as only one number are ignored as being a comment. It is strongly recommend
that the user add some comments to the file, so that what data are present in the file can be

remembered, even after not using it for a while.
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e Some parameters are files rather than numbers, e.g. a spectrum file. Then there is no
choice but to vary the parameter in a custom way. Clicking the Set-icon will open a panel
where a list of files can be set. Files can be added, removed or replaced. The order of the
file-list can be changed. The list of files can be saved/loaded as well. This is again a standard
ASCII file with the extension ‘*.bdf’. In the ‘*.bdf file, the filenames of these files preceded
by “file:” can be listed. All lines in the “*.bdf” which are not preceded by this will be treated
as a comment. The listed files should be placed in the appropriate SCAPS folder: For
example, the spectra and the generation files which are listed should be placed in the

“spectrum” and “generation”-file of the working SCAPS-folder respectively.

11.10. Recorder Calculations

In a regular single shot or batch calculation, the detailed panels are only available for
the last measurement point. To be able to see them as a function of the batch parameters you
can launch a record calculation. You should first select the properties which you want to
keep track of by clicking ‘Record set-up’. By clicking ‘calculate: recorder’, a recorder
calculation is launched. Cell parameters are varied according to the Batch set-up, and all
simulations (and only those) are performed, which are needed to determine the asked
properties. This means that the selected measurements on the action panel are ignored!

If this option is used with a little bit of imagination, you can devise all kinds of measurement
simulations with SCAPS.

11.10.1.Setting a Recorder

With the Recorder facility, a batch calculation and register or record selected cell
properties as a function of the batch parameter(s) can be done. For example, cell efficiency
as a function of some doping density, n (Na), or whatever can be recorded. There are many

possibilities.
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The list of properties to be recorded is made in the Record Set-up. With the help of the
five choice-menus (type-property-layer-defect-level), the user can choose a property and add
it to the list on the left side of the panel using an Insert or Replace button. There are eight
types of properties to be recorded: I-V characteristics, General properties, Cell definition,
Interfaces, Energy band panel, Generation panel, Occupations, and AC panel.

Properties to be recorded
EB: generation -l Cell defintion v Type
Generation: Rec_auger p
Generation: hole emission - p-CIGS - defect 1 - level 1 Bandgap hd roperty
Cell characteristics: eta vJ
Cell characteristics: Voc T
Cell characteristics: Jsc |
Cell characteristics: FF ,,J

-

Cell charactenstics: V_MPP

Cell characteristics: J_MPP
AC:jn-re | Insert Above I ‘ Replace ‘

AC:jn-im
General properties: J [total] Insert Below

General properties: G [total]
Cell definition: composition o,
iCell definition; Eq

Remove selected item ‘

'Jl—

Figure 11.14: Setting up a recorder.

11.10.2. Recorder Calculations

Clicking the ‘Calculate: recorder’-button leads to a batch recording, which is only
available when a batch is set. In this case, the action list, as it is set on the action panel, will
be ignored. SCAPS will determine which calculations need to be done in order to record the
asked properties. For example, when a property of the AC-panel is to be recorded SCAPS
will perform a C-f simulation at the frequency determined by the working point. When a cell
characteristic is to be recorded, an I-V simulation will be performed starting from 0 - V
stopping at SCAPS does not a priori know the open-circuit voltage. Hence, it will perform
an I-V simulation from 0 V up to a predefined maximum voltage with the ‘stop at Voc’
option on. This predefined maximum voltage can be set on the numerical panel and has a

default value of 2.00V. the open-circuit voltage.

The accuracy of the determination of the cell characteristics is determined by the

increment voltage used in the I-V simulation. SCAPS uses the value which is present on the

52 |



Chapter 11 Numerical simulation by SCAPS

action panel unless it is larger than a predefined minimum value. This value can also be set

on the numerical panel and has a default value of 0.05V.

Maximum voltage for the recording of Solar cell characteristics (V) | EIE.[H] |

Minimum voltage increment for the recording of Solar cell characteri5'| 2005 |

Figure 11.15: Recorder settings on the numerical panel.

11.10.3. Analyzing the Recorder Results

The results of a recording can be accessed through the ‘Recorder Results’ button on the
action panel (or on the EB- or AC-panel). Recorded properties of the type IV characteristics,
General properties, or Interfaces are immediately plotted as a function of one of the batch
parameters. Record properties of the other types are plotted, as a function of the position in
the cell (the mesh). The results can also be saved to a file, see Figure 11.15. For each type of
property type, a different file is saved. The user can choose which files are to be made using
the checkboxes seen in Figure 11.16. The show option has the same meaning as everywhere
in SCAPS. But as not all property types can be showed in one window, only the last one (=

the lowest checkbox checked on Figure 11.16) will be shown.

| W characteristics
| General properties
] Cell definition

| EB panel

| Interfaces
¥] Generation
[ 1 Occupations

| AC panel

=

‘ show |

Figure 11.16: Saving and showing recorder results.
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Chapter I1l.  Results and Discussion

I11.1. Introduction

After making outs about solar cells, especially of the type of thin film based on P-
CZTS, in this chapter we will tackle some of the parameters affecting these cells; where it
contains two parts. In the first part, we dealt with comparing the results of our study edited
cell to the experimental results (Dhakal et al., Solar Energy, 100, 23-30,2014), where we
took some data, and introduced defects in the layer CZTS ,and the interface defect as well.

In the second, we studied the effect of some parameters on the performance of our cell,
such as different buffer layers, affinity electronic, thickness, band gap energy, density carrier
of absorber layer, defect on the absorber layer, and defect of the interface absorber/buffer.
Because it is usually necessary to improve the parameters. Therefore, we study the impact

of these parameters on performance in order to obtain maximum performance.
111.2. Ideal solar cell

In this study, the electrical characteristics (current voltage) were calculated using
SCAPS simulator under AM1.5 illumination. The solar cell is based on p-type absorber
CZTS layer together with the following material layers: TCO, ZnO and CdS buffer. The

schematic structure of the cell is shown in Figure 111.1.

left contact right contact
back front L—

Figure 111.1: A schematic representation of the CZTS solar cell

simulated in this work.
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First of all, the solar cell is simulated considering ideal parameters for the absorber

layer (CZTS) as well ZnO and CdS are simulated with their usual parameters used by SCAPS

[1]. To be realistic, the effects of several types of defects were considered, this includes bulk

deep acceptors and donors, as well as interface defects (CZTS/ CdS). A comparative study

with experimental measurement[2] was carried out. The basic input parameters used in this

simulation are shown in Table I11-1 [2]. Additionally, the parasitic resistances reported by

[2] were considered. The default illumination spectrum is set to the global AM 1.5. The front

and rear contacts are modeled by a surface recombination rate of 10’cm.s. The CZTS

absorption coefficient is 5 x 10* cm™; the series resistances and the shunt resistances are

5.61, 400 Q.cm?, respectively.

Table I11-1:Parameters used in the simulation [2-5].

Parameters Al:ZnO n-ZnO n-CdS p-CZTS
Thickness (nm) 0.3 50 60 1300
Relative permittivity 9 9 9 10
Electron mobility pe (cm?Vs) 100 100 100 100

Hole mobility u, (cm?/V s) 25 25 25 25
Acceptor concentration Na(cm?) 1% 10" 1 x 107 1x10* | 575x 10
Donor concentration Np (cm™) 1x 107 1x 108 2x107 |0

Band gap (eV) 33 33 2.4 1.53
Effective density of state Nc¢ (cm™) 22x10' | 22x10'® | 22x10"® | 2.2x10'®
Effective density of state Ny (cm™) 1.8x 10 | 1.8x 10 | 24x10*™ | 1.8x 10"
Electron affinity (eV) 4.6 4.6 4.5 4.1
Optical Absorption constant (cm* eV*?) 5x 10* | scaps data scaps data scaps data

Table 111-2: Device Parameters used in the Simulation [2, 5].

Cell properties

Cell temperature 300 K
Back metal contact properties

Electron work function of Mo 5eV
Electron Surface recombination velocity (SRV) 10° cm/s
Holes SRV 10" cm/s
Front metal contact properties

Electron work function Flat band
Electron SRV 10" cm/s
Electron SRV 10°cm/s
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Initially, we have considered an ideal structure without any defect and parasitic
resistances Table 3.1; the obtained J-V characteristics are indicated in Figure 111.2. The
extracted figures of merit, in this case, are presented in Table I11-3. It is obvious that the J-

V characteristics and the extracted parameters are far away from measurements, except the

short circuit current which is more or less comparable.

20

=
a1

J (mA/cm?)
)

[— Ideal
| | Experimental

0 . 1 . 1 . . 1 .
0.0 0.2 0.4 0.6 0.8 1.0

V (V)

Figure 111.2: The simulated J-V characteristics of an ideal solar cell compared with

experimental solar cell [2].

Table 111-3: The extracted output parameters from the J-V characteristics of the ideal solar

cell compared to those evaluated from measurements [2].

Voc (mV) | Jgc (mA/cm?) | FF (%) n (%)
Simulation 910 20.21 81.02 14.92
Measurement 603 19.00 55.00 06.20

111.3. Effect of deep donor and a deep acceptor defect

111.3.1. Effect of deep donor and a deep acceptor defect without parasitic
resistances
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Next, the presence of a deep donor and a deep acceptor have been considered,
separately. The parameters of such defects are demonstrated in Table I11-4. The simulated J-

V characteristics are presented in Figure 111.3. It is also evident that the simulated results are

not in good agreement with measurements.

Table I11-4: The Parameters used for the bulk defects.

p-CZTS n-CdS n-ZnO
Gaussian defect density, Ng (cm™3) Aicz)cﬁ;ptor D01n (())lrs Ne‘fgi‘l Nelu (t)rgl
Capture cross section for electrons, oe (cm?) 10-16 10-14 10-13 1012
Capture cross section for holes, o (cm?) 10-14 10-16 10-13 10-15
E4 (py (eV) 0.6 1.2 1.65
Wy (py (eV) 0.1 0.1 0.1

j(mA/ecm?)

—— Defect donor ‘
—— Defect acceptor “ ]

5
—— Experemental
Without parasitic resistances
0 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

v(V)

Figure 111.3: The simulated J-V characteristics with deep defects [2].

It is worth to remember that the maximum theoretical efficiency for an ideal solar cell
is of 14.92%. A slight decrease of the conversion efficiency has been observed in case of a

donor or acceptor defect to 13.06% and 13.46% respectively. The loss in conversion
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efficiency can be explained by the bulk defect density in the absorber layer which has a

minimum density of around 10*® cm~3, according to G. Hanna and co-workers [6, 7].

111.3.2. Effect of deep donor and a deep acceptor defect with parasitic
resistances

The fill factor and Jsc follow the same trend as the conversion efficiency, although its
variations do not exceed 5%. As expected,Voc decreases slightly induced by interface
recombination of photogenerated carriers [6, 8], and FF is affected by the presence of
parasitic resistances[4]. These parasitic effects include the series (Rs) and shunt (Rsn)
resistances, which are not negligible in real cells. The resistance at the front and back
electrodes and the interfacial resistances between different layers also contribute to the
series resistance. The formation of sulphide (MoS. for Mo/CZTS) at absorber/back contact
interface is also responsible for high series resistance of the CZTS based devices[9]. In
Figure 111.4,Table 111.5), the efficiency of CZTS solar cell decrease from 13% to 10% (for
donor defect and acceptor defect) in the presence of series resistance from 5.61 W cm?. On
the other hand, a finite shunt resistance leads to a leakage current in the device. In the actual
CZTS thin film solar cells the shunt resistance is ~400 W cm? [2, 4].

209 -

15 +

10

j(mA/cm?)

| — Defect donor
—— Defect acceptor
Experemental
With parasitic resistances

0.0 0.2 0.4 0.6 0.8 1.0
v(V)

Figure 111.4 : The simulated J-V characteristics in the presence of bulk defects with

series resistance and shunt resistance [2].
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Table 111-5: The calculated output parameters compared to those evaluated from

measurements [2].

Voc (mV) | Jsc (mA/cm?) FF (%) | n (%)
Experimental data 603 19 55 6.2
Our results with donor defect 906 18.47 61.56 10.31
Our results with acceptor 906 18.75 62.48 10.62
defect

111.4. Effect of interface state

Since neither donor nor acceptor bulk traps provide comparable simulation and
measurement results, we have considered the existence of interface traps between the CZTS
and CdS layers. Table I11-6 presents the interface defect properties states parameters. The
obtained J-V characteristics in this case are plotted in Figure I11.5. It is evident that the

simulated current versus voltage is very close to measurements [2].

Table 111-6: The parameters used for the CZTS/CdS interface defect in the simulation.

CZTS/CdS interface defect properties

N (cm™?) N 6X10°
ge (cm?) 10715
on (cm?) 10715

Interface states existence can be explained by either the existence of a second phase
which may be presented at the absorber/buffer layer interface, that boosts interface
recombination [4]. It can also be due to the greater value of the defects density in the real
samples. According to Table I11.5, there is a good adjustable between the experimental data
from the literature [2]and our model. Therefore, the set of parameters can be validated as a
baseline for simulating the variation of absorber parameters influence on the solar cell
performance [4]. This interface is also characterized by a high defect formation which may
be due to the lattice, and thermal expansion mismatches as well. Furthermore, one of the
most significant loss mechanisms in CZTS solar cells can be related to the trap-assisted
tunneling through CZTS/CdS interface recombination [10, 11]. Moreover, the conduction
band offset (CBO) between absorber and buffer materials have a large impact on device
efficiency. Negative offset results in high recombination at the interface leading to low
efficiency [10, 12].A cliff-like conduction band offset at the CZTS/CdS interface decreases
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Voc by the trap state assisted recombination[8, 13]. However, since VBM (valence-band
minimum) of CZTS is close to CBM of CdS, the recombination probability of majority

carriers will be high, which will lead to reduced output voltage[14].

T T T

20 - -

15+ ]
i=
(&)
z

~ 10 ]
=

1|——— CZTS/CdS interface
Experimental
5 - ) o ) -
With parasitic resistances
0 L 1 L 1 L L
0.0 0.2 0.4 0.6 0.8

V (V)
Figure 111.5 : J-V graph of the CZTS solar cell experimental [2] and
simulation (CZTS/CdS defect).

111.5. Effect of buffer layer

In this part, we relied on the cell studied above with some modifications, and then we
simulated the various parameters by SCAPS simulator under AML1.5 illumination, where
electrical properties (voltage current) have been calculated. Used parameters summarized in
the Table I11-7.
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Table 111-7: parameters used in the simulation.

Parameters Al:ZnO n-ZnO n- IN2Ss3 ZnS n-CdS p-CZTS
Thickness (nm) 0.3 50 60 60 60 1300
Relative permittivity 9 9 135 9 9 10
Electron mobility pe 100 100 400 100 100 100
(cm?Vs)
Hole mobility pn (cm?V 25 25 210 25 25 25
s)
Acceptor concentration 0 0 0 0 0 5.75
Na(cm3) x 1016
Donor concentration Np 1 1x 108 1 x 1017 1X10'® 1 x 107 0
(cm®) x 1017
Band gap (ev) 3.3 3.3 2.5 3.1 2.4 1.52
Effective density of state 2.2 2.2x 10 | 1.8x10%° 2.2X1018 2.2 x 108 2.2
Nc(cm®) x 1018 x 1018
Effective density of state 1.8 1.8x 10 | 4x 103 1.8X10"° 2.4 x 108 1.8
Nv(cm?) x 101° x 101°
Electron affinity (ev) 4.6 4.6 4.7 4.15 4.5 4.1
Coefficient d’absorption scaps | scaps data | scaps data scaps data | scaps data 5X10*
data [15, 16] [6, 17, 18]
Defect type / n n n n a/d/n
Defect distribution / Gaussian Gaussian Gaussian Gaussian Gaussian
Total Defect density / 1x10%7 4.35x10'® | 4.35x10%® | 4.35x10%° 5x101°
(1/cm?3)
on (cm?) / 10712 10~13 10713 10713 10716
/10—14
/ 10—15
on(cm?) / 10715 10713 10713 10713 10714
/10716
/ 10—15

CZTS/ZnS interface defect density: 6x10° cm-2 (single; neutral).

a :Acceptor, d: donor, n: neutral

In our simulation, we replace the buffer layer CdS with ZnS and In,Ss. Consequently,

we have noticed that using ZnS as a buffer layer provides a better efficiency 11.64%

compared to CdS and In,Ss3, where the values are 6.33% and 3.16% respectively. In addition,

the short circuit current density in the CZTS / ZnS solar cell is slightly larger than CZTS /
CdS and CZTS / In,S3, as well as for FF and VVoc a notable increase in CZTS / ZnS cases;
this is due to band gap from ZnS (Eg = 3.1eV) [19-21], it is wider than CdS and In,S; 2.4eV

and 2.5eV, respectively. The structural mismatches between In,Ss and other materials of the

CZTS solar cell can lead to lower efficiency, as the affinity of In,Ss; (4.7 eV) is greater than
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CdS, ZnS 4.5 eV, and 4.15eV respectively. Also, the affinity of CZTS is 4.1eV, as well as
making the band dfference of the conduction between the absorber / buffer layer (CBO or
AE.); or AEc = -0.15 eV for the structure CZTS / ZnS, and 0.4 eV, 0.6 eV for CZTS / CdS
and CZTS / In,Ss respectively.

Table 111-8: The calculated output parameters.

Voc Jsc FF (%) n (%)
(mV) (mA/cm?)
SLG/Mo/CZTS/CdS/ZnO/Al:ZnO | 0.604 19.00 55.15 6.33
SLG/Mo/CZTS/ZnS/ZnO/Al:ZnO 0.905 19.59 65.66 11.64
SLG/Mo/CZTS/InpS3/ZnO/AL:ZnO | 0.387 19.04 42.84 3.16

0.0 0.2 0.4 0.6 0.8 1.0
V(V)

Figure 111.6: J-V graph of the CZTS solar cell with ZnS, CdS, and In2Ss buffer layer.
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Figure 111.7: Graphical representation of the band alignments within CZTS/In,Ss solar
cell.
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Figure 111.8: Graphical representation of the band alignments within CZTS/CdS solar cell.
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Figure 111.9: Graphical representation of the band alignments within CZTS/ZnS solar cell.

111.6. Effect of CZTS absorber layer

111.6.1. Effect of CZTS layer affinity

Figure 111.11 represent, respectively, the J-V characteristic of our photovoltaic cell
with various electronic affinity of the CZTS absorber layer and the variation of solar cell

performance parameters for a thickness 1300 nm of CZTS.

We observe that the I-V characteristic curves have two different zones:

e 0-0.1V: I-V curves are apparently identical (look the same), the augment in
electron affinity does not have a significant influence on the characteristic of I-V up to a
voltage of 0.8V.

e 0.1-0.9V: The curves are subject to change.
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Figure 111.10: The simulated J-V characteristics for variable electron affinity of CZTS.
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Figure 111.11: The effect of CZTS electron affinity on the solar cell performance

parameters.
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We notice on Figure 111.10 and Figure 111.11, that the more you increase the electron
affinity of CZTS absorber layer, different parameters and characteristics are decreasing ( a
remarkable decrease in electrical efficiency, fill factor , open circuit voltage, and slight
decrease for short-circuit current density). For an electron affinity x = 4.6eV, an efficiency
of 4.02%, fill factor of 51.02% are obtained .

The interface strongly depends on the respective electron affinities (y), which can be
varied by modifying the deposit conditions. Deposition methods and post-deposition
conditions can have a significant impact on the nature of CZTS / CdS heterojunctions and
therefore band alignment [4, 22]. The heterojunction interface can give rise to type | (CBO)
(spike type, the positive) or type Il (cliff type,the negative) depending on the difference in
electronic affinity of the absorber and the buffer layer. The large spike CBO at the
buffer/absorber interface also decreases the solar cell’s performance as it severely decreases
the photocurrent. This positive offset band constitutes a large potential barrier between the
minimum CB in the absorber layer and the maximum CB in the buffer layer that impedes
the photogenerated electrons [23]. In the present simulation, the electron affinity of CZTS,
which is dependent on its growth conditions, varied from 4.1 to 4.6 eV, and its effect on the
J-V characteristics of the PV cell was issued. We can observe with an increase in . The
efficiency is the highest (~ 11.64%) for y = 4.1 eV .

111.6.2. Effect of CZTS band gap energy Eg

Figure 111.12 and Figure 111.13 represent respectively the J-V characteristic of our
photovoltaic cell as function of bandgap energy Eg of the CZTS absorber layer, and the

variation of solar cell performance parameters when the values of 1300 nm of CZTS.

We have also evaluated, in this study, the impact of different gap energies of the CZTS
absorber layer on the performance of the cell; layer P is the absorber layer or so-called active
layer or base. The gap energy has been varied from 1.4 eV to 1.63 eV, these values are found
within the typical range of literature modeling CZTS solar cells [5, 10, 24-29]. The optical

band-gap (Eg) was affected by varying Zn, Sn and S precursor concentrations[30].
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Figure 111.12: The simulated J-V characteristics for variable band gap energy of CZTS.

We can notice the changes in the values of Jsc, Voc, FF and the efficiency .The figure
shows that when the band gap is equal to 1.6 eV, Voc is 0.904 V and FF reached the value
of 65.6. From the figure, it appears that rising Eg from 1.2 to 1.6 eV caused a decrease to
value 10.56 % in efficiency and decrease in current density of short circuits to value of
17.77mA/cm?. The explanation for this is that rising Eg leads to reducing the absorption,
leading to a decrease in Jsc and efficiency. Additionally, VVoc is increasing because of its
direct proportionality to Eg. It shows that Voc and FF grow significantly to 1.35 eV, and
remain almost unchanged after this value while Jsc is decreasing linearly. This decrease can
be explained by the fact that the wide gap absorbers do not absorb photons wavelengths. As
a result, a small amount of electron-hole pairs can be observed and a small amount of free
carriers collected; which could reduce the value of Jsc. Decreasing efficiency after 1.35 eV
is due to the reduce of Jsc as Voc and FF remain almost constant after this value [31].
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Figure 111.13: The effect of CZTS bandgap energy on the solar cell performance

parameters.

111.6.3. Effect of CZTS thickness

The effect of the thickness of the CZTS absorber layer on the performance of the cell
has been studied by varying it from 1 to 3.5 microns meter. The Figure 111.14 and Figure
I11.15 show the different effects of this variation on the cell performance parameters such as
short-circuit current density (Jsc), open circuit voltage (Voc), fill factor (FF), and efficiency.
Note in the Figure that Jsc, Voc, and n increase consistently with the boost in the absorber
layer thickness. This could be due to the fact that more photons with long wavelengths are
absorbed by the absorber when it is wider and, therefore, an increased number of electron-
hole pairs is remarked. This will therefore produce enhancements in the values of Jsc, Voc,
and therefore efficiency. Note that FF decreases with boosting thickness from the value 2
pum. Wider thicknesses introduce resistive components which can affect the fill factor [5].

However, the growth of thicker absorber layers is not profitable. In addition to this, for
thicker CZTS films the secondary phases (ZnS, Cu.S and Cu.SnSs, for example) should be

more numerous and tough to detect experimentally [4].

70 |



Chapter 111

Results and Discussion

J (mA/cmZ)

V (V)

1.0

Figure 111.14: The simulated J-V characteristics for variable thickness of CZTS.
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Figure 111.15: The effect of CZTS thickness on the solar cell performance parameters.

71|



Chapter 111 Results and Discussion

111.6.4. Effect of the concentration of the Na absorber layer of CZTS

The Figure 111.16 and Figure 111.17 illustrate the J-V characteristics of cells with
various carrier densities (Na) in the CZTS absorber. Our model of solar cell has been
simulated for the values of Na in the margin 10*3-10, since the experimental results have
shown that the minimum and maximum values of Na are about 1.2x10%* cm[5, 32] and
3.1x10%° cm [32, 33] respectively . This indicates that the Voc, FF, and n increase with the
concentration of carriers and the Jsc decreases with it. As the absorber carrier densities Na

increase, the saturation current lp decreases and then the V¢ increases.

However, with rising carrier densities, the short-circuit current will decrease. This is
mainly because the higher carrier densities increase the recombination process and the
probability of formation of photon-generated electron. At a hole concentration amount 107
/ cm? the efficiency as well as FF are found to be maximum.With increased carrier density,
the difference in quasi-Fermi levels corresponding to minority carriers on both sides of the
junction becomes wide. This leads to an increase in Voc up to a certain critical concentration
after that the semiconductor makes degeneration. In degenerate situation, the length of the
carrier diffusion is very small,this results in a drastic reduction of the open-circuit voltage
and hence in efficiency. It is also observed that the quantum efficiency is reduced for higher

densities of the acceptors due to increased recombination process [4, 34].

Where the efficiency is enhanced to a value of 11.82% for its density 10*’cm. When
the concentration of carriers increases in the absorber layer, the semiconductor becomes

degenerate and this is a valid reason for limiting the large values of Na.
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Figure 111.17: The effect of CZTS doping density on the solar cell performance

parameters.
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111.6.5. Effect of defect in CZTS

CZTS has a wide variety of points that include: The point defects of the acceptor in
CZTS which are vacant: Vcu, Vzn, Vsn, and the antisites: Cuz,, Cusn, Znsn, Whereas the
donor as defects consist of vacancy: Vs, interstitials: Cui, Zn;, and antisites: Zncu, Sncu, Snzn.
deep acceptor levels of Cusn and Cuz, are considered to be one of the most active SRH
recombination centers for CZTS-based devices [4, 32, 35-38]. Deep donor defects such as
defects (Vs and Snzn) also contribute significantly to the recombination of SRH [37, 39]. On
the other hand, the self-compensating neutral defect of complexes like [Cuz, + Znf, ] et
[Va, + Zng,] act as passivation centers for these types of deep level faults [4, 32, 35-38, 40],
where the concentration of defects is as mentioned in some studies is ~ (108cm -10?'cm™3)
[32, 37, 41].

The defect states can introduce additional carrier recombination centers in CZTS solar
cells, especially SRH recombination. Enhance the recombination process of photogenerated
carriers, leading to increased reverse saturation current density, reduced short-circuit current,

cell efficiency, and open-circuit voltage [4, 34, 42].

a. Influence of neutral defect

The Figure 111.18 and Figure 111.19 demonstrate the current-voltage characteristics of
solar cells as function defects densities of the neutral type with a variable concentration from
10%cm to 10Yecm3,

Nt<10%*%cm: the Jsc, FF, Voc, and n_ decreases slowly. Nt> 10°cm: enough marked

decrease in Jcc, FF, and n; As for the voltage decreases to the value of 0.861V at 10'’cm™,

In the CZTS layer, we introduce Gaussian defect states with energy 0.6 EV which was

selected above CZTS valence band edge.
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Figure 111.18: The simulated J-V characteristics for variable of neutral defect density
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b. Influence of acceptor defect

The Figure 111.20 and Figure 111.21 demonstrate the current-voltage characteristics of

solar cells as function defects densities of the acceptor type with a variable concentration

from 10%cm to 10*8cm3.
Almost the same as in the case of neutral defect where we notice that there is a slight

decrease in Jsc, FF, n, and Voc.
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Figure 111.20: The simulated J-V characteristics for variation of acceptor defect
density of CZTS.
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performance parameters.

c. Influence of donor defects

The figure represents the current-voltage characteristics in diodes with donor type
defect of variable density from 103cm= to 10¥cm. It can be seen that the current decreases
when the concentration of defects in the active layer increases. Nevertheless, this influence
is slight for density less than 10'%cm. The same for FF, n, and VVoc. Then, we notice a

significant decrease when the density is greater than 10'%cm,
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111.7. Influence of CZTS / ZnS interface defect

The Figure 111.24 and Figure 111.25 represent, respectively, the J-V characteristic of our
photovoltaic cell as function of total defect of interface CZTS/ZnS, and the variation of

solar cell performance parameters.
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Figure 111.24: The simulated J-V characteristics for variation of interface defect
density of CZTS.
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CZTS / ZnS interface defect is varied between the values 10'°-10*° cm™ [43-45], the

Influence of CZTS / ZnS interface defect this causes the J-V characteristics of the solar cell

to decrease. Moreover, the neutral defects in the CZTS / ZnS interface are also principal

centers for recombining carriers. They are formed mainly due to the difference between the

two layers and are a major source of SRH recombination in thin film PV cells [4, 34, 42].

Table I111-9 : The Optimal parameters

Band gap | Electron | Thickness Acceptor the neutral CZTS/2ZnS
affinity density defect interface defect
concentration
1.35eV 4.1eV 2um 1x 10 cm3 5x 10¥°cm 6x 101° cm?3
11=15.21% FF=65.19% Jsc=26.43mA/cm? Voc=0.882V
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GENERAL CONCLUSION

Throughout this research, we have studied solar cells of the kind thin films based on
CZTS. We used a numerical simulation program SCAPS to determine the best parameters

for each solar cell based on CZTS, in order to improve the performance of the cell.

The first phase of the work was devoted to the study of the cell CZTS/ CdS/ ZnO/
Al:ZnO where we studied the effect of defects of the donor type and acceptor (Gaussian) in
addition to the shun resistance and serie resistance. As we noted the effect of the defects of
the interface CZTS/CdS in the performance of this cell, and that is from showing the

curves of current density voltage (J-V).

In the second phase, we showed the change in the current density voltage (J-V). First,
we indicated the effect of buffer layers as CdS, ZnS, and In2Sz on cell performance. Then,
we represented the effect of electronic affinity, concentration, band-gap energy, thickness,
the presence of deep defect (donor or acceptor) of the CZTS layer, and defect of interface
CZTS/ZnS on the short circuit current, the open circuit voltage, the fill factor, and
efficiency of CZTS/ ZnS/ ZnO/ Al:ZnO.

The results of the simulation demonstrated that:

e For the CZTS/ CdS/ ZnO/ Al:ZnO cell, we found that we can compare
simulation values with experimental values when adding defects of interface
the values are converging.

e Of the three layers, CdS, In2Ss, and ZnS, we find that the latter provides a
better performance to the cell.

e For the CZTS/ ZnS/ ZnO/ Al:ZnO cell, efficiency, Jsc, Voc and FF are
decreasing for increase the electronic affinity of CZTS.

e FF and Vo are increasing to boost the band-gap energy of CZTS, while the
Jsc is decreasing, the efficiency is increasing even the Eq =1.35eV, then it is
reduce.

e Efficiency, Jsc and Voc are increasing by augment the thickness of CZTS,
while the FF is increasing even value 2um, and then it is reducing.

e When Na increases, Jsc is reduce; while the efficiency, Voc, and FF are

increasing to value 1017 cm3, then it decreases.
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GENERAL CONCLUSION

The effect of defects leads to deteriorate of cell performance, especially the

donor defects whose effect is clear.
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