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Chapter

Thin-Film Solar Cells
Performances Optimization: Case
of Cu (In, Ga) Se,-ZnS

Fridolin Tchangnwa Nya and Guy Maurel Dzifack Kenfack

Abstract

In this chapter, we investigate a way of improving solar cells performances.
By focusing studies on optimizing the structural, the opto-electrical and electronic
properties of materials that constitute the layers and interfaces of a solar device,
such as electrical susceptibility, doping concentration, mobility of charge carriers
and crystallographic structure, it is possible to improve the output parameters of a
solar cell. Working on a CIGSe-based second-generation ultra-thin solar cell model,
and using Zinc Sulfide (ZnS) as a window layer, and based on recent studies, vital
information are found on the optimal values of these properties that may enhance
the efficiency of the cell. A correct modeling of the device with a trusted software
such as SCAPS and an appropriate set of the exact conditions and parameters of
simulation allow to obtain very promising results. In particular, for nanoscale and
microscale thicknesses of buffer and absorber layers materials respectively, and
with an appropriate choice of other materials properties such as intrinsic doping
concentration, electrons and holes mobilities, it is possible to record efficiencies and
fill factors of more than 26% and 85% respectively. These values are very promising
for solar energy harvesting technologies development through CIGSe — ZnS based
solar devices.

Keywords: thin-film, solar cell, CIGSe, ZnS, efficiency optimization, SCAPS
numerical simulation, structural properties, Opto-electrical properties

1. Introduction

These two last decades have been marked by a dizzying rise in the field of solar
energy harvesting thanks to photovoltaic technologies. Among the three well-
known fields of solar device technologies, thin-film solar cells are nowadays gaining
more interest among researchers and industrial applications due to the reduction in
the quantities of materials, their flexibility, their low environmental impact, reduc-
tion in time and new opportunities for higher yields goals. The achievement of a
record yields of 22.6% [1] for CIGSe-based thin-film solar cells at the end of 2016
marked a decisive turning point towards the quest for higher yields. On the basis of
recent studies, the efficiency of CIGSe-based ultra-thin solar cells can be further
considerably improved by directing studies on obtaining the best structural and
opto-electrical properties of the different materials layers that constitute the cell
structure. For example, among the alternative materials for the buffer layer, scien-
tific community recognizes the Zinc Sulfide ZnS material as the one which stands
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out as the most promising, although the highest yield obtained with it to date does
not exceed 22%. In the process of reducing the thickness of the layers, numerous
works have been identified. In 2015 a yield of about 20.75% was achieved with
CIGSe device using only 1 pm of absorber layer thickness and ZnS as buffer layer
[2]. A couple of years later, a yield of 22.62% is recorded using nanoscale thick-
nesses for the different layers but using the controversy CdS material as buffer layer
[3]. By going into continuation of the above-mentioned works, a correct modeling
with the trusted numerical simulation software SCAPS allow to investigate the
influence of the values of certain properties of layers and interfaces mainly, their
electrical susceptibility, their crystallographic structure, their intrinsic doping level
and the mobilities of charge carriers, on the performances of CIGSe-ZnS based solar
cell structures. In this chapter, we carry out investigations and we highlight key
properties values that allow to record very promising results. A good knowledge of
these values is a basis to better control the material design and layers deposition
processes, to be closed to these theoretical results [4, 5]. To achieve this goal a good
understanding of the micro-activities which occur at the level of the layer interfaces
which are the recombination mechanisms of the photo-generated electron-hole
pairs, and the effects of the defect states which inevitably appear with thicknesses
reduction, is required to limit their harmful effects on the cell performances [6, 7].

This chapter will be structured as follow, in the first section we are presenting
the state of the art on CIGSe-based second-generation thin film solar cells. The
different properties of materials are highlighted in the second section, and we recall
the mathematical relationships that support the microscopic phenomena within
layers and interfaces, and which constitute the basis set of our solar cell modeling.
In the last section, investigations are carried out to understand the influence of
certain material properties on the overall performance of our device and depending
on the results obtained, we highlight those which lead to better yields.

2. State of the art on solar cells - introduction on CIGSe-based thin films
2.1 State of the art in thin film industry

The photovoltaic market has experienced rapid development since 2003, with a
growth rate of 40% until 2009 and 135% in 2010, reaching an installed capacity of 40
GW. This market is dominated by technologies based on crystalline silicon. Developed
for 60 years, the silicon industry witnessed many advances. In 2012, it represented
90% of the photovoltaic market share [8]. We can then distinguish two large families
of cells depending on the nature of the silicon wafer, monocrystalline (m-Si) or poly
crystalline (p-Si), for which the record yields are 26.8% (homo-junction), 24.9%
(heterojunction) and 21.7% (homojunction), 20.3% (heterojunction) respectively [9].
Research in this field has been extremely active in recent years and advances have
been rapid, which has allowed the advent of photovoltaic technologies that consume
less energy and only require a few microns in thickness (compared to around 200
microns for silicon) and costs of smaller productions. This is the so-called second
generation thin-film cell industry. Their main advantage comes from the small
amount of materials needed to make a cell. This generation experienced a 39%
increase in production between 2010 and 2014 and more than 50% between 2015 and
2019. There are mainly three (03) sectors in that field:

* Amorphous silicon (a-Si) thin films: they have record efficiencies of around
11% for single junction amorphous silicon cells and 12.6% for tandem double
junction amorphous silicon/micro-amorphous silicon cells.
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* Cadmium Telluride (CdTe) thin films: the record yield is 22.1%. It is the
leading thin film technology in the photovoltaic industry. However, a
promising future is not guaranteed because of the use of cadmium (Cd) which
is a highly harmful material for environment purpose.

* Thin films based on Indium Gallium Copper DiSelenide Cu (In, Ga) Se,,
known as CIGSe based solar cells: which represent the best yields with a
conversion yield of 22.6% in 2016 [1].

The third generation includes all the new approaches proposed and developed in
recent years, this generation is to reduce manufacturing costs (Organic solar cells,
Grietzel' cells, etc.). It seeks to overcome the current limits of yields by resorting to
original concepts such as multi-junction cells, intermediate gap cells or using hot
carriers. The majority of third generation systems are currently under development
and target more or less long-term industrial applications. Graetzel cells for example
can offer a yield of up to 11.5% [1].

2.2 CIGSe-based cells: evolution

The scientific advances which have enabled the realization of very high effi-
ciency thin film solar cells have taken place by successive technological leaps, the
study of these different key stages is essential to understanding the complexity of
the structure of a solar cell based on standard CIGSe and the problematic of this
work.

Initially intended for the manufacture of photo-detectors, the first solar cells
consisted of single crystals of CulnSe, (CISe) evaporated on an alumina/molybde-
num substrate. Interest in photovoltaic applications grew very quickly in regards to
the good yields of around 9% obtained by BOEING in 1981. Since the 1980s, four
main developments have made it possible to obtain current yields.

* Modification of the structure

Modification of the buffer layer by the Cadmium Selenide (CdS) layer and the
introduction of the ZnO: Al window layer enhanced absorption of the solar spec-
trum at short wavelengths. As of today, many materials have already been used as a
buffer layer in particular (In,S3, ZnS, ZnSe, Zn (S, OH)) and as a window layer we
will see for example zinc oxide doped with Boron (ZnO: B).

* Introduction of Gallium

Beginning in 1987, Chen et al. [9] attempted to incorporate Gallium atoms into
the CISe structure. The partial substitution of indium by gallium has improved the
electrical performance of the solar cell.

¢ Influence of sodium

In the 1990s, Hedson et al., working on the substitution of the initial substrate to
soda glass in order to reduce costs, found that the performance of solar cells was

1 It was in 1991 that Grietzel’s cell was discovered by Michael GRAETZEL, a Swiss chemist and professor

at the Swiss Federal Institute of Technology in Lausanne.
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greatly improved. They attributed this observed beneficial effect to the influence of
sodium from the glass on the doping of the CIGSe layer.

* Filing procedures

The importance of the deposition processes of the absorbent layer was studied in
the Boeing laboratory, going from one to two, then to three stages, the deposition
processes have made it possible to improve the performance of solar cells by various
phenomena. That are the burial of the P-N junction, the Gallium gradient and
recrystallization.

2.3 Challenges to take up

Advances in the field have enabled CIGSe based technology to exceed the 20%
yield recorded in 2010 and yields close to 23% in 2016. If this technology is actually
offering very good yields for thin films structures, it is also facing many economic,
environmental and competitive challenges strongly linked to this last decade
requirements.

* The first challenge: Reducing production costs.

The European Union has classified Indium as a critical material since 2010 due to
the drastic lowering of its reserves following its multi-field use where demand is
increasingly growing in addition to the photovoltaic market (ITO screen, LED, etc.)
and the instability of its cost is already hindering the development of CIGSe tech-
nology. Among the distinct avenues of research aiming at reducing the use of
Indium, the reduction of the thickness of the CIGSe layer is the subject of this work.

* The second challenge: Reducing the environmental impact, replacing the
buffer layer with a less harmful layer.

Known CIGSe-based cell models use Cadmium Sulfide (CdS) as the buffer layer
material. The latter has so far provided the best returns. However, the cadmium
present in the material is a highly carcinogenic element representing a potential
danger during the manufacturing and recycling phase at the end of the lifetime.

* The third challenge: Obtain better performance and compete with other
technologies.

So far, the record performance achieved by CIGSe-based thin-film photovoltaic
technology is 22.6% [1], close to the highest yield of 24.9% recorded by silicon
technology. The main goal of the present development, is to undertake scientific
investigations to go beyond the above-mentioned values.

2.4 Thin film issue

In principle, a thin layer of a given material is an element of this material, one of
its dimensions, called the thickness, has been greatly reduced so that it is expressed
in nanoscale and that this small distance between the two boundary surfaces
(almost two-dimensionality) leads to a disturbance of the majority of the physical
properties.

The second essential characteristic of a thin film is such that whatever the
procedure used for its manufacture; a thin film is almost part of the support on
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which it is built. Consequently, the support has a very strong influence on the
structural properties of the layer deposited thereon.

Much work already exists in the context of optimizing the performance of
CIGSe cells with various materials as a buffer layer. It is in this tertiary perspective
that this work is also part of, that is to say to seek the optimized properties of the
material used as a buffer layer and to control the micro-activities behind perfor-
mance losses.

3. Material choosing, methods and general principle
3.1 Material choosing and structure of our solar cell
3.1.1 Reason for choosing ZnS

Zinc Sulfide (ZnS) is a semiconductor formed by the association of an element
atom from column II with another element atom from column VI of the periodic
table of chemical elements. It has intrinsic properties which make it a material of
choice in the search for good performance in the CIGSe-based thin film chain. It is
recognized as having the following properties: It is non-toxic to the environment
and its constituents are abundant in nature (Zinc and Sulfur) (Table 1).

3.1.2 ZnS material global properties
3.1.2.1 ZnS crystallographic properties

The crystallography of compounds II-VI6 to which Zinc Sulfide belongs poses
some problems because of the polymorphism of these compounds. They can have
crystallographic structures of two main types: the cubic structure of the sphalerite
type (Zinc Blende), and the hexagonal structure of the Wurtzite type. The cubic
structure (Zinc Blende) is stable at room temperature (27°C), while the hexagonal
structure is more stable at very high-top temperatures of around 1020°C [10].
Indeed, with a lattice parameter acigs = 0.58 nm for the CIGSe chalcopyrite struc-
ture and ag_z,s = 0.541 nm respectivelyao z,s = bo zns = 0.3811nm for ZnS in its
cubic and hexagonal structure respectively, CIGSe forms a better lattice agreement
with ZnS in its sphalerite structure which is furthermore its stable structure [11].

A deposition technique by ALD [12] or by laser sputtering [11] would make it
possible to obtain a layer of ZnS having a crystallographic orientation preferentially
sphalerite.

Column Column Column Column Column Column Column
IA-B II A-B II1 B IVB VB VI B VIIB
Lis Be, Bs Ce N Oy Fs
Nayy Mglz Aly; Siyy Pis [Si6] Clyy
Cuyy [Zn30] Gag; Ges, As33 Sesq Brss
Agyy Cdas Ingo Snso Sbs; Tes, Is3
Auyg Hgsgo Tig Pbg, Bigs Pog, Atgs
Table 1.

Chemical elements of the Mendeleev table of columns II and VI [13].
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3.1.2.2 ZnS Opto-electrical properties

The spectrum of white light extends from the ultraviolet characterized by short
wavelengths (A < 380 nm) to the infrared characterized by long wavelengths
(A > 780 nm) through the visible spectrum whose wavelengths are between 380 nm
< A < 780 nm. The absorption spectrum of ZnS is an important element that
characterizes its absorption power when subjected to illumination. It is all the more
significant as it extends over a frequency band that is difficult to absorb by other
materials. The important element to characterize it is the value of the band gap of
the material. The energy value of the band gap, E, of ZnS can be determined by an
optical approach through its absorption spectrum. The formula that describes light
absorption ability of a material given his band gap is well highlighted by Rayan,
Elseman and co-workers [14-16] and is given by:

(ahv)* = A (hv — E) (1)

This formula is only valid for authorized direct transitions. «a is the absorption
coefficient, A is a constant to be determined, fi is Planck’s constant and v is the
frequency of the incident photon.

Literature tells us that ZnS is a semiconductor with a wide band gap (> 3.5 eV).
This wide band gap gives it high optical transparency in the visible and infrared
regions of the solar spectrum and a high absorption coefficient in the ultraviolet
region. Its transmission spectrum is recorded between 400 and 850 nm [17], which
allows the transmission of photons of higher energy, thus increasing the absorption
of the light spectrum in the absorber layer.

It is also a direct gap semiconductor. Indeed, the maximum of the valence band
and the minimum of the conduction band are found at the centre of the Brillouin

zone (where K= 0). The transitions are made from band to band without the
intervention of phonons, therefore without loss or dissipation of energy in thermal
form [18].
The refractive index of ZnS is 2.41 to 0.5 pm and 2.29 to 1.1 pm in depth [19].
Remember that the electronic structures of Sulfur and Zinc are:

Zn - [Av]4d™°55> S : [Ne|3d*3p*

The 3p states of Sulfur form the valence band, the 5 states of Zinc constitute the
conduction band. This gives ZnS a wide forbidden band. This wide band gap makes
it a very promising material for optoelectronic and solar applications. Its forbidden
band is between 3.68 eV and 3.9 eV depending on whether we are in a cubic or
hexagonal structure. This band gap value may vary depending on the preparation
method and the doping rate [19]. We can also find from the literature that it has a
relatively high exciton binding energy (34 meV); its structure exhibits a better
lattice matching with absorbers having energy bands in the range (1,2-1,5¢V) [13]
and finally it has a high electrons mobility (165 cm?/V. s).

3.1.3 Structure of our solar cell

In its most common structure, a CIGSe-based cell is formed by a stack of several
thin film materials deposited successively on a substrate. Let us consider the
following structure:

(Ni/Al)/MgF2/ZnO: B/i-ZnO/ZnS/CulnGaSe,/Mo/SLG (Figure 1).
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Figure 1.
One-dimensional structure of the cell.

* Second window layer: i-ZnO

Zinc oxide is a semiconductor belonging to group II-VI with a number of prop-
erties that make it a material widely used in several fields, these are its piezoelec-
tricity, its wide band gap and its intrinsic doping type N. It can exhibit an N-type
doping process, for example by adding the atoms of Al, Ga and B and it also exhibits
an N-type conductivity due to structural defects. Its forbidden band is 3.3 eV and
can vary by adding Mg, Cd or S atoms. It can crystallize according to the Zinc
Blende, wurtzite or diamond structures. Only the wurtzite structure is stable under
ambient conditions [20].

* First window layer: ZnO: B

Most CIGSe-based solar cells use Aluminum-doped Zinc oxide (ZnO: Al) as the
Transparent Conductive Oxide (TCO). Within the framework of this work we opt
for ZnO doped with boron (ZnO: B) as OCT. Boron doping would be more benefi-
cial for solar cells. Its standard thickness varies between 450 and 1400 nm [18].

* The buffer layer: ZnS

Its standard thickness varies between 40 and 60 nm. It has an N-type conduc-
tivity and its gap is greater than that of the absorber layer. Three roles are mainly
attributed to it:

* An electrical role: it adapts the width of the forbidden band between the
absorber and the window layer and limits the recombination of carriers at the
interface;

* An optical role: due to its wide forbidden band (E, = 3.68 eV), it makes it
possible to absorb the maximum of the light spectrum in the region not
absorbed by the active layer and thus minimizes optical losses;
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* A role of protective layer: it protects the surface of the absorber during the
deposition of the ZnO layer, which can cause defects on the surface of the CIGSe.

From Won Song et al. work [19], only the values of properties recorded for the
cubic structure will be taken into account during this study, since that structure is
more stable at room temperature, and forms a better lattice matching with the
chalcopyrite structure of CIGSe. That allows us to record as dielectric constant value
& = 8.3.

* The absorbent layer: Cu (In, Ga) Se,

It is a semiconductor obtained by combining elements from groups I-11I-VI2 of
the periodic table (Table 2) and has a chalcopyrite crystal structure. Its standard
thickness is between 1.5 - 3 pm. This tetragonal structure can be described as a stack
of two Zinc Blende structures in which the tetrahedral sites are occupied by atoms
of group VI (Se) (anions) and the other sites are occupied in an orderly manner by
atoms of groups I (Cu) and III (In) (cations). CIGSe is a solid solution of the
semiconductor materials CulnSe, and CuGaSe, which have direct gaps of 1.06 eV
and 1.7 eV respectively.

(Gal

Ga] + 7] @)

The ratio : x =

determine the rate of Gallium atoms that replace Indium atoms in the structure.
The value of the band gap and the electrical susceptibility of the material vary as a
function of x between the values of pure CIS and pure CGS according to the
following empirical laws [21]:

E, =1.06 + 0.39238x + 0.24762x" (3)

Material properties ZnS
Melting point (K) 2038 (WZ, 150 atm)
Band gap E, at 300 K (eV) (ZB/WZ) 3.68/3.911
Electrical susceptibility (eV) 3.9-4.5
Lattice parameter (ZB) a0 at 300 K (nm) 0.541
ZB structure density at 300 K (g/cm-3) 4.11
Lattice parameters (WZ) at 300 K (nm) 0.3811
a0 = b0 0.6234
c0 1.602
c0/a0
WZ structure density at 300 K (g/cm-3) 3.98
Heat capacity Cp (Cal/mol K) 1
Relative dielectric constant &, 8.3
Refractive index (ZB/WZ) 2.368/2.378
Absorption coefficient <0.15
Electron effective mass (m*/mg) —-0.4
Electrons mobility at 300 K (cm2/V. s) 165
Holes mobility at 300 K (cm2/V. s) 5

Table 2.

Properties of zinc sulfide ZnS [22].
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Xe = 4.6 — 1.15667x + 0.03333x” (4)

The choice of the value of E, (and therefore of y,) depends on several factors.

The best yields are obtained with a value of the band gap E, of about 1.2 eV. This
corresponds to a Gallium concentration level close to [Ga] = 30%. This is the value
that will be considered in this study.

* Rear contact: Molybdenum (Mo)

The back contact here is a thin layer of Molybdenum (Mo) which is 300 nm
thick (the standard thickness is between 0.3-1 micron). It has the ability to form
ohmic contact with CIGSe [23]. Indeed, Mo can react with selenium (Se) during the
deposition of CIGSe to form MoSe,. Consequently, the CIGSe/Mo structure then
becomes CIGSe/MoSe,/Mo with a thickness of MoSe, of about 10 nm. MoSe, is a
semiconductor with a gap of 1.41 eV and its existence has the effect of giving an
ohmic behavior to the CIGSe/Mo hetero-contact, while reducing recombination at
the interface.

* Substrate: Soda-lime glass

The standard substrate used to make CIGSe cells is soda lime glass. It’s benefit
effects were described above in §2.2. Its thickness varies from 1 to 3 mm.

3.1.4 Investigations on the ZnS — Cu (In, Ga) Se, interface: Highlighting of the surface
defect layer (SDL)

Between the ZnS and the absorber, a layer called OVC (Ordered Vacancy Com-
pound) has been identified. Investigations carried out within recent works identify
his properties and found that they were similar to that of a Surface Defects Layer
(SDL). Ouédraogo et al. [24] and Tchangnwa et al. [25, 26], highlighted the benefi-
cial effect related to the existence of the SDL on cell performance. In fact, the
presence of an Indium-enrich micro-layer which exhibits an N-type conductivity
(N-SDL), at the top of the P-type conductivity CIGSe material, is responsible of the
existence of that defect state layer. That leads to a discontinuity at the band gap
level at the interface. It has a positive effect since it enhance the transport of the
charge carriers through the junction. Another interpretation is given for the exis-
tence of that defect state layer from other authors [27], that is, it results from a
copper-poor film at the top of the CIGSe material. Both interpretations complete
each other, since the N-SDL is almost located within the CIGSe layer, but exhibits
different opto-electrical, electronic and structural properties. As a consequence, at
the P-N interface between the N-type ZnS and the P-type CIGSe materials, an
homojunction is formed. That is, the N-type SDL is almost fully integrated within
the CIGSe structure. That explains why in our structure, we will model our P-N
heterojunction (the ZnS-CIGSe junction) as two different interfaces: the ZnS/SDL
interface and SDL/CIGSe interface, each of them exhibiting different properties.

3.2 General principle
3.2.1 Mechanism of photovoltaic conversion

The photovoltaic effect is based on the properties of semiconductor materials.
Indeed, the latter are capable of absorbing photons of frequency v whose energy is:
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[Ephotan =hv — Eg} 2> [Eg = Ec — EV} (5)

Where E, is the value of the forbidden band, Ecand Ev are respectively the energy
values of the conduction band and the valence band of the illuminated material.

A semiconductor material alone cannot generate electric current. In order to
generate the electric current, one must assemble two semiconductors of different
types, thus creating a P-N junction [21]. In this chapter, let consider the denomina-
tion heterojunction because the constituent materials of our two semiconductors are
different. The P-doped zone is that containing the CIGSe, and the N-doped zone
groups together the buffer layer (ZnS) and the window layers (i-ZnO, ZnO: B).
During contact between the P and N zones, the majority carriers of each diffuse
through the contact surface, at this time a depletion zone is created, positively
charged on the side of the N-type semiconductor and a negatively charged zone on
the P-type semiconductor side. This transition zone is called the Space Charge Zone
(ZCE). The Fermi levels of the two zones equalize, causing the band diagram to
bend, introducing a potential barrier V, at the interface.

The concentration gradient of the majority carriers induces the presence of a
permanent electric field in this ZCE at equilibrium. The electric field thus created
leads each type of carrier towards the zone where it is the majority carrier (the
electrons towards the N zone and the holes towards the P zone). It follows the
mechanism of the collection of each majority carrier.

3.2.2 Densities of states and concentrations of charge carriers

Electrons and holes obey the Fermi-Dirac statistic, the probability that an energy
level E is occupied by a charge carrier is given by:

1

1+ exp (]2—Ejf> ©

fFD(E) =

Assuming we are in non-degenerate states of energies we have(E — Ef) /K, T>>1

E-E
andf ,p(E) — exp — (ﬁ)
The densities of electrons and holes in the conduction and valence band respec-
tively are given by the following integrals [28].

o E —E
n = JN(E)f(E)dE = frp(Ec) = Nc exp — ( Kbe) %
Ec
Ey E E
p= J N(E) (1 —f(E)AE = fpp(Ev) = Nv exp (%) ®
With:
2(2zm* KT)>?
Ne — ( ”mg3 ) 9)
and
, 3/2
Ny — 2(2mg3{<T) (10)

10
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The fermi level energy is given by:

3
E E KT N E E KT 1\ 2
EFZQ+TIH<_V):Q (mh)

—1 11
5 Ne s t>5 In (11)

*
e

with: m) = 0.4m, and m; = 1.7m,
3.2.3 Current generation

These are the Poisson equation in the presence of an electric potential ¢, and

the continuity equations of electrons and holes with well-specified boundary
conditions [23].

The Poisson equation for semiconductors is:

d ( dg
dx de

—q(p —n+Np—Ny)

(12)
The continuity equations for electrons and holes are:
d on
JoUn) =4(R=G) +q—7 (13)
d 4
=) =—ar-0)+q% (14)

¢ is the dielectric constant of the material, ¢ is the electrostatic potential, » and
p are respectively the concentration of free carriers for electrons and holes,

N} and N - are the densities of ionized donors and acceptors, J, and J, are the

current densities due to electrons and holes. R and G are the rates of recombination
and generation of electron-hole pairs, respectively.

Jn = qunVe + gD, Vn;

(15)
]p = ?IﬂpPVCD + quVP (16)
The current density in the cell can be written in the following form: (17)
W+L W+L
] :]Geriemtion _]Recomhinai:on = _q J GL (’15 x)dx _]ir + q J R(x)dx (17)
—d 0

Where Gy, is the generation function, J;, is the recombination current at the
interface, R is the recombination function in the volume of the absorbent layer. d,
W and L are the widths of the buffer layer, ZCE and ZQN respectively [23].

The rate of generation of electron-hole pairs at one dimension of the surface of
the semiconductor is given by:

GL(4,x) = a1(A)F(1)(1 — R(A)) exp (—a1x) (18)

a; (1) is the number of incident photons per cm” per s per unit wavelength. R(A)

is the fraction of photons reflected from the surface, a;is the absorption coefficient
in the semiconductor.

11
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3.3 Study of the performance reduction mechanisms within the device

Some micro-activities took place within the junction when the two materials
(ZnS and CIGSe) are gathered together and are submitted to an external electric
field and light. These activities which tend to reduce the global performances of the
device, are the recombination mechanisms of the photo-generated electron-hole
pairs. To recall what we said in Section 1, the first challenge of the current
researches in the field of solar energy harvesting is the reduction of the quantities
of materials while keeping the device performance or enhancing them. This is a
great challenge since, the effects of the defect states, which inevitably appear
with the reduction of thicknesses, have very detrimental effects on the performance
of the cell.

3.3.1 Charge carrier’s recombination mechanisms

These mechanisms are characterized by their rates R which describes the num-
ber of recombination per unit time and per unit volume of the material and by the
lifetime of the charge carriers. There are three of them, but let us just consider the
radiative and the Auger recombination.

¢ Radiative recombination

It takes place by the direct transition of an electron from the conduction band to
the valence band. The energy of the transition is released as a photon. If the trap
levels created by defect states are close to the middle of the forbidden band, the rate
of radiative recombination and the lifetime of electron can be given by [21]:

n—mno

TR.n
with
1
TRn = (20)
PoCr
and,

Trad » 18 the lifetime of the electrons, C, is the radiative recombination
coefficient, p, the hole density at equilibrium.

However, this mechanism is not always so harmful on the performance of the
cell because in fact, it is possible that the photon released during this mechanism is
reabsorbed and thus forming another electron-hole pair. Indeed, the energy value of
the emitted photon is close to that of the band gap.

* Auger recombination

These are direct carrier band-to-band transfers. It could be an electron or a
hole. However, instead of being emitted as a photon, the energy is transferred to
another carrier of the same type as thermal energy. The latter will return to its initial
state by interacting with the crystal lattice, it will therefore emit a phonon [21].
The rate of radiative recombination can be given by:

R AR n o (21)

TAn
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with

1
P%Cp

(22)

TAn ~

7a,n is the lifetime of the electrons, p, the hole density at equilibrium, C, is the
Auger recombination coefficient.

We recall these mathematical expressions to highlight the influence of doping
process on recombination mechanism rate at a certain point. We will more explain
it a little further in the third section.

3.3.2 Investigations on the effects of defect states on cell performances

Most of the time, defect states are a result of the way the processes of prepara-
tion or deposition of layer sheets are performed. They act on material properties,
mainly on material electrical properties the same way as for adding impurities.
Generally, the main goal is to improve charge carriers transport within the material
or to reduce recombination mechanism rate. However, as we will see a little further,
they have detrimental effects on the cell performances. Recalling what has been said
in §3.1.6, and because of the highlighted SDL, at the heterojunction level, we will
investigate these effects on two interfaces: ZnS/SDL and /CIGSe.

* Investigation on the ZnS/SDL sub-heterojunction.

In the §3.1.5, we highlighted one of the numerous positive roles of the ZnS on
enhancing the global cell performance, that is “it protects the surface of the
absorber during the deposition of the ZnO layer, which can cause defects on the
surface of the CIGSe”. Therefore, a good choice of the deposition process can
significantly reduce these defects density at ZnS/SDL sub-heterojunction. If we
consider an ideal case, where the preparation and the deposition processes are
perfect, that means with no defect reported within the sub-heterojunction, then we
may have this situation:

* The negative charges concentration located in the Space Charge Region (SCR),
that is almost localized within the top film part of the CIGSe layer is
compensated with the positive charges concentration on the other side,
resulting from top to bottom of ZnO: B, i-ZnO and ZnS materials.

That is, at equilibrium, it can be described by the following equation:
Q, +qti—zvoNw + qtzesN, = qN stscr (23)

where Q,, is the surface charge in the depletion zone of the boron-doped ZnO
window layer, q is the elementary charge, N,,, Nj and N, are the doping concen-
trations in the i-ZnO, ZnS and CIGSe top film part layers with respective thick-
nesses t;_z,0; tzys and tscr.

Introducing a defect state within a material crystallographic structure, is gener-
ally materialized by adding a negative charge. Let say, this situation happens at the
ZnS/SDL sub-heterojunction section, to compensate the negative charge added due
to defect states, we should reduce the width of the SCR in the CIGSe top film part.
That action we will increase the recombination rate at the ZnS-SDL level and
negatively affect the cell output parameters. This interpretation is confirmed by
previous work reports [27].
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Worker  Subject of study Reports

reference

[27] Excess defect at the CdS/CIGS Considering a density of defect of 10%2cm?, and an
interface solar cells. electron-hole capture section through the interface of

10 2em 2, the yield decreases from 18.9-14%.

[29] Effects of defect states on the For a defect state density of less than 10™cm =3, in the
Performance of CulnGaSe; solar  CIGSe material and not more than 108¢cm 3, in the
cells. CdS material, the detrimental effects of defect states

are not really perceived.

Table 3.
Reports of recent studies on the effect of defect states on the cell performances.

* Investigation on the SDL/CIGSe sub-heterojunction.

Recent studies were carried out on the effects of the density of defect states on
the global performance of CIGSe/CdS-based solar cells and their conclusions are
summarized within the Table 3 above [27, 29].

3.4 Modeling and calculation tools

We have modeled our solar cell device by using the version 3.3 of the one-
dimensional numerical simulation software SCAPS-1 D? [30].

4. Results and discussion
4.1 Optimal value of ZnS electronic affinity

Considering the electrical susceptibility of Zinc Sulfide (y,), within the range of
3.9 [31] and 4.5 [32], we investigate the effects of his value on the performance of
our modeled device. Observations are mainly carried out on Fill Factor (FF) and
Efficiency (1) and for a thickness of the absorber layer of 0.5 pm. The results
obtained are plotted in Figure 2 above.

It shows that the optimum value of the ZnS electrical susceptibility for recording
the best performance of our solar cell is defined for y, [4.1;4.5¢V]. This result is in
very good agreement with those reported in literature [17, 19]. The maximum of the
parameters is obtained for y, = 4.3¢V. This value can be registered as the optimum
value of the electrical susceptibility of ZnS for this structure of solar cell.

4.2 Influence of the doping concentration of the CIGSe layer on the
performance of the cell

Recent works with the CdS as buffer layer [3] has shown that, beyond a concen-
tration of holes N4 = 0.8 10'*cm 3, the overall parameters of the cell degrade consid-
erably. Ouédraogo et al. [19] have shown in their work that beyond N4 = 10*cm 3
the voltage reaches saturation independently of the thickness of the absorber layer.
The resulted obtained are plotted on the Figure 3 below. From these plots, we can see
that, varying N4 influences the performances of the cell. For a fixe value of tcise, Voc,
increases significantly with the increase of N4. If we decide as well to increase tcigs.,

2 SCAPS-1D: Solar Cell Capacitance Simulator in One Dimension. Free software developed by M.
Burgelman, Nollet and Degrave from the University of Gent in Belgium in 2000.
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Figure 2.
Influence of ZnS y,, on the fill factor (FF) and efficiency.

then for the same value of N, Voc will increase. This observation is the same with
efficiency (Figure 3(d)). Conversely, Jsc (Figure 3(b)) and the fill factor (FF)
(Figure 3(c)) decrease significantly with the increase of N4. By setting the value of
N4, and by varying tz,s, the output parameters of the cell are almost constant. When
the thickness of the absorber layer is less than 250 nm, the performances of the cell are
not influenced with variation of N in particular FF and #.

But a significant increase on the output results is observed for a doping level
N4 = 10%cm 3 and with a thickness of the absorber layer no more than 0.5 pm. For
N4 e [1014 : 1015cm_3] , and for t¢igs, < 2500 nm, the parameters of the cell are
globally interesting because V¢ < Vsar (Figure 3(a)), whereVsar is the saturation
voltage of our device. In addition, the short-circuit current is at its maximum value
Jsc =J(sc)max (Figure 3(b)) and the values of the fill factor (Figure 3(c)) FF ~ 85%.
This observation is important because it will allow to circumscribe the optimal value
of N4. ForN, >10%, the overall performance of the cell increases significantly.
Believing that the best performances can be obtained with a high level of intrinsic
doping recorded in the absorber layer is an utopia; two factors limit that way of
thinking: The quality factor in Figure 5(c) decreases significantly and characterizes
the poor quality and instability of the solar device in question; For N4 = 10%cm 3
and considering t¢cgse > 500 nm, saturation is automatically reached. Thus, for
tcigse = 500mm, we have V ocisar = 0.8V Jsc = 34.39 mA [em?, n = 22.27%, and
FF =79.47%. let us recall the mathematical expressions given in §3.3.1, those are
Eq. (20) and Eq. (22). According to Eq. (20), when we add the holes density P, the
lifetime of negative charge carriers decreases since the latter is inversely propor-
tional to hole concentration and to the square root of hole concentration
(Eq. (22)). As a conclusion, the benefits of higher doping for P-type conductivity
materials are limited by the Auger and radiative mechanisms. Moreover, for
N4 € [10" : 4.10%cm 3] the performances of the cell are globally very interesting.
This would probably justify why Daouda et al. [23] obtained a good yield (18.6%)
by working withN, = 7.10”cm 3. However, they quickly reached saturation as
soon astcigse > 1000 nm. The analysis of the different graphs shows that the optimal
intrinsic doping level of CIGSe is N4 = 10%cm 3.

E, nkT. (1 ¢D,NcNv
V.. _fe MR (L 9PNy 24
(Voo 2CE ) aom a4 q (]ph L.Na ) (24)
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Figure 3.
Influence of the acceptor density N on the cell parameters for different CIGSe thickness values. (a) Open
circuit voltage (Voc), (b) shovt-circuit curvent density (Jsc), (c) fill factor (FF), and (d) efficiency (n).

where D, is the electron scattering coefficient, N¢ and Ny the state densities in
the conductance and valence bands, L, the electron scattering length, N4 the
density of acceptor states in the CIGSe layer. From this relation when N4
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increases, the voltage (V. zcr),,,, tends to reach critical value materialized as
saturation.

The results obtained are in good agreement with those reported by Ouédraogo
and co-workers [23] who were investigating on a CIGSE-based cell structure with
CdS as buffer layer. We bring out from these results that both the choice of the
buffer layer material and its thickness are not limiting input parameters for hole
doping level within the absorber layer. Th high density of recombination mecha-
nisms and a weak collection mechanism of free charge carriers can explain very well
the decreasing of short-circuit current (J5:). For a doping level of more than
10" ¢m 3, within the CIGSe material, the output parameters of our device are not
enhanced.

4.3 Effects of the thickness of CIGSe on cell performance

In this subsection, we are investigating how the global output parameters of
the device is affected when the thickness of the active layer is a variable.
The simulations are carried considering the optimized properties of the other layers.
From literature, the commonly used thickness for absorber layer is within the range
[2000: 3000 nm]. Since we are on the way of reducing materials quantities, we will
observe the performances of our cell with CIGSe thickness ranged from 100 nm to
3000 nm.

There are two main areas of interpretation,

e the first for 100 nm <tcigs. <500 nm, and
¢ the second for 500 nm <tcigs, <2500 nm.

Vital information came out from the results obtained. The global performances
of the cell (Jsc, Voo, FF, ) are improved significantly when the thickness of the
absorber layer t¢igs. is gradually increased.Jgc is the most sensible parameter, the
values of 20.65mA / Cm? and 30.31mA / Cm? are recorded for tcgs, values of 100 nm
and 500 nm respectively. That is a jump of about 16mA / Cm? (Figure 4(b)). In fact,
at the absorber and Molybdenum junction, the rate of backward recombination
mechanisms are reduced significantly because of the Space Charge Region which is
completely localized within the active material layer. A similar situation is observed
with the plot of the open-circuit voltage, which value increases from 0.65 V for
100 nm of absorber thickness, to 0.76 V for 1000 nm of thickness respectively. That
is a gain of 0.13 V! (Figure 4(a)). That is not all, the efficiency increased from
10.78% to 24.31%, a jump of almost 14% (Figure 4(d)). A value of 83.4% was
recorded for the Fill Factor (Figure 4(c)). Those results are just impressive. Let us
remember that we are undertaking our calculations based on optimized values of
properties of the other materials that constitute our structure. These are reported in
the Table 4 below.

For a thickness of the absorber layer between 500 nm and 2500 nm, we record
very good value of our cell output performance. Of course, for a thicker CIGSe
layer, the probability of absorbing a wide range of light Spectrum is higher and thus,
and since the materials properties have been optimized, the quantum efficiency will
be higher too. From Figure 4(a), we can easily notice how remarkably V¢
increases with absorber layer thickness.

Pogrebjak and co-workers [7, 32] who worked on the influence of temperature
on CIGSe-based ultra-thin solar cells and on nano-scale technologies, obtained
results which are in good agreement with those obtain during our simulations. The
slight difference in results can be explained by global condition of calculation such
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Figure 4.

Influence of the thickness of the absorber layer on the output parameters of the cell for tz,s = 5 nm Ny =
10*5cm 3. (a) Open circuit voltage (Voc), (b) short-circuit current (Jsc), (c) fill factor (FF), and (d)

efficiency ().
Material/layer Optimized properties considering each material
Crystallographic Electrical Dielectric Thickness
structure susceptibility constant
ZnS Zinc Blende 4.3 8.3 5nm
Intrinsic doping level
Cu (In, Ga) Se, 10%cm 3

Assumption on SDL

Surface defect layer Modeling of SDL properties and splitting it in two sub-interfaces: ZnS/SDL

(SDL) and SDL/CIGSe with different properties

Table 4.
Optimized value of some layers/interface properties used for simulation.

Absorber layer thickness (nm) Voc (V) JSC (mA/cm 2) FF

n
500 0.7180 36.31 82.16% 21.42%
1000 0.7633 38.18 83.39% 24.31%
2500 0.7989 38.66 85.15% 26.30%
Table 5.

Output parameters of our photovoltaic device.
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as external temperature, incident light power, and defect states density input
values.

Running several calculations allowed us to detect the critical values of some
properties values beyond which the device is no more stable, even if the efficiency
is higher. This is for example 2750 nm for absorber layer thickness or an intrinsic
doping level of more than 10”. Since we manufacture our solar cell device based on
the model proposed in this work and watching out not to have these highlighted
critical values, our device will definitely work in good condition. The Table 5 above
reports the best performance of our cell obtained during all our calculations.

5. Conclusion

This chapter focused on enhancing efficiencies of solar cell devices working on a
CIGSe-based second — generation ultra-thin model, and using Zinc Sulfide (ZnS) as
a window layer. Vital information is found when investigating the influence of
layers and interfaces properties on output parameters of the device. The challenging
part is not the use of the promising ZnS material itself, but it is to find through
literature and recent works, the key values of the ZnS properties in a preferential
crystallographic orientation, that allow to obtain better performances and also the
good choice of materials that make up the other layers. Starting on that point, the
following cell (Ni/Al)/MgF2/ZnO: B/i-ZnO/ZnS/CulnGaSe,/Mo/Substrate has been
modeled and simulations were ran from version 3.3 of the SCAPS-1D software. The
benefits associated with the existence of the Surface Defects Layer (SDL) on the
device stability have been highlighted. The Blende structure of Zinc Sulfide material
(ZnS) forms a more stable lattice matching with CIGSe absorber layer chalcopyrite
structure. That is why most of the key values of its intrinsic properties are obtained
from that orientation, especially its band gap E, z,s = 3.68¢V, its electrical
susceptibility y, = 4.3V, its dielectric constant &, = 8.3 according to simulation
results. After running numerous simulations, very promising performances are
recorded, a conversion efficiency of 26.30% and a fill factor of 85.14%. Going
further in research, some may obtain even more interesting results by directing the
work towards implementation of additional manufacturing technologies, including
the use of antireflective coatings and the texturization of the inner back layers.
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