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PREFACE

Dr. Nicolae Spalatu proposed the thesis topic and primary thesis works centralized in
the Laboratory of Thin Film Chemical Technologies. Through the research project, I
was supported by Dr. Nicolae Spalatu, Dr. Atanas Katerski, Dr. Olga Volobujeva,
Ph.D. students Robert Krautmann, and Sajeesh V.G.

The project was carried out for more than 1.5 years in 5 steps; depositing CdS on
glass substrates using CBD method/Characterization of CBD CdS deposited on glass
substrates/depositing CdS on FTO glass using CBD/depositing Sb2Sesz by CSS on
annealed CBD CdS/making solar cell device and device characterization. Seeking a
sustainable energy source as a teenager, my attention was captured by solar cells.
My thanks go to Dr. Ilona Oja Acik and the Director of Materials and Environmental
Technology Department, Dr. Malle Krunks, for providing facilities to fabricate solar
cells and get professional experiences in working with characteristics equipment. The
guidance and support I had from Prof. Sergei Bereznev as the program director is
also remarkable. Special mention is Dr. Atanas Katerski, who has helped me
technically and theoretically during the research project. This study was funded by
the Estonian Research Council project PRG627 "Antimony chalcogenide thin films for
next-generation semi-transparent solar cells applicable in electricity producing
windows", the Estonian Research Council project PSG689 "Bismuth Chalcogenide
Thin-Film Disruptive Green Solar Technology for Next Generation Photovoltaics", the
Estonian Centre of Excellence project TK141 (TAR16016EK) "Advanced materials and
high-technology devices for energy recuperation system", and the EU H2020
program under the ERA Chair project 5GSOLAR grant agreement No 952509.

The project can be divided in to two parts; during the first part, I presented how
annealing conditions and annealing temperature affect the CBD CdS structural,
optical, electrical properties by characterizing the film properties (UV-vis
spectroscopy, bandgap calculation, XRD measurement, crystallographic analysis, Van
der Paw measurements) and, the major part of writing. In the next stage is the
demonstration of how this annealing condition affects the glass/FTO/CBD-CdS/CSS
ShaSessolar cell device mainly on efficiency, open-circuit voltage (Voc), short circuit
current density (Jsc), and fill factor (FF). I found an optimal temperature where the
buffer layer CBD CdS on glass substrates shows better performance.
Glass/FTO/CBD-CdS/CSS SbySes solar cell achieved photo conversion efficiency of
2.8%, which was fabricated using CBD CdS annealed in air at 200°C.

Keywords: chemical bath deposition, close-spaced sublimation, thin film solar cells,

antimony seleenide, cadmium sulfide.
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INTRODUCTION

We are living in year 2021, when terms like "global warming," "climate change,"
"carbon footprint" have become our common vocabulary. The recent global
pandemic arouses the seriousness of climate change. Out of many other
environmentally hazardous human activities, fossil fuel usage has been the leading.
Globally, we are driving to renewable energies, but 80% of energy is coming from
fossil fuel[1]. The sun is the most consistent and reliable energy source, with the
surface intensity of solar radiation is about 6.33x107W/m?2. The solar constant (ISC)
is the average solar radiation incident on an imaginary surface near 1367 W/m?2[2].
Undoubtedly solar energy is the most abundant renewable energy source with the
highest potential to provide the global energy requirement. A combination of p-type
and n-type semiconductors is called the p—n junction, the base of photovoltaic cells,
which convert solar energy directly to electricity without any environmentally
harmful outputs.

Under the STC (Standard Test Conditions) 1000W irradiance, air mass 1.5 light
spectrums and 298K device temperature, following solar cells has recorded some
remarkable efficiencies; iii—-v multi-junction solar cells 47.1%, monocrystalline-Si
26.7%, CIGS ( Copper Indium Gallium Selenide) 23.4%, multi-crystalline- Si 23.2%
and, CdTe 21%][3].

In the past 20 years, CdTe based and CIGS based solar cells have been improving
significantly with a common factor of CdS as the buffer film which, plays a major role
in recent past achievements. Many reports show that CdClz treatment on CdS buffer
layer is very beneficial for CdS/CdTe and CdS/Sbh2Ses solar cells, which provide grain
growth and passivate grain boundaries[4].

In CdS/ShaSes solar cells, the crystallization and morphology of the Sb2Ses absorber
layer are strongly affected by the deposition of the CdS buffer layer and the
crystalline structure of CdS on the TCO (Transparent Conductive Oxide)
substrates[5]. Furthermore, the intermixing of CdS/ Sb.Ses is a lot reliant on the
properties of the CdS layers. CdS pre-treatments are carried out to restructure the
CdS and sharpen the transmission edge, obviously intended to restrict intermixing by
expanding the grain size.

The chemical bath deposition (CBD) method provides very thin, uniform, compact,
and adherent thin films for an ideal behaviour on solar cell devices. CBD is a low cost
but proper technique proceeds at low temperature. Adequate post-deposition
thermal treatment must take place for re-crystallization of the CdS thin films. CBD
process is carried out in the aqueous medium, which results in a significant

contribution of oxygen and hydrogen compounds to the growth mechanism of CdS
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furthermore on the properties of CdS thin films. Previously, many studies have been
performed to find out the chemical process during the deposition in the wake of the
ordinary properties change of CdS. The OH group features in the S2 site in the CdS
lattice; it acts as a donor dopant that considerably modified CdS thin films'
properties[6]. During the post-deposition thermal treatment, OH compound and
other impurities will be removed, but properties electrical, structural and optical
properties will be influenced.

The objective of this study is the streamlining of CdS thin films which are improved
by post-deposition treatment for application in Sb2Ses solar cell. CBD CdS thin films
were treated in air and vacuum, from 200°C to 400°C, for 30 minutes.

The thesis is alienated into three chapters. Chapter 1 contains the literature
overview describing the main properties of CBD CdS thin films and solar cells based
on a ShaSes absorber with CBD CdS as the buffer layer.

In chapter 2, the discussion concentrated about the preparation of CBD CdS thin
films, annealing and characterization methods. In chapter 3 briefly discuss the
prepared CBD CdS film properties and the application of CBD CdS annealed in two
contrasting conditions, air and vacuum, at different temperatures in solar cell

devices.
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1. LITERATURE OVERVIEW

1.1 Thin film solar cells

1.1.1 The thin film industry

In definition, a thin film is referred to as a thin layer of material, including metallic,
organic, or inorganic, whose thickness is in the range of few nanometers to few
micrometers[7]. Moreover, thin films are two-dimensional nanostructures. In the
fast-developing technological world, the thin-film industry is emerging as a more
promising tool with its sophisticated properties. Thereby, it is being employed in
several different sectors to overcome drawbacks in conventional methodologies and
provide more enhanced uses for their consumers.

Among such various industries, the electronic industry is one of the dominant fields
in which thin-film technology is widely employed. Thin-film technology plays a
significant role in fulfilling the necessity of small-scale productions and low-volume
productions to achieve a high-speed working capacity. There is a wide range of
applications of thin films in the electronic industry, such as solar cells, light-emitting
diodes (LED), actuators, displays, transponders, thin-film transistors, and memory
devices [8]. However, the modern electronic industry of the world is getting deviated
from the conventional rigid silicon chips, and it is heading more towards flexible
electronics. Accordingly, some of the modern-day applications of thin films in the
electronic industry are near-field communication (NFC), RFID (Radio Frequency
Identification), brand protection tags, sensors, wearable, flexible displays, integrated

solutions [9].

1.1.2 p—n junction of thin-film solar cell

The P-n junction is created when p-type semiconductor material and n-type

semiconductor materials are brought together.

Figure 1. 1 Schematic view of majority carrier flow in p—n junction

The majority carriers' electron in n-type semiconductor diffuses to the p-type while
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creating minority carriers’ hole in an n-type semiconductor. As a result of that, the
"depletion region" is created, which is vital in solar cells where no carriers can be
found as well as acting as a potential barrier to the further diffusion of majority
carriers with an internal electric field creating inside the depletion region that assure

the charge separation in the p—n junction.

A

e- Diffusion

h+ Diffusion —_— E
e- Drift >
h+ Drift —

Figure 1. 2 Arrangement of depletion region in a p—n junction

There are three regions that can be distinguished in figure 1.2. On the p side, the
material is neutral, and the band is flat figure 1.3[10]. On the n side, the material is
neutral, and the band also flat. The most significant region is the depletion region
where the bands are bent as well as an electrical field exists. Electron or hole
entering the depletion region are drifted away. Thus, once equilibrium is established,
a drift current exists that counterbalances the diffusion current[11]. Thin-film solar
cell electron-hole pair generation takes place mainly in the base and the absorber
side; thus, it is desired to have an extended depletion region towards the p-type

absorber.
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Figure 1. 3 Schematic of p—n junction with energy levels

To have the desired depletion region following requirement should be fulfilled, Np-
donor density>> Na —acceptor density. Then the W, becomes more comprehensive,

and Wn becomes smaller. When the Na >>Np precisely, the opposite takes place.

1.1.3 Photo carrier generation, charge separation, and
recombination

Solar cells convert the light energy of photons into electric current when photons
collide with a suitable semiconductor device, when photons strike the solar cell,
three probable scenarios can take place,

- The semiconductor materials will absorb—-Photon

- Photons will be reflected off from the SC surface.

- The semiconductor material will absorb photons if the bandgap energy is less

than photons' energy and generate electron-hole pairs.

Before photon transfers the energy to the electron, an electron in the valence band
and electron "excites" by the energy given by photon to the conduction band where
electrons can freely move around in the SC. Once the electron moved to the
conduction band, it creates a "hole" in the valence band where the electron was
previously part of covalent bonds. This hole empowers to move, bonded electrons
nearby creating another hole leading to propagating holes throughout the Iattice
figure 1.4[10].
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Figure 1. 4 Propagation of electron to conduction band and
hole into valence band by the absorption of photon energy

According to section 1.2.1 and figure 1.2, there are two possibilities if the photo
carriers are generated inside the depletion region, electrical field drives electron to
the n-type and hole to the p-type material. If the generation takes place outside the
depletion region, the pair should reach the depletion region to prevent the
recombination with the majority carriers.

The generation point is a crucial factor; the distance of electrons generated from the
depletion region is called diffusion length (Lp) figure 1.4. If the generation point> Lo,
then they will be lost to recombination while within the distance Lo is separated from

the hole at the junction successfully[12].
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Figure 1. 5 Minority carrier diffusion to the depletion region. a,b> LD
do not make to the depletion region. c< LD will make to the depletion
region

Recombination is the opposite of the generation process. In other words, the

17



recombination process wipes out the generated e-h pairs. The following table

provides the summary of the recombination processes which can be identified in thin

films,
d
a b c @
& —
0 - 2 _ =
v # E
b =
0 0 0 L 0150 —
radiative non-radiative Auger 8V
band-to-band via trap state

Figure 1. 6 (a) Radiative recombination (b) SRH recombination, (c)
Auger recombination, and (d) Surface recombination [18][16]

1.1.4 Configuration of thin—film solar cell

Mainly there are two types of configurations: superstrate configuration, in which
lights enter through the glass substrates, while in the substrate configuration, light
enters through the last layer to be deposited. The main components of thin-film

solar cells can be listed as follows. There are four primary recombination and

summaries
TCO
Glass o
TCO Sb2593
Sb_Se_
Glass
D eposition Order Deposition Order
Superstrate Configuration Substrate Configuration

Figure 1. 7 Schematic cross section of the thin film solar cell configuration
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p-type material: Majority carriers are holes with high absorption coefficient and
low bandgap energy.

n-type material: Buffer or buffer layer with the majority carriers is electrons with
low absorption coefficient and high bandgap energy. Generally, the buffer layer is
transparent and conductive.

Substrate: Depend on the configuration type can be transparent or not materials
like glass, metals, ceramic, or polymers.

Back contact: Materials which has higher conductivity to collect current as much as
possible. Gold, Copper, Nickel, or Aluminum. Metal contact is supporting to extract
photo carriers into the external circuit. Back contact is decided according to the
working function (preferred to have a lower work function than the n-type SC).
When the metal contact and the n-type semiconductor are brought together
depletion region is created. But this region only confines to the n-type SC as the
electron density of the metal is high.

Front contact: This must be conductive but transparent. Usually, transparent
conductive oxides (TCO) such as fluorine doped tin oxide (FTO), indium tin oxide
(ITO) or zinc oxide. Front contact is supporting extracting photo carriers into the
external circuit. Similarly, p-type SC makes good ohmic contact with a metal which

has a significant working function.

1.2 Varietal thin film preparation technique

High film homogeneity, low electrical resistivity, and high transparency in the visible
region are required characteristics for the material intended to be used in the thin
films. These properties are strongly dependent upon the deposition process.
According to the deposition process, the grain size and the surface roughness would
change. The film composition, crystal phase, and orientation, film thickness, and
microstructure are the basic properties of the film, and these can be controlled by
the deposition conditions [13].

There are numerous types of thin film deposition techniques already in practice, as
depicted in the above diagram. Among those various techniques, the chemical
deposition technique is being used on a large scale because of its low cost and ability

to operate at low temperatures.

19



THIN FILM DEPOSITION

) v

PHYSICAL DEPOSITION CHEMICAL DEPOSITION
PROCESSES PROCESSES

4 ] ) i)

T[lERMALPROCESSI |SPUTTERIN‘J I GAS PHASE | I SOLUTION |
¥ Jf l ‘l’

VACUUM SPDC/RF DC/RF
EVAPORATION SPUT{'ERING MA/GNETRON CVD DIP
LASER COATING
ABLATION SPUTTERING ALE
SOL-GEL
MBE
SPIN
CSS COATING
SPRAY
PYROLYSIS
CBD

Figure 1. 8 Thin films deposition methods

Following methods have been used to prepare CdS thin films: Physical vapor
deposition (PVD), radio frequency (RF) sputtering, close—-spaced sublimation (CSS),
pulsed laser evaporation, screen printing, electro deposition, CBD, spray pyrolysis,

and metal-organic chemical vapor deposition.

1.2.1 Chemical Bath Deposition

The first reported compound semiconductor films formed by CBD included PbS, SbS
and CuS were reported by Mokrushin in 1961[14].CdS polycrystalline thin films have
very wide of reach, electroluminescent materials, field-effect transistors, light-
emitting diodes, and especially in CulnhxGai-xSe2 (CIGS) and CdTe thin-film solar
cells, respectively as a buffer layer and buffer layer materials [15], [16]. CBD has
many positive outcomes; simple, low cost, and uniform large-area thin films due to
inadequate processing temperature close to the room temperature. The fundamental
necessity for as—prepared CdS thin films as the buffer layer of the CIGS or the buffer
layer of the CdTe solar cell have been recorded as follows:
- The bandgap (Eg) value should be higher than possible. However, the buffer
layer and absorber layer conduction band edge balance values are suitable.
- The thickness of the film must be very appropriate; high thickness will reduce
photons reaching the absorber layer while too thin films prevent smooth
films.

- The interface lattice should be as similar as possible.
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- Electrical conductivity and optical conductivity should higher while reducing
the defects[17].

The deposition mechanism of CBD CdS is based on the rate of releasing aqueous
Cd*? and S~2ions and sequent condensation of these ions on the substrate [14]. The
setup, as seen in figurel.9[18] of CBD consists of magnetic stirrer with a
temperature controller and stirring rate, a thermometer to identify the bath
temperature, magnets, and a solution container with a glass holder. The deposition
of CdS films is done utilizing an alkaline aqueous arrangement made predominantly
out of a Cd salt (CdClz, CdSO4, CdI2 etc.), thiourea (SC(NHz)2) as the sulfur source,
and alkali (NH3) as the complexing specialist. The arrangement of CdS happens
heterogeneously on the substrate surface or homogeneously in the solution because
of the unconstrained precipitation CdS in the form of secondary particles[19]. The
parameters of CBD deposition as follows, the temperature, pH value, reactant
concentration, composition of the solution and CBD time. The growth mechanism of
CdS thin films can be categorized mainly from the microscopic point of view, ion-by-
ion, cluster— by- cluster figure 1.10[20],complex decomposition cluster mechanism,
and complex decomposition ion-by-ion mechanism[17], however the quality and the

properties of the film based on the growth mechanism.

[ ]

Thermometer 2

- £

— = CdS chemical
Water bath — bath solution
Substrates
i e e —

Magnetic bar " » > (rco)

Hot plate stirrer

Figure 1. 9 Apparatus set up for CBD

The CdS growth mechanism can be categorized into three different stages according
to the description by Lincot[21].
1. The reversible adsorption of cadmium hydroxide species, as shown in the

equationl.1.
Cd(NH3)?**, + 20H™ + Site < Cd(OH), + 4NH;3 1.1
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A complexing agent, which is ammonia (NH3), is used to maintain Cd*? ions to

prevent it from precipitating as hydroxide and makes the bath alkaline.

2. Formation of a surface complex with thiourea. As shown in equation 1.2

Cd(OH), + S = C(NH,), - [(CA(S = C(NH3);)(0H,)] 1.2

3. Formation of a surface complex with thiourea, as shown in the equation 1.3

[(Cd(S = C(NH,);)(0OH,)] - CdS + CN,H, + 2H,O0 + Site 1.3
- " -
S
- | o H
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Figure 1. 10 Chemical representation of complex decomposition (Cluster mechanism)

The following reaction gives the summary reaction between ions of the cadmium-

ammonia complex and thiourea molecules in ammonical solution.

Cd(NH3)?**, + SC(NH,), + 20H™ - CdS + CN,H, + 2H,0 + Site 1.

Out of all the parameters, temperature stands prominently for the epitaxial growth
process of crystalline CdS[21]. The deposition will take place at a specific
temperature, and a slight increase of temperature will multiply the growth rate at an
alarming rate. The molar concentration of the bath solution for CdS can fluctuate
over a working range. Each research group utilizes its particular formula, so there
are, however, many combinations to deposit CdS as a research group working in the

CBD CdS. The complexing agents like ammonia are added to the bath to slow down
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the chemical reactions to maintain the slow release of Cd*2 and S2 ions. However,
few other significant parameters of the post-deposition process of CBD CdS likewise

unequivocally impact the thin film properties.

1.2.2 Close Spaced Sublimation (CSS)

Close spaced sublimation (CSS) has a high deposition rate and idyllic for the bulky
scale manufacturing thin films as CSS can be used to deposit solid materials on to
the substrates in high vacuum easily; thus, the method has been used coating

semiconductor materials with the boiling temperature less than 800°C[22]. Apart

from the simplicity, CSS is the fastest technique of fabrications; for instance, CdTe

(1-10pm) can be coated within 10minutes at the temperature of 600°C[22]. CSS is a

method in which the solid transforms into vapor at high temperatures in a vacuum.
The deposition on the substrate will get into a symmetrical position if the source and
the substrate temperature are identical. Thus, the film thickness will prevent growing
[23]. Impurities have become a key concern in thin—film fabrication, but CSS has the
advantage of reducing the number of impurities in the film. By changing parameters
like spacing between the source and the substrate, substrate temperature, source
temperature, the composition of the source material, and vacuum pressure, we can
easily control the quality of the thin film[24]figure 1.11[25].

Rotation axis W = 1025 rpm

.

Subsiras Holder Glass/CdS substrate

4 e
5.0 mm v

N

CdTe pressed powder

CdS/CdTe film

Graphite block
Halogen Lamp

Electrical Resistance

Figure 1. 11 CSS schematic view

The CSS setup consists of a quartz tube reinforced by a reactor, halogen lamps as
the heating elements, thermocouples, and PID controllers to control the
temperatures of the source and the substrate. The environment for the deposition is
set up into a high vacuum in the reaction chamber by changing the rotary oil pump

pressure to 10~*Torr and the diffusion pump pressure in the range of 10-Torr. The
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source and the substrates are kept at a distance where no mass loss takes place
during vaporization. Once the vacuum is set up inside the chamber, the source starts
to heat up until it reaches its vaporization temperature; meanwhile, the substrate is
also heated up lower to the source temperature to the continuity of the process. To
prevent any contamination or impurities participation, the chamber maintains at a
high vacuum, and reaction chamber walls are also covered with quartz[26]. In
general, for Sb2Ses deposition, the pressure was maintained between 1-30 Torr, the

substrate temperature was 500-600°C, and the source temperature was 700-800°C.

1.3 CdS as a buffer layer in thin film solar cells

1.3.1 Cadmium Sulfide

Cadmium sulfide (CdS) is an n type semiconductor of chemical compound that has
the molecular formula of CdS. Phenotypically, it is yellow, and physically it is a
semiconductor of electricity and insoluble in hot and cold water[27]. CdS exist as
two different polymorphs. Namely, the hexagonal wurtzite which is textured in the
[002] orientation and the cubic zinc blended structure which grows perpendicular to
the (111) plane with lattice parameters a=5.825R, b=4.136& and c=6.716A [28].
Furthermore, CdS is in the II-IV group with a direct bandgap of 2.42eV at room
temperature. It has a molecular weight of 144.47gmol-!, a high melting point of

1750°C, and a density of 4.826gcm~—3[29]. Higher bandgap energy and electrical

properties suit solar cell applications as the buffer layer. It has many other
applications in optoelectronic devices like a light-emitting diode, detectors, gas
sensors, etc.

CdS nanostructures have got very prominent chemical, physical, optical, and
electrical properties. CdS is a nano crystalline belonging to the cadmium
chalcogenide family, and it is frequently used as the buffer layer material of
CdS/CdTe in solar cells. The soluble bandgap, stability, and absorption coefficient in
the visible range of the solar spectrum qualify for more intense applications of CdS
nanostructures in solar cells. At room temperature CdS resistivity varies from 10-
3Q.cm to 108Q.cm and the specific conductivity is approximately 10-7Q-tcm~[30].
CdS has hole’s mobility 48cm?/ (V.s) and electron’s mobility 2.42.103 cm?/ (V.s) in

room temperature [31].
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1.3.2 Post deposition treatments on CBD CdS thin films

As-deposited CdS thin films have shown poor crystalline properties, while annealing
or post-treated thin films have shown better crystalline qualities. One major problem
in as—deposited CdS thin films is, high concentration of contaminations and various
particulates of homogeneously nucleated CdS[32], [33]. The structural and
properties of CdS thin films were changed drastically by the presence of these
impurities with supplies a layer with rapid speed recrystallization at low temperature
[33], [34]. These highlights show the importance of post-deposition treatments to
improve the properties of CdS thin films. By and large, the impacts of the annealing
CBD Cds thin films are as per the following.

- Remove random strain and enhance the crystalline quality [35].

- Phase transition and, as a result, change the bandgap energy [10].

- Electrical properties are improved.
The influence of post-deposition treatments has been studied CBD CdS thin films by
changing the annealing temperature, annealing duration, or the annealing
atmosphere whether it's neutral, reducing, or oxidizing.
Moreover, independently of the deposition parameters, impurities can exist, for
instance, nitrogen-related contaminants (up to 5 atomic%), but they can reduce by
controlling the concentration of thiourea in the bath dissolving in water at 60°C[36].
However, the main impurity of CBD CdS is oxygen, and S site is substituted by
oxygen, and Cd:S ratio is disrupted. There are many ways to regulate the oxygen
impurities in sulfur sites, such as controlling deposition parameters, but here our

main deliberation is removing impurities by thermal annealing.

1.4 Sb>Ses as a novel PV absorber material

1.4.1 Properties of Sb>Ses

Polycrystalline and monocrystalline Si solar cells are at the top in mass production,
almost 93% by 2016. Currently, researches and implementations are going on for
alternative materials like CIGS, CdTe, and organic-inorganic hybrid perovskites
because of their lightweight and flexibility. So far, they have achieved an overall
efficiency of 20% on the lab scale[37]. Furthermore, CdTe and CIGS materials have
primary constraints concerning mass-scale production. Sb>Ses has become one of
the promising candidates for the absorber layer as it is low toxic, low cost, high

absorption coefficient(a>10> cm~1)[37], suitable bandgap(~1.1eV), and contributes
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to high-efficiency solar cells. Sb2Ses is a binary compound with a single-phase which

has a low melting point of ( 608°C) with high vapor pressure guiding high—quality
crystalline films production at low temperature(350°C)[37]. Unlike GaAs, CdTe, and

CIGS , which have 3-D crystal structure[38], Sb2Ses possesses one dimensional (1-
D) crystal structure. The crystal structure of Sb2Ses is (Sb2Ses)n ribbons pack along
the [001] direction through strong covalent bonds among Sb-Se atoms, whereas
Van der Waals forces help to stack (Sb2Ses)n ribbons in [100] and [010]
directions[38]. The main concern is the performance of polycrystalline PV materials
is the non-radiative recombination losses. Sb>Sez one dimensional crystal structure
amusingly Van der Waals forces prevent the development of dangling bonds at the
grain boundaries[38]figure 1.12[25].
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Figure 1. 12 Crystal structure of Sb2Sesand recombination losses at
the GBs in CdTe and Sb2Ses

a) CdTe crystal structure and its dangling bonds which result for recombination
losses.

b) Sb:Ses crystal structure and mechanism of avoiding recombination losses at
GBs.

1.4.2 Sb>Ses journey as an absorber material in thin film solar
cells

The first-ever Sb2.Ses was used as an absorber layer by Messina, and Nair et al. in

2009, employing deposition method achieved 0.66% photoconversion efficiency[39].
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A major breakthrough took place in 2015 as Zhou et al. fabricated CdS/Sb.Ses,
reporting efficiency of conversion 5.6%/[38]. Still, in 2017, Wang et al. were able to
achieve photo conversion efficiency(PCE) of 6% with ZnO/Sb:Ses solar cell
superstrate configuration[40]. Efficiency improvement was remarkable; in fact,
Sb>Ses draw the attention of the researcher's potential material as an absorber layer
in the future. More intensively, research works were started by utilizing Closed Space
Sublimation (CSS). In 2017, CdS/Sb2Ses/PbS superstrate configuration could harvest
6.5% of PCE by Chen et al.[41] Hutter et al. used CSS method to fabricate Sb2Ses in
TiO2/ Sb2Ses/PCDTBT superstrate configuration and reported 6.6% of PCE[42]. In
the same year, Sb2Ses was deposited using vapor transport deposition (VTD) in CdS/
Sh>Ses to record groundbreaking 7.6% of photo conversion efficiency[26]. So far the
highest PCE of 9.2% was achieved in 2019 by Li et al. with substrate
ZnO:Al/Zn0O/CdS/TiO2/ Sb2Sesz/MoSez2/Mo solar cell configuration[43]. Sb2Ses will be
better solution for the prevailing toxic absorber layer and the junction engineering in
the future.

Past works showed that the solar cell device execution firmly relies upon the
direction of the nano ribbons of the absorber layer and, up to this point, a massive
piece of researches made on this material has focused on streamlining development
conditions to accomplish the ideal direction[44]. For instance, [211] orientations
have much better hole mobilities than [020] and [123], which reflects that holes
move across the ribbons better than between the ribbons(2.59,1.17, and 0.29 cm?V-
1572)[45].

1.5 The summary of the literature overview and aim of
the study

The project reported in the literature on the CBD CdS thin films and their
applications on CdS/SbzSessolar cells can be summarized as follows:

1. CdS is an II-V compound and a very prominent and active material in
semiconductors. It has properties like wide bandgap, high transparency,
tunable n-type electrical properties, the ability to have a wurtzite structure,
and the many available fabrication techniques. Because of these properties
CdS is used in solar cells as the n-type buffer for many materials like CdTe,
CIGS, kesterite absorbers, and Sb203 in superstrate or substrate
configurations.

2. There dry and wet various processes of depositing CdS. RF sputtering and
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thermal evaporation are the main dry processes, while CBD is the standard
wet process of depositing CdS. CBD has many significant benefits as follows:
simplicity, low cost, large-area deposition, conformal coating, controllable
thickness, and compatibility with a variety of suitable substrates.

3. As deposited CBD CdS films form in between cubic and hexagonal structure
but be inclined towards cubic phase with low crystalline qualities. Thermal
annealing can adjust the crystalline attributes by changing the parameters of
post—-deposition treatments by removing impurities like OH, which is playing a
significant role in this study.

4. Improvement of the crystal structure of CdS films has been widely studied
using CdClz or other halide post deposition treatments. For Sb>Ses3/CdS solar

cell architecture, the CdClz treatment of CdS layer at 380-420°C in air is often

applied, however the role and effect of this annealing step for CdS and CdS-
ShaSes heterojunction interface is not yet understood. Furthermore, there are
little systematic investigations on the influence of vacuum and air annealing
over the wide range of temperatures on the properties of CBD CdS films and
performance of CdS/Sb>Ses device.

5. Systematic studies are required to understand the impact of those annealing
procedures on the properties of CBD CdS films and their impact on the

formation of Sb2Ses3/CdS heterojunction interface.

Main aims of this study,
1. To get familiar with the CBD method and to prepare CdS thin films by CBD
method.

2. Anneal the sample at different temperatures (200 - 400°C) in vacuum and air.

3. To study the effect of the annealing process on the structural, optical, and
electrical properties of CBD CdS films.

4. To depict the physico-chemical processes accountable for the modification in CdS
thin film properties consequently of annealing.

5. To apply the annealed CBD CdS thin films in superstrate CdS-Sb>Ses solar cells

and study the changes of device properties.
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2. CHARACTERIZATION METHODS

2.1 Experimental procedure of CBD CdS thin film
deposition

2.1.1 Glass/FTO substrates preparation

Approximately 25mm? of glass and soda-lime glasses with coated fluorine-doped tin
oxide (FTO) of the thickness range around 150-200nm were immersed in a specific
solution. The solution contains 10g-K2Cr207, 10ml- H20, 100ml H2S0O4 and
substrates were immersed 24 hours. Then substrates were cleaned with deionized
water left in ultrasonic bath for nearly 5 minutes. Finally, glasses were dried with

compressed air.

2.1.2 CBD Deposition and post deposition treatments

CdS thin films were deposited using CBD figure 1.2 apparatus set up on glass
substrates and FTO/glass substrates. Approximately 25mm? Substrates were
appropriately cleaned using the traditional cleaning method, and films were
deposited as follows.

Substrates were immersed in a solution of 1 mM CdSOs4, 10 mM thiourea, 0.2 M
NH4OH, and 30 mM (NH4)2S04. For CdS doping, a low concentration of NH4Cl solution
(0.1 pM) was added to the deposition bath. The pH, temperature, and agitation

speed of the solution were 10.5, 85°C, and 500 rpm, respectively.

After the deposition, substrates were rinsed with deionized water, and all the CdS

thin films were annealed in a vacuum at 120°C, and the output samples are called

"as—-deposited." The reason behind the pre—-annealing just after the deposition is to
remove most of the secondary phase water, organic impurities, and hydroxides.
After that, the main parameter of the study, which is annealing temperature, was
carried out in air and vacuum conditions.

Table 2. 1 Annealing temperatures and the time

Condition Time(min) Temperature(°C)
Vacuum 30 200,250,300,350,400
Air 30 200,250,300,350,400
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2.1.3 Fabrication of Sb>Se3 absorber layer

Sbh.Ses absorber layer was deposited on to the annealed CdS/FTO/glass by Close
Spaced sublimation. In this step, the substrate temperature was 460°C while source

was kept at 490°C maintaining the deposition rate of 1pm/min.

2.3Characterization of CBD CdS films

2.3.1 X-ray Diffraction (XRD)

XRD measurements are conducted to determine to study crystal structure, phase
composition, and atomic spacing of materials. Non-destructive XRD measurements
are being carried out for thick materials or powder-like materials as X-rays have
penetration ability. X-rays are produced in a cathode ray tube by heating a filament.
These electrons are accelerated by applying a voltage to bombard towards target
materials. When bombard electrons have adequate energy to extricate inner shell
electrons, characteristic X-ray spectra are created. Copper (Cu) is the most common
target material for single-crystal diffraction, with Cu Ko radiation=1.5418A. The
sample with the detector is being rotated while these X-rays are collimated and
directed onto the sample[46]. Bragg's equation describes the diffraction of X-rays

Hence, Brigg’s Law can be expressed as follows [47].

2d sin 8 = mAv 2.1

Where,

d - Inter-planer distance

B8 - Angle between the incident X-ray beam and the two parallel atomic planes

m - Order of diffraction

A - Wavelength of the incident X-ray beam

Annealing temperatures and the time

X-rays with constant wavelength are directed towards target material, X-rays

diffracts from crystal atoms illustrated figure 2.1 , which is captured by detector[48],
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Figure 2. 1 Scheme of XRD measurement and b) Bragg’s
geometry of X-rays reflection

From the XRD patterns, the crystallite size (L) was obtained by the Scherrer
equation (2.2), where B is the peak width, K is the Scherrer constant, lambda is the

wavelength of X-radiation, and 6 is 2 the diffraction angle.

KA
Lcos6

B(20) = 2.2

In this project, Siemens D5000 diffractometer was used, with emission at the Cu Ka
radiation=1.5418&. Operations were conducted in the range of 26=200-800 with an
X-ray tube setting of 40kV and 40mA for all samples.

2.3.2 Scanning electron microscopy
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Figure 2. 2 Cross section of SEM from sample to detector
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SEM figure2.2[25] is an excellent characterization method using secondary electron
emission when they bombarded to target materials to insight thin film's morphology,
grain size, and thickness. SEM can be used in other forms of characterization like

energy dispersive X-ray analysis and electron beam induced current.
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Figure 2. 3 Schematic of the SEM electron beam through the sample

Electrons are delivered at the highest point of the column, quickened down, and
went through a mix of lenses and gaps to create an engaged beam of electrons that
hits the outside of the sample. The sample is mounted on a phase in the chamber
zone, and, except if the microscope is intended to work at low vacuums, both the
column and the chamber are emptied by a mix of pumps.

The (SEM) produces images by scanning the sample with a high-energy beam of
electrons. As the electrons interact with the sample, they have secondary electrons,
backscattered electrons, and characteristic X-rays. These signals are gathered by at
least one detector to frame images shown on the computer screen. When the
electron pillar hits the outside of the sample, it infiltrates the sample to a profundity
of a couple of microns, contingent upon the accelerating voltage and the thickness of
the sample. Numerous signals, similar to secondary electrons and X-rays, are

delivered because of this association inside the sample[49].
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2.3.3 Van der Pau method

Vand der Pau (VDP) is a four-probe method that is widely used to determine the
sheet resistance of thin films. In the apparatus setup, 4 points were chosen in the
corners of a square, as shown in figure 2.4.

We are considering homogeneous electric conducting thin film with uniform thickness
with four contacts.

In the first experiment, a current I: is supplied through contacts A and B, and the
voltage drop Vi across the remaining contacts C and D is measured, as shown in
figure 2.4(a). In the second experiment, a current Iz is fed through A and D, and the
voltage drop V2 is how measured across the contacts B and C figure 2.4(b)[50].
Using conformal mapping techniques, VDP proved that the following relation
holds[50].

Figure 2. 4 Four probe method

The relation can be given as equation 2.3[50],

exp (_”11/_;5) + exp (—ni) =1 2.3

I2Rg

Where Rsis the sheet resistance.

33



2.3.4 Hall Effect

J

e

Figure 2. 5 Schematic diagram of Hall Effect.

Hall Effect can be performed on the VDP configuration to find electrical properties
such as resistivity, carrier concentration, and hall mobility. When the current-
carrying thin film is placed in a slanting magnetic field, the Lorentz force on the
moving charges produces a voltage perpendicular to both the field and the current
known as Hall Effect[51] figure 2.5[51].

When the supply current I and magnetic field is B, hall coefficient Rux is given as in
equation 2.4[51],

RH=£=“]—H=i 2.4
JB IB ne

Vu is the hall voltage, n is the density of charge carries, e is the charge of an
electron, and t is the thickness of the thin film.
The drift velocity (vd) can be given as[51],

]=%=neVd 2.5

Where A is the cross-sectional area of the thin film. The mobility is defined as
follows[51],

p.=v—d=i 2.6

2.3.5 UV-vis spectroscopy

When the thin-film materials are irradiated to EM waves, absorption, transmission,
reflection, and scattering occur. This wave-like nature of EM waves is commonly
used for optical characterization to find absorption coefficient and bandgap energy.

When CDS thin films are exposed to the photons having the required energy for
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possible electronic transfers, some of the light will be absorbed by the materials as
the energy required for electron transition from the valance band to the conduction
band. At the same time, the rest will be transmitted, reflected, or scattered. The
optical spectrum is recorded as a graph of absorbance vs. wavelength or reflectance
vs. wavelength.

The absorption coefficient can be calculated using equation2.7[52],

T _
= e~od 2.7
100-R

Where T is the transmittance, R is the reflection, a is the absorption coefficient and d
is the film thickness.

The optical band gap can be calculated from the Tauc’s equation2.8[52],

(ahv)" = A(hv — E,) 2.8

Where A is a constant, his Planck's constant, a is the derived absorption coefficient
from equation 2.8,v is light frequency. N can be 2 for direct bandgap materials while
0.5 for indirect bandgap materials.

From the graph of(ahv)? vs. hv, Eg can be derived by extrapolating the linear part.

2.4 Characterization of solar cells

2.4.1 Current-voltage characterization of solar cells

Solar cell demonstrates the characteristic behavior of the diodes under the
illumination. I-V measurement is one of the measurements that we can conclude
about the quality of the solar cells. To characterize CdS/Sb.Ses solar cells,

According to figure 2.6[53], the dark line represents the I-V curve in the dark, while
the yellow line represents the I-V curve when solar cells are illuminated to the light.
In the dark, there is no photocurrent, while in the illuminated states, photocurrent is

generated.
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Figure 2. 6 Solar cell J-V curves in the dark (Black)
illuminated (Yellow)

According to the Schockley diode equation, which represent the solar cell states in
the dark equation 2.9[54],

J = Jo (M — 1) 2.9
J is the current density, Jo is the saturation current density, V is the applied voltage,
q is the charge of an electron, A is the diode ideality factor, k is the Boltzmann's
constant, and T is temperature.
When illuminated to the light, photocurrent density (Jpn) is added to the equation
2.10[55],

J=Jo (R — 1) = Jpn 2. 10

From the I-V curve, standard device performance parameters like short circuit
current density (Jsc), where the load on the solar cell is zero-rated, and the voltage
at the contacts is zero, open-circuit voltage (Voc) where the point represents no load
is applied to the contacts of the solar cell, and the current through the solar cell is
zero, fill factor (FF) and efficiency can be measured. The efficiency of the solar cell is
more significant when the Jsc, Voc are higher [69].

Both Voc and Jsc can be determined from the I-V curve. Voc is when the curve
intersects the x-axis, and Jsc is the point where the curve crosses the y-axis figure
2.7[53].
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Figure 2. 7 Solar cell J-V curve illuminated state.
MPP is the maximum power mode solar cell is
operating

The fill factor is the power loss of a real solar cell. FF as shown in the equation
2.11[56] is the ratio between MPP (maximum power point) and the Voc*Joc. MPP can

be determined from the I-V curve, as shown in figure 2.7.

FF = —tmp_ _ JmpVmp 2. 11
JscVoc JscVoc

Efficiency is the ratio of the maximum output power generated by the solar cell to
the incident light power (Ps) equation 2.12[57]
= Zmelmp 2. 12

n=—0

2.4.2 External Quantum Efficiency (EQE)
The simple definition of quantum efficiency is as follows[58],

.. The number of carriers collected by the solar cell
Quantum Ef ficiency = ! , Y 2.13
The number of photon of a given energy incident on the solar cells
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Figure 2. 8 Quantum efficiency of a non-ideal solar cell and an ideal

solar cell

EQE is given as a function of wavelength or as a function of energy. Mainly there are
two types of quantum efficiencies as external and internal. By measuring the
reflection and transmission of a solar cell device, both external and internal quantum
efficiency curves can be obtained Ideal solar cell represent in a square shape

behavior while practical solar cells deviate from this behavior due to absorption

coefficient, charge separation/collection and recombination effects[58].
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3. RESULTS AND DISCUSSION

3.1 Influence of the thermal annealing on the CBD CdS buffer
layer properties

This section is focused on investigation of changes in structural and optoelectronic
properties of CBD-CdS single layers deposited on glass substrates, modified by
vacuum and air annealing at various temperatures. The mechanism of
physicochemical processes responsible for the changes in the properties of the CdS

films are proposed.

3.1.1 Electrical properties

Electrical resistivity and carrier concentration of the CdS films, which were annealed
in air and in vacuum at different temperatures, were measured using the Van der
Pauw method and Hall measurements at room temperature. First, it is important to
note that Hall measurements showed strong n-type conductivity for CdS films. As
seen in Fig. 3.1, the electron concentration of CdS films is dependent upon the
temperatures at which air and vacuum annealing were carried out. Given the
electron concentration of as-deposited CdS film was 10'°> cm=3, both types of

annealing at temperatures 200-300°C clearly increased electron concentration.

O’)A
2 1E19 a
g : = A A
— 1E17 =
O
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(5}
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C:
S ~
— 1TE11 A Vacuum annealed CdS
8 m Air annealed CdS —
"('3 1E9 1 1 1 1 |
Uij 200 250 300 350 400

Temperature (°C)

Figure 3. 1 Graphical representation of electron density vs annealing temperature of
CBD CdS in air and vacuum at 200-400°C
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Maximum electron density was achieved at 250°C in both air and vacuum annealing,
showing 10'® cm=3 and 10'° cm3, respectively. It can be noted that from 350°C
onwards, there is a clear decline in the electron concentration.

Table3.1 shows the resistivity, mobility, and electron concentration of the CdS films.
Compared with as-deposited CdS films, resistivity is significantly reduced at
annealing temperatures 200 and 250°C. These results obtained from van der Pauw
to the Hall
resistivity shows substantial increase at temperatures 300-400°C from 44.8 Q-cm to

42570.0 Q-cm in air and from 8.5 Q:cm to 10298.0 Q-cm in vacuum.

measurements correlate well results presented above. Similarly,

Behavior after 350°C is strange as the resistivity increased and the mobility has been

increased. The reason for this may be due to the growth of interactions in the lattice
of crystallites at the atomic level restricted by the diffusion process or as a result of
sample inhomogeneity[59]. CdS mobility shows the intrinsic behavior of the
materials like other materials like CdSe, ZnO, and ZnS[59]. Another reason for this
behavior of carrier concentration,
(>300°C) due to

substrates[60]or by a change in the Cd/S or other ions ratios. At lower temperatures

resistivity at higher annealing temperatures

contamination of the films by alkali ions from glass

CdS shows the intrinsic behavior from decreasing resistivity.

Table 3. 1 Electrical properties comparison with the annealing temperature

Resistivity(Qcm) Mobility(cm?/Vs) Density(cm™3)
T(°C) Air Vacuum Air Vacuum Air Vacuum
As dep 284.0 284.0 5.0 5.0 -4.4E+15 -4.4E+15
200 4.2 3.2 3.1 1.2 -6.3E+17 | -1.7E+18
250 2.6 0.2 3.3 2.2 -3.0E+18 -1.4E+19
300 44.8 8.5 0.7 0.9 -2.1E+17 -8.5E+17
350 7717.3 45.8 61.1 1.0 -1.6E+13 -1.2E+18
400 42570.0 | 10298.0 | 12460.0 | 1360.8 -1.2E+10 -5.0E+11
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3.1.2 Structural properties

Figure 3.2 (a and b) shows the X-ray diffraction patterns of CBD CdS films annealed

in air and vacuum at 200-400°C.
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Figure 3. 2 (a) XRD patterns of CBD CdS films annealed in air at 200-400°C for
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The diffractograms show a similar pattern for both, air and vacuum annealing
conditions with a single predominant peak in the range from 26.4-27.0 °[55], [61].
This peak is attributed to either (002) plane from hexagonal structural orientation or
(111) plane of cubic orientation. Both air and vacuum annealed CdS films
demonstrate strong peak at 26.7° and hardly visible peaks at 44.3°, and 52.3°,
which are linked CdS with the (002),(103), and (112) of the hexagonal crystal
structure (ICDD: 01-089-0440) or (111), (220), and (331) of the cubic
modification[62].

Peaks matching to indications from (002), (103), and (112) of hexagonal CdS are
present in all annealed samples. Both patterns Fig. 3.2 (a) and (b) show amplified
XRD peak intensity and sharpening the main peak when increasing the annealing

temperature from 200°C to 300°C, while after 300°C intensity of the peak is going

down. The slight shift of hexagonal CdS peak (002)-26.8° to the cubic (111)-
26.4°[6] CdS direction can be observed in both, vacuum and air annealing
conditions. However, the trend in the displacement of the XRD peak towards cubic
phase Fig. 3.3 was more pronounced for the vacuum annealing. In contrast, for the
air treatment procedure, the same peak initially shifted towards lower 2theta values
(to cubic modification), as a result of treatment at 250°C, while for 300°C air
annealing, a prominent displacement of the peak towards higher 26 values was
observed. At 350°C and 400°C air treatment the peak shift followed the same trend

as for lower annealing temperature but with a very small step.
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Figure 3. 3 Displacement of the (111) peak with increasing of temperature of CdS
annealed in air and vacuum at 200-400°C
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Figure 3.4 illustrates the behavior of interplanar distance and the lattice constant
with the temperature. The values of interplanar distance together with crystallite size
and lattice parameter are summarized in Table 3.2. The lattice constant and

interplanar distances increase with the increase of the annealing temperature.
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Figure 3. 4 Variation of interplanar distance (d) and lattice constant (a) of CBD CdS

with annealing temperature

Table 3. 2 Crystallite size(S), interplanar distance (d) and lattice constant (a) for
CBD CdS annealed at different temperatures.

Lattice
S(nm) d(R) Constants(A)
Temperature e Vacoum
Air Vacuum Air Vacuum a a
200 61.4 59.4 3.313 | 3.306 5.74 5.73
250 59.9 62.3 3.318 | 3.313 5.75 5.74
300 54.6 59.6 3.283 | 3.318 5.69 5.75
350 50.9 49.8 3.286 | 3.325 5.69 5.76
400 48.3 46.6 3.288 | 3.331 5.70 5.77

According to the main peak shift figure 3.3, from hexagonal configuration to cubic
structure, we can hypothesis as deposited CBD CdS has mainly cadmium hydroxide
complex CdSi-n(OH)n as Cd(OH)2 physically crystallizes into a hexagonal lattice while

CdS and CdO be likely to grow in cubic structures. The main peak shift in a vacuum
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has a comprehensible structure transformation, whereas, in air, it shows a wobbly
main peak shift but generally transforms from hexagonal to the cubic structure.
Thermally annealed in air and vacuum connected with the interaction between CdS,
02 and CdCl2 proposed in McCandless studies [78].

2NH,Cl + CdS0, — CdCl, + (NH,),S0, 3.1
CdS are highly soluble in CdCl2 while oxygen diffuses into the melted phases
promoting formation of CdO and CdSOs

Extracted in the air as shown as following,

CdS + CdCl, + 0, —» SCl, + 2€dO 3.2
CdS + 1.50, - CdO + SO, 3.3
CdS + 1.50, - CdSO, 3.4

Annealing temperatures above 350°C, CdSOs further decomposes into CdO.

CdS0; - €do + S0, 3.5

In vacuum, oxygen cannot diffuse into the melted phases and only decompose of
Cd(OH)2 complex into CdO, resulting in a proper shift peak to the cubic phase.
According to the previous studies on CBD CdS[19], the minor peaks emerge in the
air after heat treatment at 400°C due to the reflection from (200) CdO and (033)
CdSO0s. The appearance of the CdO phase might be due to the oxidation of hexagonal
CdS. According to the structural analysis of CBD CdS, we can rarely able to identify
creating of the CdO phase in the air while in a vacuum; we could not find any CdO
phase. The basic ammonium medium controls highly conductive CdO formation was

used in the chemical bath.

Figure 3.5 display the surface and the cross—sectional SEM images of CBD CdS/glass
structures after annealing in air and vacuum. The surface of as—-deposited CBD CdS
featured with bulky accumulated particle clusters, and CBD CdS grains grow
perpendicular to the substrate with a columnar shape maintaining small grains figure
3.5(a). As the temperature increases, particles possess an evenly spaced surface
with the help of recrystallization during the annealing process.

The porosity of CdS responsible for intra—grain recrystallization and sintering of the
primary grains as shown in Figure 3.5 (a). The morphology of CBD CdS drastically
changes with the annealing temperature. In both air and vacuum, the oxidizing
ambient enhanced the grain growth up to 250°C after that ambient contracted the
grains at a rapid rate significantly figure 3.5(d) (e). From the surface morphology,

we can conclude with previous studies; maximum temperature for thermal annealing
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CdS is 400°C while up to 250°C demonstrates optimal grain structure. Apart from
that, at 400°C, it creates pinholes in the CdS film Fig 3.5 (e).

Figure 3. 5 The surface of and the cross section of CBD CdS on glass a) As deposited
b) Annealed in vacuum at 200°C c) Annealed in air at 200°C d) annealed in vacuum
at 400°C e) Annealed in air at 400°C

The surface morphology and cross section of CBD CdS/FTO is shown as follows figure
3.6. Based on SEM of CBD CdS/FTO and CBD CdS/glass, we observed that as-
deposited films are not dense. It is easy to have dense films at higher temperatures.
However, the films demonstrate rough, inhomogeneous surfaces with overgrowth

grains.

Figure 3. 6 The surface of and the cross section of CBD CdS/FTO a). As deposited b)
Annealed in vacuum at 200°C) Annealed in air at 200°C d) annealed in vacuum at
400°C) Annealed in air at 400°C
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3.1.3 Optical characterization

The CBD CdS films in air and vacuum show high transmission (65-85%) in the
visible range. Extrapolating the curves of transmission vs wavelength in air and
vacuum, it was found the bandgap of CdS films varied from 2.3-2.4eV as presented
in figure 3.7. As the temperature increases, the bandgap energy (Eg) shifter towards

the green wavelength region reflects improvement in crystallinity.
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Figure 3. 7 Band gap of CBD CdS thin films annealed in air and vacuum at 200-
400°C

Changes in the structural and optoelectronic properties of annealed CBD CdS films
can be described with the help of the previous studies. The behavior of thermally
annealed CBD CdS thin films can be described in two stages using a physic-chemical
mechanism.[19][24]

Considering the growth mechanism of CBD CdS and previous studies, it can predict
that the [OH"] group may act as the shallow donor instead of the sulfur site, thus
arising the cadmium complex (cadmium hydroxysulfide) later on CdS is formed by

dissolving this complex slowly to gain Cd?* and S?-.[6], [63]

nCdS + Cd(OH), = Cdyy Sn[2(0H)sVog 3.6
Needed sulfide anion comes from the thiourea hydrolysis as follows,
SC(NH,), + OH™ = HS™ 4+ H,0 + CN,H, 3.7
HS™+ OH™ & 5% + H,0 3.8
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According to equations 3.7 and 3.8, hydroxide anion acts as a catalyst for thiourea

decomposition, and CdS formation takes place on the surface of hydroxide.

The solution medium should be alkaline to break down thiourea and to get S2-.
Adding ammonium to the bath will help to maintain the higher pH level, and it
decides the concentration of free Cd*? ions but, it also helps to form a complex with

ammonium as follows.

Cd(OH), & Cd** + 20H" 3.9
[CA(NHs),]?t & Cd?* + 4NH, 3. 10
NH;0H & 4NHs + OH™ 3. 11

Stage 1: T < 250°C

When CBD CdS thin films are thermally annealed, the cadmium complex becomes
unstable and decomposes due to the excessive energy supplied thermally. This
converts cadmium hydroxysulfide into cadmium oxysulfide creating sulfur vacancies

and releasing water as follows,

<250%C
Cd41Sn[2(0H)Veq] — Cdyy1Sn[20,V;Veq] 3.12
When the annealing process started, sulfur vacancies [Vs*2] have been increased,

which implies that the reduction of cadmium vacancies [Vcd?].

Stage 2: T > 250°C

The behavior of temperatures above 250°C is out of the ordinary. But, defending our
hypothesis; this can be explained as follows. During the annealing process, Cd(OH)2
converts to CdO, which implies that the product is also enriched with cadmium[19].
Impurities like (OH)s™ and Cls* start to behave as shallow donors as a result of this
excessive amount of Cd. This is the main reason for increasing electron density at
lower temperatures <250°C. Even though, at higher temperatures, decomposing the
cadmium complex is accelerated, the electron density starts to drop heavily by 4- 5
times as a result of removing shallow donors.

Another reason for this may be the structural transformation from hexagonal to
cubic discussed in the section 3.1.2. The conductivity in air and vacuum has been
increased until the temperature 250°C. Another reason can be crystalline size
increases considerably with the increase in annealing temperature, thus reducing the
grain boundary scattering and increasing conductivity.

According to the argument, “"Cd(OH): diffuse into CdS lattice during the deposition
process” has a robust establishment from Eg’s behavior in both air and vacuum. As
deposited CBD, CdS has higher band gap values (2.42eV), and this is associated with

47



the higher bandgap value of Cd(OH)2. When the annealing process is accelerated, the
destruction of the incorporated hydroxide group is accelerated. Thus, the thermal
process helps to sinter deposited polycrystalline CdS and destruction of hydroxide

group resulting in CdO and water.

3.2 Impact of CBD CdS annealing conditions on the
properties of CdS/Sb.Ses solar cells.

3.2.1 Effect of CBD CdS annealing on structural properties of
Sb.Ses absorber layer.

Upon the post-deposition treatment of CdS films deposited on glass/FTO substrates,
Sb>Ses absorber layers were deposited onto CdS films. Solar cells were completed by
the deposition of Au back contact. XRD measurements showed orthorhombic crystal

structure for the Sb.Ses absorber layer.
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Figure 3. 8 XRD patterns of air and vacuum annealed CBD CdS in air (at 200°C and
400°C) and in vacuum (at 200°C and 400°C) of CdS/ Sb>Sessolarcell devices

0

Figure 3.8 demonstrates the XRD patterns of glass/FTO/Sb2Ses3/CdS solar cell
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devices. Sbha2Ses absorber layer was deposited by close-spaced- sublimation method
(CSS) at substrate temperature 450°C and source temperature was 520°C. Sb>Ses
diffraction peaks were analyzed according to PDF JCPDS 07-089-0821 and PDF
JCPDS 15-0861. In both conditions, peaks at 28.2° 31.1°% 32.2° 45.1° and 45.6°
are prominently present in all solar cell devices, which respectively belong to (211),
(221), (301), (151), and (002) crystal planes. These peaks represent the
orthorhombic Sb2Ses crystal orientation.

The surface of and the cross-section of the CdS/Sb.Ses solar cell is presented in
Figure 3.9. The optimal CBD CdS annealing temperature to facilitate the fabrication
of SbaSes with columnar sintered grains is 200°C. Device annealed in the air created
highly textured columnar CBD CdS through the recrystallization and sintering due to
presence of oxygen-containing phases. For better performance of a solar cell, we
expect to have high—quality Sb.Ses with an optimal thickness, minor surface
roughness, and large grains are required. From the top view and the cross-sectional
view, the film’s roughness fabricated using CBD CdS annealed in air has decreased
compared to the as deposited films. Moreover, the thickness plays a significant role
as the thickness has increased compared to the as-deposited and it reflects a better

absorption in the more extended wave length region.

Figure 3. 9 The surface of and the cross section of CdS/ SbaSessolarcell device a) As
deposited of CdS b) Annealed CBD CdS in vacuum at 200°C) Annealed CBD CdS in
air at 200°C
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3.2.2 CdS/Sb,Ses solar cell performance depending on the CBD
CdS annealing conditions

The evolution of the PV parameters of the CdS/Sb.Ses solar cells are provided in
Table 3.3. All the PV parameters are systematically decreasing with the increase of
the CBD CdS annealing temperature. The devices with CBD CdS annealed at 200°C
in air exhibit the highest efficiency of 2.8%, with a Voc of 350mV, Jsc of 18.3mA/cm?,
and fill factor (FF) of 43%.

Table 3. 3 CdS/ SbxSes solar cell device parameters with air and vacuum annealed
CdS at 200-400°C.

Annealing Ambient Voc Jsc FF PCE /Eff
Temperature | Conditions | [mV] [mA/cm?] | [%] [Y%]
As dep -—= 230+10 | 13.7+0.5 39+1.5 | 1.2+0.2
150 °C Vacuum 24510 | 14.7+£0.4 42+1.2 | 1.4+0.3
Air 335+10 | 15.1 41+£0.6 | 2.1£0.2
200 °C Vacuum 260+10 | 16.4%+1.2 44+2.4 | 1.8£0.2
Air 350+10 | 18.3£0.9 43+1.1 2.8+0.2
250 °C Vacuum 250+10 | 15.2+0.8 42+1.5 | 1.7£0.2
Air 320+10 | 12.4%+0.7 40+1.3 | 1.5+0.2
300 °C Vacuum 215+10 | 13.6%+0.8 39+1.1 | 1.1+0.2
Air 290+15 | 7.6%+2.3 38+2 0.8+0.2
350 °C Vacuum 170+£15 | 8.2+2.7 33+1.7 | 0.5+0.1
Air 115+10 | 5.2+1.9 32+0.7 | 0.2+0.1
400 °C Vacuum 110+£15 | 6.5+0.9 33+0.6 | 0.2+0.05
Air 90+20 3.7+2.3 29+1.8 | 0.1+0.07

There can be many reasons for this improvement but, the lowest concentration of
oxygen-containing phases, larger grains of CdS, and fewer interface defects between
the CdS buffer layer and Sb2Ses absorber layer can be the main reasons as we
studied earlier. The solar cell with vacuum annealed CdS films at 200 °C showed
efficiency of 1.8 with Voc of 260mV, Jsc of 16.4 mA/cm?2, and fill factor (FF) of 44%
(Table 3.3). As annealing temperature increases PCE going down similarly, we
discussed in section 3.1. In general, devices fabricated with CBD CdS annealed in air
at low temperatures show better performances even though the air annealed CBD
CdS illustrated lower bandgap values than in vacuum. J-V curves, as seen in figure

3.10 were measured to evaluate the effect of CdS annealing on the CdS/Sb2Ses solar

50



cell performance. CBD CdS air annealed at 200°C provides a balanced environment
with oxygen contain phases to intermixing and recrystallization of CdS/Sb2Ses solar

cell, securing the highest device performance.
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Figure 3. 10 J-V characteristic of CdS/ Sb2Sessolar cell with as deposited and
annealed CdS in air and vacuum at 200°C

Overall, devices annealed in vacuum have low values for device efficiency, FF, short
circuit current density, and open-circuit voltages. During the annealing process, will
remove oxygen content from the grain boundaries, which allows for intermixing

between the buffer layer and buffer layers.
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Figure 3. 11 EQE of glass/FTO/CdS/ Sb2Ses/Au solar cells with as deposited CBD CdS
and annealed layers at 200C0C in air and vacuum
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External Quantum Efficiency of the Au/Sb2Ses3/CdS/FTO/glass with CdS films
annealed in vacuum and air at 200 °C are given in the figure 3.12. The device with
the highest PCE, gained from CBD CdS annealed in air at 200°C demonstrates the
highest spectral response through the wavelength from 350-1000nm wavelength
range. At shorter wavelengths (<500nm), the quantum efficiency improvement is
trivial, pointing out that photo-excited carriers are accumulated efficiently when
generated near the CdS/Sb2Ses heterojunction. The reason is majority carrier holes
have enough time to travel through the absorber layer to back contact. At
wavelengths, (>500nm),EQE has a clear improvement indicating that the collection
of the minority carriers’ electron collection is the key drawback for the device
performances[64]. In general, EQE indicates the device shows efficient carrier
transport and better collection efficiency. The reason may be non-ideal behavior of
other devices annealed at different air and vacuum temperatures because carriers

have short diffusion length as result of recombination at the GBs.
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CONCLUSIONS

CdS thin films were deposited by CBD technique and systematic investigation of the

changes in the properties of the layers induced by post deposition vacuum and air

annealing at 200-400 °C for 30 min was carried out. The annealed CdS films were

applied as a buffer layer in SbzSes thin film solar cells and their impact on the device

performance was annualized.

The results are as follow:

1.

Properties of CBD CdS and fabricated CdS/Sb.Ses devices possess better
properties at ambient temperatures of 200- 250 ° C. When confined to
electrical properties, the creation of shallow donors of CI*, OH*, and acceptors
Cd?- demonstrates an n-type semiconductor.

CBD CdS shows higher electron density in air and vacuum at 250°C (1019
cm™3). Electron density starts to drop exponentially due to the diffusion of Cd

and other dopants to limit the kinetics.

. The lattice parameter, interplanar distance, and main peak (111) shift

illustrates that crystalline transformation from intermediate cubic-hexagonal
to a stable cubic structure.

The main hypothesis of the thesis is the incorporation of hydroxide group
during the process to the CdS lattice on the sulfur site creating a complex
compound instead of CdS. Incorporated hydroxide group n sulfur site heavily
affects the structural, optical, and electrical properties when thermal
annealing is carried out.

When the annealing takes place hydroxide group decomposes into water
resulting in cadmium oxysulfide solid solution and sulfur vacancies. At the
same time, reduction of oxygen content in the sulfur site as thermally
processing, the lattice configuration of CdS thin film converts to a stable cubic
structure.

The bandgap of 2.42eV attributed to the incorporated Cd(OH)2 immediately
dropped as the annealing temperature increases.

From the performances of glass/FTO/Sb2Ses3/CdS solar cell devices, it can
conclude that the thermal annealing of buffer layer plays a significant role in
improving the performance of the device and one of the key parameters in

controlling the properties of CdS thin films.
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