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Summary

In this work, Cuprous oxide (Cu,O), Tin Sulfide (SnS), Cuprous oxide /
Tin sulfide (Cu0/SnS), and Cuprous oxide: Tin sulfide (Cu.0:SnS) thin
films have been deposited onto glass and silicon substrates using thermal
evaporation technique at (1 x 107) mbar and annealed at 200 °C for 2h.
Structural, optical, and electrical properties of Cu.0, SnS, Cu20 /SnS, and
Cu20: SnS thin films were investigated and analyzed before and after

annealing process.

X-ray diffraction (XRD) results indicated that the structure of all
fabricated thin films was polycrystalline in nature and Cu2O thin films have
cubic phase and SnS thin films belonging to the Orthorhombic phase. The
values of the average crystalline size of Cu20 thin films increased from (12
to 16) nm and reduced from (14 to 11) nm, (14 to 12) nm, and (16 to 12) nm
for SnS, Cu20/SnS, and Cu20:SnS thin films, respectively.

The field emission scanning electron microscope (FESEM) image for
Cu20 thin films indicates that the grain size increased after the annealing
process, while for SnS, Cu,0O/SnS, and Cu20: SnS thin films decreased. The
morphology of the thin films appeared relatively uniformly coated. Atomic
force microscopy (AFM) results showed that the surface of the films that

deposited on a glass substrate has a smooth surface structure.

The absorption coefficient and transmittance spectra were recorded in
the wavelength range (300-1100) nm, which exhibited that the absorption

edges of Cu2O thin films were shifted toward longer wavelength after



annealing, while SnS, Cu.0/SnS, and Cu»0:SnS thin films was shifted

toward shorter wavelength.

The energy gap for allowed direct transition decreased from (2.57 to
2.15) eV with respect to the annealing process. The energy gap of SnS thin
films was increased from (1.53 to 1.8) eV, energy gap of Cu.0O/SnS
increased from ( 1.75 to 1.80) eV and for Cu20: SnS thin films show an
increase in energy gap from (3.66 to 3.86 ) eV after the annealing process.
In addition, the effect of annealing process on the optical constant

(refractive index and extinction coefficient) have been studied.

The results of Hall measurements varied between an increase and a
decrease in Hall parameters such as charge carrier concentration, Hall

coefficient, and mobility after the annealing process.

The C-V measurement is indicated that type of heterojunction is abrupt
and the maximum value of the built in potential (Vi) belong to SnS/Si solar
cell by (0.21) volt. The current— voltage (I-V) characteristics of the solar

cells were measured at illumination 100 mW/cm2.

The results showed that the efficiency of the Cu.O/n-Si solar cell is
(3.37) %, while the SnS/n-Si and Cu0/SnS/n-Si solar cells have an
efficiency of (6.27) % and (4.62) %, respectively. The highest value for
efficiency was for the Cu20:SnS/n-Si solar cell about (7.44) %, the value of
the short circuit current was (24) mA, the open circuit voltage was (500)
mV, and fill factor was 0.99.
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Chapter One Introduction
1.1 Introduction

The major challenges today are meeting rising energy demand and
addressing climate change, as well as the depletion of nonrenewable fossil
fuels and global warming. Renewable energy sources are one of the
alternative solutions to mitigate all of the above. Renewable energy sources
like wind, solar, hydropower, and geothermal are growing rapidly as viable
alternatives to traditional fossil fuel sources. Solar energy is considered the
most environment-friendly and cost-effective of all renewable energy
sources, and it has the potential to provide an unlimited supply of energy
with minimal environmental impact [1].

The sun is regarded as the most plentiful source of clean, renewable
energy, and solar energy has received considerable interest due to its
sustainability. This makes solar cell technology economically feasible and
sustainable and enables possible reductions in harmful gas emissions, making
it a perfect source of energy that avoids energy and environmental risks [1,2].
Solar cells are the fundamental element of photovoltaic modules which are
otherwise named solar panels. Solar cells are referred to be photovoltaic
regardless of whether the source of the light is sunlight or an artificial source
[3].

In 1954, Chapin et al. discovered the first practical solar cell, this
discovery was regarded at that time as a very significant invention that leads
to converting light directly into electricity. This discovery came after the
observation of the photovoltaic effect by Becquerel in 1839. Furthermore, it
was supported by Adams and Day when they created the first solid-state solar

cell in 1877, a diode device utilizing the chemical element selenium [4].
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Solar cells are categorized into three generations: The first-generation

cells, also known as traditional, conventional, or wafer-based cells, are
composed of crystalline silicon, the widely dominant PV technology, which
comprises materials such as mono-crystalline silicon and poly-crystalline
silicon [5]. The second generation of solar cells is made from non-silicon
materials, such as cadmium telluride (CdTe), copper indium gallium selenide
(CIGS), and amorphous silicon [6]. Such solar cells are composed of thin
layers with thick a few micrometers deposited sequentially on a large, cost-
effective substrate constructed of polymer, metal, or glass. Third generation
solar cells: these technologies include polymer solar cells, dye- sensitized
hybrid solar cells, photo-electrochemical cells, and nanocrystal solar cells
[7.8].

1.2 Tin Sulfide (SnS)

In recent years, semiconductors with layered structures that belong to
IV-VI group drawn much interest due to their adequate characteristics like
absorbance, high optical transmittance, energy band gap, and electrical
futures control for photovoltaic, thermoelectric, and optoelectronic devices.
Among them, tin monosulfide (SnS) has gained a great deal of interest in
recent years [9,10].

Tin sulfide (SnS), a material that is abundantly available and
environmentally friendly, can be employed as an absorber for low-cost thin
film photovoltaic cells. In particular, its band gap is situated between Si and
GaAs, which is considered one of the pioneering materials in solar energy
conversion. Loferski diagrams show that this compound has a theoretical
light conversion efficiency of more than 24% [11, 12].

Tin sulfide (SnS) exhibits p-type electrical conduction. Since SnS

possesses high optical absorption coefficient (> 10* cm™) in the visible and
2
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near-infrared spectral regions, making it an attractive absorber material for

photovoltaic applications, owing to the values of direct and indirect band gap
between (1.3-1.5) eV and (1.0-1.1) eV, respectively [13,14]. The crystal
structure of SnS compound is orthorhombic as shown in Fig. (1-1), where
lattice parameters an unit cell are (a=4.334, b = 11.200, and ¢ = 3.987) nm
and this crystal structure can be seen as a distorted rock salt (NaCl) and each

layers held together by weak Van der Waals forces [15].

[ s P 4 > |
: ¢ ¢ 9
@:Sn T P 1 9
@ / é -\
—" 5 "
9 9
J 9
9 9
: i 9
i s

Fig.(1-1): Structure of the orthorhombic SnS crystal [16].

Because of the presence of weak force in SnS layers the surface of material
Is chemically inert and does not have any dangling bond or surface density
state. Consequently, the surface of SnS is liberated from Fermi level pinning.
This fact renders SnS chemically and ecologically inert [17]. Table (1-1)

tabulated some of the physical characteristics of tin sulfide.



Chapter One Introduction

Table (1-1): Physical properties of tin sulfide [18-20].

Property Values
Conductivity type Usually p-type and n-type
Orthorhombic Polycrystalline a=4.334nm,
Structure b=11.200 nm and ¢ = 3.987 nm
Indirect bandgap ((1.0-1.1)£ 0.02) eV
Direct bandgap ((1.3-1.5)+£0.2) eV

Carrier concentration |5 x10Y c¢cm

Refractive index 3.5
Resistivity 0.06 Q.cm
Hole mobility 54 cm?V1St 2000 cm?V1ist

Absorption coefficient | 2 x10* cm?

Density 5.22 g/lcm?®
Melting point 882 °C
Boling point 1230 °C
Molecular weight 150.77 g/mol
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1.3 Cuprous Oxide (Cu20)

Metal oxides (MOs) are a significant category of functional materials
with various magnetic, electrical, structural and optical characteristics as
semiconductors, they are significant materials for photovoltaic applications
[21]. Cuprous Oxide (Cu20) is a suitable candidate among these oxides due
to its non-toxicity, high absorption coefficient high hole mobility and
abundance of constituent elements in the earth's crust [22]. Cuprous oxide is
an inherent p-type semiconductor due to the high concentration of negatively
charged copper vacancies and presumably the presence of interstitial oxygen

imperfections [23].

The structure of cuprous oxide is characterized by a cubic unit cell that
has a lattice constant of 4.2696 A and is belongs to the Pn3m space group and
each of its unit cells are two ions of copper and four ions of oxygen. These
are organized in a cubic lattice structure together with oxygen atoms, and they
are surrounded tetrahedrally by copper ions [24]. Its direct bandgap of 2.1 eV
Is relatively big for a perfect match of the solar spectrum, yet it nevertheless
permits a theoretical maximum power conversion efficiency of 20% for a
single junction under AM1.5 illumination.

In addition, at energies that lie above the bandgap, the material has a
high absorption coefficient in the visible area (>10* cm™) consequently, this
material is an appropriate absorber for thin-film solar cell [25,26]. Some of

physical properties of Cu,O are listed in Table (1-2).
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Table (1-2): Physical properties of cuprous oxide [27,28].

Property Values
Conductivity type Usually p-type
Structure Cubic, a = (4.2696 +0.0010) A

Indirect bandgap

1.4eV

Direct bandgap

2.0eV to 2.60 eV

Carrier Concentration

1.2 x 10 ¢cm3

Refractive index

2.705
Resistivity 2.8x10%2Q-cm
Hole mobility 30, 100, 53 cm?V-ist

Absorption coefficient

10*—10°cm™

Density (5.749-6.140) g/cm?®
Melting point 1232°C

Boling point 1800°C

Molecular weight 143.09 g/mol
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1.4 Nanomaterials

Nanomaterials are crystalline or amorphous particles of organic or
inorganic materials with dimensions between (1 and 100) nm [29].
Nanomaterials are categorized as either nanophase or nanostructured
materials. The former typically refers to dispersive nanoparticles, whereas the
latter is composed of dense bulk materials with grain sizes in the nanometer
range of size. Nanomaterials may exist in three dimensions as particles, two
dimensions as strands or fibres , or one dimension as surface films. They
could be found in agglomerated or aggregated,single, or fused forms with
irregular shapes, tubular and spherical. The Nanotubes, quantum dots, and
fullerenes are common nanomaterial categories [30].

According to the number of dimensions in the nano range (less than 100
nm), nanomaterials are categorized as seen in Fig. (1-2) [30].

a- Zero-dimensional nanomaterials (0-D): the nanomaterials in this class
have all their three dimensions in the nanoscale range. Examples are
quantum dots, fullerenes, and nanoparticles.

b- One-dimensional nanomaterials (1-D): the nanomaterials in this class
have one dimension outside the nanoscale. Examples are nanotubes,
nanofibers, nanorods, and nanowires.

c- Two-dimensional nanomaterials (2-D): the nanomaterials in this class
have two dimensions outside the nanoscale. Examples are nanosheets,
nanofilms, and nanolayers.

d- Three-dimensional nanomaterials (3-D) or bulk nanomaterials: in this
class the materials are not confined to the nanoscale in any dimension.
This class contains bulk powders, dispersions of nanoparticles, arrays of

nanowires and nanotubes, etc.
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The nanomaterials can be polycrystalline, crystalline or amorphous.

They may be made up of a single phase or multiple phases of chemical
elements. There are numerous methods for producing nanostructures; bucky
balls, nanoparticles, nanotubes, and macromolecules can be synthesized

artificially for specific materials [30,31].

Fig. (1-2): Classification of nanomaterials (a) 0D nanomaterials; (b) 1D

nanomaterials; (c) 2D nanomaterials; (d) 3D nanomaterials [31].

1.5 Synthesis of Nanomaterials Methods

In general, top-down and bottom-up are the two main approaches for
nanomaterials synthesis [32].
a. Top-down: size reduction from bulk materials.
b. Bottom-up: material synthesis from atomic level.

Top-down approach are included in the typical solid —state processing
of the materials. This approach is based with the bulk material and makes it
smaller, thus breaking up larger particles by the use of physical processes like

crushing, milling or grinding. Usually this approach is not suitable for
8
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preparing uniformly shaped materials, and it is very difficult to realize very

small particles even with high energy consumption [31]. The biggest problem
with top-down approach is the imperfection of the surface structure. Such
imperfection would have a significant impact on physical properties and
surface chemistry of nanostructures and nanomaterials. It is well known that
the conventional top-down technique can cause significant crystallographic
damage to the processed patterns. There are many examples of this method
such as etching , laser ablation , lithography and milling [29,32].

Bottom —up approach refers to the build-up of a material from the
bottom: atom-by-atom, molecule-by-molecule or cluster-by-cluster. This
route is more often used for preparing most of the nano-scale materials with
the ability to generate a uniform size, shape and distribution. It effectively
covers chemical synthesis and precisely controlled the reaction to inhibit
further particle growth. Although the bottom-up approach is nothing new, it
plays an important role in the fabrication and processing of nanostructures
and nanomaterials. Synthesis of nanoparticles to have a better control over
particles size distribution, morphology, purity, quantity and quality, by
employing environment friendly economical processes has always been a
challenge for the researchers [32]. The sol gel is an example of this method.

Fig. (1-3) show the two methods for prepared nanomaterials..

Top-down

oy
@

Bulk Fragments Nanoscale

-

Fig.(1-3): Top-down and bottom-up synthesis schemes[33].
9
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1.6 Literature Survey

This section highlights the previous research on the growth and the
preparation of Cuprous Oxide and Tin Sulfide thin film and its

Implementation as a solar cell.

In (2010), Mc-Shane et al., [34] made-up Cu.O-based p-n homojunction
solar cell using consecutive electrochemical deposition method, where p-
Cu20 layer deposited onto n-Cu20 layer, surface morphology was adjusted
to study how it affected the solar cell's performance, and the p-n interface was
determined. Their results indicated that even though the resistivity of both the
n- and p-layers stayed comparable, cell efficiency and junction quality
differed considerably based on the faces of the crystals displayed at the p-n
junction. The best value of performance obtained for the fabricated p-n
homojunction solar cells was open circuit voltage (Vo) = 0.423 V, fill factor
(F.F) = 27%, short circuit current density (Jsc) = 2.5 mA/cm?, and efficiency
(m) = 0.29%. They revealed that the higher resistivity of the two n and p-

layers was the basic limiting factor for the cell's efficiency.

In (2014), Dimopoulos et al., [35] manufactured heterojunction solar
cell via electrochemical deposition, where they coated p-type Cu.O absorbers
onto sputtered n-type ZnO layers. Under AM1.5G illumination and for the
deposited cells, they obtained the solar cell parameters, which were Vo =
0.37 V, F.F = 35.7%, Jsc = 3.71 mA/cm?, and n = 0.49%. From thermal
annealing that occurred in a vacuum and at temperatures reaching 300°C, the
compositional purity of the cuprous oxide absorber has been obtained. After

annealing samples at temperatures around 300 °C, the parameter values of
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the solar cell significantly increased to Voc = 0.505 V, F.F = 47.1%, Jsc =

4.67 mA/cm?, and n = 1.12%.

In (2015), Kawano et al., [36] employed thermal evaporation to form
SnS films on glass substrates at varying growth temperatures between (100
and 250) °C. The SnS thin film formed at 100 °C was observed to have small
crystal grains. In contrast, when the preparation temperature of the SnS films
was raised to 225 °C, denser and larger crystal grains were formed while
maintaining the same compositions when the temperature exceed 225 °C, the
SnS started to re-evaporate from the films. At temperature around 200 °C the
films gained the highest value of Hall mobility. The optimal temperature for
the formation of SnS via evaporation is 200 °C and this temperature results
in large and compact crystal grains as well as the maximum Hall mobility,

which contributes to the 2.53% efficiency of SnS thin-film solar cells.

In (2015) El-Shaer et al.,[37] prepared of p-Cu20 and n-Cu0O thin films
using electrochemical deposition technique by utilizing various conditions
for every type and with varying film thickness. By successively depositing
n-Cu20 layer on top of p-Cu20 layer, homojunction Cu20 solar cells were
effectively constructed. After that, the gold evaporates onto the n-Cu.O layer
by thermal evaporation. The best value of parameters of p/n Cu20 cell were
Voc= 31.5 mV, Jsc =12.7 mA/cm?, F.F= 35% , and n = 0.14%under typical
testing conditions for thicknesses of 2um for n- Cu20 and 0.7um for p- Cu20.

In (2017) Samani et al., [38] used thermal evaporation technique in
order to fabricate SnS thin films onto a substrates of glass and there after

annealed the samples at various temperatures ranging from 100 °C, 200
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°C, 300 °C and 400 °C with an incremental of 100 °C for 1 hour. X-ray

diffraction (XRD) examines indicate that the structural features of SnS

film have enhanced with rising annealing temperature, and the grain size
has increased, the energy band gap of a film as-prepared, which increases
noticeably with rising annealing temperature, has been measured to be in
the range of 1.60 eV to 2.06 eV and both the index of refraction and

extinction coefficient fall significantly.

In (2018), Hamood et al., [39] prepared SnS:Ag thin films under pressure
reaching 1 x 10 mbar onto glass slides using thermal evaporation process,
then annealed them at various temperatures 423 K, 473 K, 573 K and 623 K
for 2 hours. X-ray diffraction analysis shows the principal peak (111), which
occurs at an annealing temperature of 623 K, as well as the secondary peaks
(101) and (002) with a crystal size of (3—7) nm. The energy band gap was 2.1
eV for the deposited film and it grew to be 3.3 eV after it was annealed at 623
K.

In (2018), Hegde et al., [40] used thermal evaporation to deposit Tin
Sulfide onto glass substrates at 300 °C followed by an annealing process at a
range of temperatures from (100 to 300) °C for 2 hours. The average particle
size decreased from 265 nm for as-prepared films to 132.8 nm for films
annealed at 300 °C, according to optical properties measurements the band
gap value decreases marginally with annealing temperature and remained
within the range of (1.33-1.2) eV. After annealing SnS films at 300 °C, their
electrical characteristics improved, where the value mobility reached 36.9
cm? V/s, the electrical resistivity was 7.8 Q.cm, and the carrier concentration

of the p-type was about 2.17 10 cm-3,
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In (2019), Tafti et al., [41] deposited thin films of SnS/CdS on a glass

substrate via thermal evaporation followed by annealing at various

temperatures in order to optimize the optical characteristics of the material,
for application in devices of photovoltaic solar cell. The effect of annealing
on the optical characteristics of a SnS/CdS film was investigated at
temperatures ranging from (100 to 400) °C in 100 °C increments. Optical
constants such like extinction coefficient, refractive index and band gap were
computed at various annealing temperatures and in the (250-750) nm
wavelength range. For a film as-deposited, the energy band gap ranges
between 2.20 eV and 3.18 eV, which rises with increasing annealing
temperature while both the index of refraction and the coefficient of

extinction decrease significantly.

In (2020), Cho et al., [42] used the vapor transport deposition method to
manufacture SnS/CdS devices. The decrease in interface imperfections of the
heterojunction, which may take place through the deposition process of
transparent electrodes or due to direct annealing that occurs at 300 °C for the
SnS/CdS heterojunction, leads to the enhancement of the efficiency of the
SnS/CdS solar cell. The SnS/CdS device has an F.F of 0.588, a Jsc of 20.76
mA cm?, a Voc of 0.346 V, and an efficiency of more than 4%, according to
the results. The significant loss in a large short-circuit current, as observed
by optical analyses and quantum efficiency, is primarily due to

recombination.

In (2020), Tuama et al., [43] prepared Cu20:(Ag NPs)/Si films with
thickness of about 60 nm by technique of thermal evaporation. The XRD

analysis indicated that the manufactured films had an amorphous nature, and
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the grain size was measured to be between (9.2 and 18.4) nm, which is

equivalent to that obtained from the FESEM measurement. It was established
that the samples had an optical bandgap that ranged from (2.79 to 3.42) eV
and that was the main factor in altering and enhancing the CuO optical
characteristics by doping and selecting the optimal ones to manufacture high
efficiency and low cost solar cell. The conversion efficiency of (3.5) obtained
by doping 0.04% Ag to Cu.0, which is thought to be very efficient relative

to the total efficiency of Cu2O solar cells.

In (2020), Jayathilaka et al., [44] deposited Cu2O homojunction thin
film onto a Ti substrate by an electrochemical deposition technique, and by
using controlled bath conditions, a p-Cuz0 layer was coated onto a n-Cu.O
layer. The crystallinity and morphology of the samples by high-energy X-ray
diffraction (HEXRD), X-ray diffraction (XRD), and scanning electron
microscope (SEM) were investigated. Current density—voltage analysis (J-
V) demonstrated that the photocurrent was improved tenfold compared with
an unannealed and untreated homojunction solar cell. Transient
measurements revealed that the sulfur-treated p-type Cu.O substantially
decreased recombination, hence increasing the efficiency of the solar cell.
The best open-circuit voltage, short-circuit current density, and conversion
efficiency of 490 mV, 12.8 mA/cm?, and 2.64%, respectively, under AM1.5
illumination, were achieved by an annealed sulfur-treated solar cell of Ti/n-
Cu20/p-Cu20/Au.

In (2021), Nguyen et al., [45] used aradio frequency sputtering
technique to deposit a SnS/Ag/SnS trilayer film. They studied the influence
of Ag films on the physical characteristics of the SnS films. The Ag/SnS film-
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based solar cell showed improved photovoltaic performance compared to the

SnS film-based solar cell. The density of short circuit current and efficiency
gained by the solar cell of SnS/Ag/SnS trilayer films are around 17.13
mA/cm? and 5.24%, respectively, which are higher than the values gotten by
the SnS films solar cell, which were Jsc = 14.21 mA/cm? and n =3.23%.The
enhanced photo-current density, chiefly caused by the improvement of the
efficiency separating photo-generated electron-hole pairs and the reduction
in entrapment charge carriers in impurity centers, in addition to the decrease

in the current of leakage in the active area can be observed.

In (2021), Kawanishi et al., [46] prepared a p-n homojunction SnS solar
cell by depositing thin films of polycrystalline p-type SnS onto single crystals
of n-type SnS. The Jsc of the SnS homojunction solar cell is approximately
7.5 mA /cm?, the F.F. is approximately 53%, and the Voc is approximately
360 mV. The built-in potential of a p-type SnS or n-type SnS cell was around
0.92 eV, where this value is near enough to the band gap energy of tin sulfide,
which is 1.1 eV, and it is larger than the value that belongs to the
heterojunctions, which is 0.7 eV. They illustrate that the efficiency obtained
of the homojunction solar cell was 1.4%, which is lower than the record for
heterojunctions, which was (4-5) %, basically owing to the low Isc of 7.5
mA/cm?,

In (2021), Zaki et al., [47] studied tin sulfide materials as a p-type layer
in heterojunction solar cells that have a structure of SnS/Si and study the
influence of annealing as well as the influence of substrate type on SnS films.
SnS films changed to the Sn.Ss phase when deposited onto a Si substrate after

thermal treatment, while they kept the same preferred orientation when
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deposited onto a glass substrate. The intensity of observed reflections in XRD

charts decreased with increasing temperature of annealing (Ta) and the
treated SnS film at Ta = 673 K showed an absence of ordered structure. After
annealing, the band gap energy increased from (1.29 to 1.50) eV, and the
behavior of thermally induced electrical for SnS samples revealed the
presence of deep imperfection levels. The obtained parameters of prepared
Al/n-Si/p-SnS/In solar cells are Rsh, Rs, Jsc, Voc, and i) are each 209.2 Qcm?,
91.15 Q cm?, 2.52 mA, 0.27 V, and 0.21% respectively.

In (2021), Alagarasan et al., [48] deposited SnS thin films using vacuum
thermal evaporation onto glass substrates at 107> Torr with various range of
substrate temperatures ranging 50 °C to 200 °C with steps of 50 °C. Standard
characterization methods were used to examine the optical and structural,
characteristics of substrate temperature-effected SnS films. Crystal structure
analysis by (XRD) exposed that the fabricated films had a polycrystalline
orthorhombic structure. The optical characteristics, such as absorption
coefficient, refractive index, optical band gap, and extinction coefficient, of
the thin films are expected from the optical measurements. The values of the
optical band gap were measured to be between 1.843 eV and 2.075 eV make

it an attractive material for use in visible light photodetectors.

In (2021), BalaKarthikeyan et al., [49] made up SnS thin films at room
temperature by using the thermal evaporation method, and after that, the films
were annealed at altering temperatures from 200 °C to 350 °C for application
in photodetector devices. According to XRD measurements, the produced
films exhibit the orthorhombic phase of pristine SnS without the presence of

any impurity phases. The thin films of SnS that annealed at 300°C exhibit the
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largest crystallite size among of all the samples that were manufactured.

Morphological consequences demonstrate that the SnS samples display a
homogeneous of 2D petal-like shape with varied size. The UV-Vis studies
show that the values of bandgap decrease as the annealing temperature of the

samples increase would be better suited for photodetector applications.

In (2023), Abass et al., [50] coated SnS: Ag thin films onto glass and
silicon substrates for fabricating SnS: Ag solar cells by employing the method
of thermal evaporation. The crystallization of the films resulted in their
polycrystalline and orthorhombic form, according to an XRD analysis. The
size of the crystallite increase from (3.7096 to 10.4716) nm and SnS: Ag film
(6 wt.%) exhibits larger grains, according to AFM images. The Hall effect
analysis confirmed that the conductivity of the film is p-type. The optical
bandgap values were determined to be in the range of (2.6-1.7) eV. Owing
to highly absorbing and polycrystalline, thin films of SnS could be employed
to make heterojunction solar cells. The fill factor of the produced solar cells
reached 0.46 and an efficiency of 5.4% for SnS: Ag (6 wt.%) /Si solar cell.

In (2023), Abdurranman, et al., [51] fabricated a photoactive substance
comprising of Bi/Cu2O/Bi solar cell by using an easy, dependable, and cost-
effective thermal oxidation process and method of the powder vaporization.
The maximum power points of (Pmax) Were also documented as well as the
current-voltage characteristic curves. A a short circuit current of (Isc =14.45)
mA, open circuit voltage around (Voc = 7.24) V, and the point of maximum
power of ( Pmax= 0.476) W have been acquired correspondingly. I-V
characteristic showed typical rectification behavior of a p-n junction for the

fabricated structure, indicating that Bi/Cu.O/Bi solar cell was formed as a
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semiconducting material and post transition metal has positive impingement

on the sample which yields to the stability of the sample. The fabricated cell

produced a power conversion efficiency of 1.14%.

1.7 Aims of the Work

The aims of this study are focused on the following points:

1- The aim of this work is to deposite Cu20, SnS, Cu.O/SnS, and Cu20:SnS
thin films on different substrates by thermal evaporation technique.

2- Study structural, morphology, and optical properties of deposited and
annealed thin films.

3- The purpose of this work is fabrication and characterization Cu2O/Si,
SnS/Si, Cu20/SnS/Si, and Cu20:SnS/Si as solar cells.

4- Study 1-V and C-V curves properties for the synthesis solar cells and

evaluate the values of fill factor, short-circuit current and open circuit

voltage, and efficiency of the fabricated solar cells.
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2.1 Introduction

This chapter concentrates on the description of thin films and the thermal
evaporation technique for fabricating thin films and then discusses which
diagnostic tools to examine these parameters. This leads to a natural
demarcation of the analytical tools, including structural, and optical for
deposited thin films, as well as photovoltaic measurements for fabricated
heterojunctions solar cell. Finally, this chapter gives a general description of

all the equations, relations, employed in the thesis.

2.2 Thin Films

The term of "Thin Films" is used to describe a layer or several layers of
atoms for a certain substance whose thickness less than (1um) [52]. The
characteristics of a thin film can be quite different from the bulk material
properties, since thin films have a large surface area to bulk volume ratio.
The morphology, structure, physical and chemical characteristics of the thin
film can also be quite different from those of the bulk materials [53]. The
structure and properties of many films are known to depend considerably on
the state of the surface on which they are deposited to know exactly what
kind of surface is being used for deposition of films, whether it is
crystallographically oriented or not [54].

Thin films are used to enhance the properties of bulk materials by
depositing a layer with the desired physical and chemical characteristics to
improve their functionality. Thin films have a wide range of properties that
can be used in a variety of applications. Types of thin films can be categorized
as follows [55].

Optical thin films: Used to create reflective coatings, anti-reflective

coatings, solar cells, Monitors, waveguides and optical detector arrays.
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Electrical or electronic thin films: Used to make insulators, conductors,
semiconductor devices, integrated circuits and piezoelectric devices.
Magnetic thin films: Usually used to make memory disks.

Chemical thin films: They are used to create resistance to alloying,
diffusion, corrosion and oxidation, as well as to make gas and liquid sensors.
Mechanical thin films: Tribological coatings to protect against abrasion,
increase hardness and adhesion and use of micro-mechanical properties.

Thermal thin films: They are used to create insulation layers and heat
sinks

2.3 Thermal Evaporation

Vacuum evaporation is based on a thermal principle grounded on two
elementary processes. First, a heating that allows the material to reach its
melting point, then, in a second time, its vaporization point. Then, this first
process is followed by the solid-state condensation of the material evaporated
on the substrate to be covered. The vaporization of the source material can be
generated by Joule effect, by induction or by using an intense and energetic
electron beam. As well as the depositions are carried out under high vacuum
in order to impart high purity to the layers [56,57]. Thermal evaporation is a
particularly popular method but the main weaknesses of this technique are,
the need to use sufficient power to vaporize the most refractory compounds,
and the deposition of alloys may be disturbed if the different compounds have
very different melting temperatures and / or saturation vapor pressures. The
thermal evaporation technique is the simplest method of depositing
substances onto a substrate at a pressure of 10" mbar, with exceptional film
purity. Fig.(2-1) depicts the structure of a fundamental coating system
[58,59].
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Fig. (2-1):Design of a fundamental coating system [59].

2.4 Basic Theory of Characterization Techniques of Thin Film

In recent years, scientific progress has mainly taken place through the
discovery of new materials. The comprehensive characterization of any
material includes phase analysis, structural, surface characterization, and
compositional, all of which have a significant impact on the characteristics
of the material. The various analytical approaches that were used in the

characterization of the thin films are discussed in this chapter.

2.4.1 Structural and Morphological Characterization

A series of structural, morphological, and optical characterization was
carried out by various characterization methods in order to extract
quantitative or qualitative information about thin films. X- ray diffraction

(XRD) was used to examine the films' structural features. Field emission
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scanning electron microscope (FESEM) and atomic force microscope (AFM)

were used to study the surface morphology of thin films.

2.4.1.1 Basic Theory of X-ray Diffraction (XRD)

X-ray diffraction is a comprehensive method used to investigate a
variety of structural characteristics in crystalline materials. The information
obtainable ranges from microscopic characteristics, such as the arrangement
of crystal components, to macroscopic characteristics, such as the crystal size
and the mean shape. X-ray diffraction is generally utilized for phase
identification of crystalline substances, where Bragg reflections that are
associated with a crystal structure can provide a unique fingerprint of unit
cell dimensions. A crystal structure could be considered to be a collection of
planes or layers, all of which behave as a semi-transparent mirror. Bragg’s
diffraction law is the fundamental work principle of this technology [60,61].
When X-ray radiation (which has a wavelength equal to the spacing between
atoms in crystals) hits a crystalline substance, the radiation is scattered by
that of the electrons surrounding each atom. Collective constructive
scattering can occur depending on the angle between the incoming radiation

and the atomic planes as shown in Fig. (2-2) [62]:

Zd(hkl)Sine = mAi (2 — 1)

Where, dniy is the inter planes distance between consecutive crystal planes,
0 is Braggs angle which represent the angle between the incident X-ray beam
and the plane of scattering , m is integer representing the diffraction peaks

order and A denoted to the wavelength of incident X-ray incident.
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Fig. (2-2): Schematic of Braggs law [62].

The crystallite size could be calculated using Debye Scherrer’s formula
[63,64].

b 0.9 A
B COSH

(2-2)

Where A denoted to X-ray’s wavelength used, B signified to (FWHM) which
Is abbreviation to (full-width at half-maximum) of the diffraction peak and
0° denoted to Bragg’s angle.

The dislocation density (5), was evaluated using the formula of
Williamson and Smallman's and is represented as the number of dislocation

lines per unit volume [65].

6:D— (2_3)

1
2

Micro-strain in films occurs during thin film growth and is produced by
stretching or compression in the lattice, causing a variation in the
orthorhombic structure's c-lattice constant. This micro strain can be

calculated from the relation [66].
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BcosH
4

€= (2-4)

The known crystal phases for SnS have had an orthorhombic structure.
By obtaining the lattice constants from the X-ray pattern and employing
the following formula, the orthorhombic phase (a# b #c) is described as [67]:

1 h2 k2 12
S=atmta (2 -5)

While Cu.O have a cubic crystal structure (a =b =c) [67].

1 h?4k?+12
ﬁ o a2

(2-16)

Where a, b and c represents lattice parameters.

2.4.1.2 Basic Theory of Field Emission Scanning Electron
Microscope (FESEM)

Scanning electron microscopy (FESEM) is an ultra-high resolution type
of electron microscopy that is capable of producing images of greater than
300,000 times magnification. This gives it an effective resolution approaching
1 nanometer, making it possible to capture images of features close to the
electron tunneling limit. Such an incredible resolution is made possible
because electrons have wavelengths much shorter than the optical diffraction
limit of approximately 250 nm [68].

Thus, FESEM is a popular imaging technology for probing features
smaller than those accessible by optical microscopy. Furthermore, as electrons
have unique quantum interactions with different chemical elements, most
SEMs also include additional detectors that allow for characterization beyond
simple imaging. The FESEM operates by raster scanning an electron beam
across a sample and detecting the signal produced by the interaction between

the beam and the specimen.
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Just like optical microscopy, FESEM also makes use of lenses to focus

and control the beam that composes the image, an FESEM uses lenses formed

by concentrated electromagnetic fields [69].

2.4.1.3 Atomic Force Microscope (AFM)

Atomic Force Microscope (AFM) is a non-optical imaging technique
with high resolution. It is equipped with a very accurate measuring instrument
for surface examination. AFM permits precise, nondestructive measurements
of the chemical, electrical, mechanical and topographical, etc. characteristics
of a specimen surface in liquids, ultrahigh vacuum, or in air with quite high
resolution. AFM equipment includes a control unit with a sharp tip, scanner,
laser, and photodetector. Employing this tool the forces which is formed
between the cantilever tip and the specimen surface are evaluated in the
nanoscale. The forces can be VVan der Waals, magnetic or electrostatic force.
The movement of the surface scan is dependent on the interaction relation
existing between the tip and the substance surface. After the movement on
the surface, the laser beam is projected onto the photodetector in the way
shown in the Fig. (2-3).

In the last step of the process, AFM images are derived from the voltage
produced by the photodetector. The atomic force microscope is used in
several modes of operation. Conventional techniques (contact mode, non-
contact, tapping) make it possible to obtain a surface topography, to make it
possible to obtain various information on the physicochemical properties of
the sample [70,71].
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Fig. (2-3): Schematic representation of the atomic force microscope[70].

2.4.2 Optical Characteristics

The optical characteristics of a semiconductor are associated to the
intrinsic effect. The generation process of electron-hole pair occurs directly
or indirectly depend in on intrinsic position of the top point of valence band
(V.B) and bottom of the conduction band (C.B) in the band structure.

2.4.3.1 Basic theory of UV- Vis absorption spectrophotometer

There are several molecules that are capable of absorbing ultraviolet or
visible light. Fundamental absorption is the most essential absorption
process, and it includes the electron transition from the valence band to the
conduction band. This movement is accompanied by a sharp increase in
absorption, which may be used to calculate the energy gap of the

semiconductor [72].
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The photons from the incident beam are absorbed by the semiconductor,

and the amount of photons that are absorbed is dependent on the energy of
the photons (hv), and the frequency of the incident photons(v). The
absorption is associated with the electronic transition process between the
valance band (V.B) and the conduction band (C.B) in the substance, and it
begins at the fundamental absorption edge is the point that corresponds to the
smallest difference in energy level between the top point of the valance band
and the bottom point of the conduction band. If the photon energy is equal to
or greater than the energy gap (E,), the photon could indeed interact with a
valence electron, elevating it into the conduction band and creating an
electron—hole pair [73].The incident photon that generate the electron-hole
pair has a maximum wavelength (Ac) which can be evaluated by the

following relation [74]:

/,[C(nm):h_cz 1.24

Eg  Egen

(2-=7)

According to Beer's Lambert law, intensity of photon reduces

exponentially with increasing thickness through the semiconductor [75].

I =1e % (2-198)

Where I, and I are the intensity of the incident and the transmitted photon,

respectively and o represent the absorption coefficients which is represent the
fraction of the power absorbed in a unit length of the medium and given by
[75]:

a =2303% (2 -9)

Where (A) is the absorbance and the thickness is denoted by (t).
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2.4.3.2 The Electronic Transitions.

The electronic transitions can be classified basically into two types .

(a) Direct Transitions.

This transition happens in semiconductors when the bottom of (C.B.) is
exactly over the top of (V.B.). This means that they have the same value of
wave vector i.e. (AK=0) in this state the absorption appears when (hv=E¢°"").
This transition type required to the Law's of conservation in energy and
momentum. These direct transitions have two types Direct allowed transition
happens from the top points in the (V.B.) and the bottom point in the (C.B.),
as shown in figure (2-4(a)).The direct forbidden transitions happens from
near top points of (V.B.) and the bottom points of (C.B.) [76] as shown in
figure (2-4(b)).

The absorption coefficient for this transitions type is given by [76]:
(ahv) = B(hv — Ej)Y (2 -10)
Where: Eg: energy gap between direct transition
B: constant depended on type of material.

r: exponential constant, its value depended on type of transition,

v =1/2 for the allowed direct transition.

v =3/2 for the forbidden direct transition
(b) Indirect Transitions.

In these transitions type, the bottom of (C.B.) is not over the top of (V.B.),
in curve (E-K). The electron transits from (V.B.) to (C.B.) is not
perpendicularly where the value of the wave vector of electron before and
after transition is not equal ( AK =|= 0). This transition type happens with
helpful of particle called "Phonon”, for conservation of the energy and
momentum law. There are two types of indirect transitions [74] they are

allowed indirect transitions happen between the top of (V.B.) and the bottom
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of (C.B.) which is found in the difference region of (K-space) as in Fig. (2-

4(c)).
The forbidden indirect transitions happen between near points in the top
of (V.B.) and near points in the bottom of (C.B.) as shown in figure (2-4(d)).

The absorption coefficient for transition with a phonon absorption is given

by [77].

(ahv) = B(hv — E; + E,p.)Y (2-11)
Where: Epn.: energy of phonon, is (-) when phonon absorption, and (+) when

phonon emission.

( vy =2 ) for the allowed indirect transition and ( y =3 ) for the forbidden

indirect transition.

Conduction Band

i (indivect)

wave vector (k)

>
>

Fig. (2-4): Shows the transition types : (a) Allowed direct transition (b)
forbidden direct transition (c) allowed indirect transition.(d)

forbidden indirect transition [77].
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2.4.3.3 Transmittance, Reflectance and Absorbance

The ratio of the intensity of the transmitted light to the intensity of
incident light is known as transmittance (T) [78].

=

The absorbance (A) is defined as the ratio of the absorbed intensity (1) to the

T (2 —12)

incident intensity I, [78].

A=24 (2 —13)
I,

We can also find a transmittance as a function of wavelength through the

exponential relationship for both absorbance and transmittance
1
A= Log(f) (2-14)

Absorption and transmission can be acquired from relationships [79].
R+T+A=1 (2 —-15)
Where R is reflectance which defined as the ratio of the incoming intensity

to the reflected intensity.

2.4.3.4 Extinction Coefficient

The extinction coefficient represents the amount of attenuation of the
light beam as a result of the interaction of light with the material of the thin
film. It is the imaginary portion of the complex refractive index (71) [80].
fl =n — ik (2 —16)
Where n is the real part of refractive index, equal to (c/v).

c is velocity of light in space and v is velocity of light in material.

The extinction coefficient (ko) is defined by the following equation [81]:
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o« A
4T

Where a: represents the absorption coefficient and A: is the wavelength

ko (2-17)

of incident rays.
2.5 Electrical Properties
The electrical characteristics of semiconductors include the current-
voltage (I-V) characteristics (under illumines) the Hall effect and (C-V)

characteristics.

2.5.1 Some Parameters of Solar Cell

A solar cell is essential a p-n junction with a large surface area. When
light reaches the p-n junction, the light photons can easily enter in the
junction, through very thin p-type layer. The light energy, in the form of
photons, supplies sufficient energy to the junction to create a number of
electron-hole pairs. The incident light breaks the thermal equilibrium
condition of the junction. The free electrons in the depletion region can
quickly cometo the n-type side of the junction. Similarly, the holes in the
depletion can quickly come to the p-type side of the junction. Once, the newly
created free electrons come to the n-type side, cannot further cross the
junction because of barrier potential of the junction. Similarly, the newly
created holes once come to the p-type side cannot further cross the junction
became of same barrier potential of the junction. As the concentration of
electrons becomes higher in one side, i.e. n-type side of the junction and
concentration of holes becomes more in another side, i.e. the p-type side of
the junction, the p-n junction will behave like a small battery cell. A voltage
Is set up which is known as photo voltage. If we connect a small load across
the junction, there will be a tiny current flowing through it. There are several

parameters that significantly affect the efficiency of a solar cell [82,83].
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2.5.1.1 Short Circuit Current (lsc)

It is the current that is gained while the solar cell is short circuited, which

Is another way of saying that there is no voltage connected to the cell when it
Is be in measured i.e., the short circuit current matches the light-generated
current [84].

|
Jsc = % (2—-17)

Where Jsc is short-circuit current density, A is the effective area of the solar

cell, and Isc denoted to short-circuit current.

2.5. 1.2 Open Circuit Voltage (Voc)

The voltage that is measured in an open circuit is the voltage measured
when there is no current flowing through the circuit. In other words, it refers
to the voltage that is produced at the terminals of the solar cell when an
infinite load is connected to it. Open circuit voltage, Voc (MV), can be
calculated using the formula [85].

kgT = lgen

Voc =——1I1In
q sat

+1 (2 —18)

Where lgen is light generated current, lsx IS reverse saturation current, kg is

Boltzmann constant and T temperature .

2.5. 1.3 Fill Factor (F.F)

The fill factor is the parameters that describes the nonlinear electrical
behavior of the solar cell Fill factor is defined as the ratio of the maximum
power from the solar cell to the product of open circuit voltage and short-

circuit current [86].
Prnax = ImaxVmax (2-19)
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Where Vmax and Imax are the maximum voltage and current that can be

achieved and the corresponding power (Pmax).

Imax Vmax
F.F =— 2—20
Isc Voc ( )

Where (F.F) is a fill factor.

2.5. 1.4 Efficiency (n)

The ratio of the photovoltaically produced output to the incident power
falling on a solar cell is known as its efficiency. It is a measurement of the
amount of light energy that was effectively transformed into electrical

energy. Efficiency, n (%) is given by the relation [87]:

P

n= out (2_21)
Pin
F.FV,.I

n:%x 100% (2 —22)

in

When the total incident intensity on the cell Pi, is (100 mW/m?), the
efficiency reduces to
n=FFV,_, (2-23)

The (1-V) curves and the optimal point for the photovoltaic characteristics of

a solar cell in both darkness and light are shown in Fig. (2-3).
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Fig. (2-5) : Dark and light 1-V curves [88].

2.5.2 Hall Effect

One of the most significant effects in determining the characteristics of
semiconductor materials from an electrical standpoint is the Hall effect. In
common practice, the Hall effect was utilized to measure the mobility, the
carrier concentration, and the type of semiconductors (p or n). It is an
essential analytical tool since a simple conductance measurement can just
provide the result of mobility and concentration. A mutually perpendicular
electric field (Ewr) is generated when a magnetic field (B) is applied at right
angles to a current that flows(l), as shown in Fig. (2-4). This electric field is
directly proportional to the product of the current density (J) and the magnetic
induction, and it occurs when a magnetic field is applied at right angles to a
current flow [89].
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Ey =I|Ryl] B (2 —24)

Where (Ry) represent the Hall coefficient, (J=1/a)where (a) is the cross

section area and B is denoted to the magnetic field.
Hall field is referred to the generated electric field (E+) which is related to

the Hall voltage (V) by the following relation [90].

Vy = EyqW (2 — 25)
Where (W) is the distance between the two electrodes.

By plotting Hall voltage as a function of current, the Hall coefficient can be
calculated using the following formula [90]:

Vy t
Ry =—.— 2—26
W= (2-26)
Carrier's concentration (n) and (p) can be evaluated by using the relation
[86]:

n= % for electrons (2-27)
or

+1
p= TR, for holes (2-28)

Where ( q ) represent the charge of an electron.
The Hall mobility can be derived from Hall measurements using the formula
[91]:

iy = |Ryl orr (2-29)
Where (o 1) is the conductivity at room temperature.
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Fig. (2-6): Hall effect measurement circuit [92].

2.5.3 Resistivity (p)

The conductivity of semiconducting material, in addition to being
dependent on electron and/or hole concentration, is also a function of the
charge carriers motilities. The resistivity of any conductor (film) can be

calculated from the relation [90]:
R, a

L
Where (@) is the cross section area (film sheet) and (L) is the conductor length

p= (2 —-30)

(inter electrode spacing). The resistivity of the films related to the electric

field and the current passing through the film is [90].

_E (2 —31)
P=7

Where (E) is the electric field equals to (\/d). It depends on the resistivity
(or conductivity), that is on the carrier concentration (electrons or holes). It
Is affected by so many parameters or conditions mainly the doping,

temperature and deposition technique [90].
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2.5.4 Mobility ()

Mobility is an important parameter for carrier transport because it refers
to how strongly the motion of a drift velocity electron is influenced by an
applied electric field and given by [91].

Vy =~y E (2 - 32)
Where ( v,, ) is the electron drift velocity.

Analogous expressions can be written for electrons in the conduction
band and holes in the valence band respectively [91].

v, = i, E (2 —33)
Where (u,,) and (u,) are the electrons and holes mobility respectively and

(vp) is the hole drift speed. The negative sign is removed in eq. (2-33) because

the holes drift in the same direction as the electric field [91].

2.5.5 Capacitance — Voltage (C-V) Characteristics

Capacity-voltage (C-V) characteristics are considered so important to
decide on some characteristics of the manufactured junction; for it is possible
to calculate the built—in potential (Vui), the depletion width layer, charge-
carrier density and device type.

The junction capacitance of anisotype heterjunctions forms when two
semiconductors having opposite type of conductivities bring into contact,
where the charge will transfer from one to the other until the fermi levels
equalize. The expression of the capacitance per unit area under reverse bias

voltage can be written as [93]:

Es A
c:%: M‘;‘f (2 — 34)

Where, (V) is the applied voltage, and (€s) is semiconductor permittivity

calculated from the equation:
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& = (8182) /(&1 + &) (2 —35)
Where (g;) and (&) are the semiconductor permittivity for the two

semiconductor materials. The cross point (1/C2=0) of the (1/C2-V) curve
represents the built-in potential of the heterojunction, and the slope of this
line gives the charge-carrier density of the substrate. The linear variation of
the experimental curve (C2) versus (V) is indicative of the presence of the

abrupt heterojunction. [94,95].
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3.1 Introduction

This section contains a description of all the equipment and
instruments used in the experimental part of this study. It starts with the
vacuum evaporation process for depositing Cu.O, SnS, SnS/Cu.0O, and
SnS:Cu20 thin film onto glass and Silicon substrates. The structural,
optical, and electrical measurements will be measured or calculated. The
techniques used for manufacturing and analyzing the structure of thin films
involve the investigation of their structural characteristics by X-ray
diffraction (XRD) and morphological: using field emission scanning
electron microscope (FESEM) and atomic force microscope (AFM) as well
as the optical measurements of thin films such as absorbance (A),
transmittance (T), and optical energy gap (Eg). To fabricated solar cell pure
aluminum was deposited onto the Cu.O/Si, SnS/Si, SnS/Cu.O/Si and
SnS:Cu20/Si films allowing for the production of the front and back
contacts of the solar cell. Some important parameters of the solar cell will
be evaluated, these include open circuit voltage (Voc), short circuit current
(Isc), fill factor (F.F), and efficiency ().
3.2 Material and Preparation of Substrates

Tin Sulfide (SnS) was observed as a powder from Zhengzhou dongyao
nano materials Co. LTD/ China company with nano grain size 50 nm and
cuprous oxide with density 6.140 g/ cm?, color black, and high purity
(99.99%). The structure and characteristics of thin films are significantly
influenced by the substrates. Glass slides are the type of substrate that was
used for this work (microscope glass)/Citotes manufacturing labware Co.
LTD/ China company with dimensions (2.5x7.62) cm?. The glass substrate
Fwas cleaned using an ultrasonic bath solution of diluted sulfuric acid
(H2S04:H20;1:5, v/v), acetone, and distilled water for 15 minutes.
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The Si-wafer was n-type cut with a special diamond cutter into small
samples with appropriate sizes of about (0.75 x 0.75) cm?. Silicon wafers
were washed ultrasonically in distilled water and were immersed in ethanol
in order to remove dirt and oil, while Native oxides are removed by using
1:10 HF: H0 solution. The properties chemical materials used in this work
are listed in Table (3-1). Cu2O thin film was deposited by used 0.01 g of
cuprous oxide powder and 0.01 g of tin sulfide powder for SnS thin film.
SnS thin layer was coated then another thin layer of Cu.O in order to
fabricate SnS/Cu20 thin film. Thin film of SnS:Cu,O was prepared by
mixing an equal ratio (1:1) on glass substrate with 0.01 g for each compound.
At the same way these thin films are deposited onto silicon in order to
fabricate Cu.O/Si, SnS/Si, Cu20O/ SnS/ Si and Cu20 :SnS /Si solar cells.

Table (3-1): The properties of materials used.

Properties Tin Sulfide Cuprous Oxide
Chemical formula SnS Cu20

Purity 99.99 % 99.99 %

Molar mass 150.775 g/mol 143.09 g/mol
Appearance dark brown black

Density 5.22 g/cm?® 6.140 g/ cm?®
Melting point 882 °C 1230 °C
Boiling point 1230 °C 1800 °C

The schematic diagram that demonstrates the experimental work,
displayed in Fig. (3-1).
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Fig. (3-1): Main steps of the experimental work.
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3.3 The Coating Unit

In this work, the Edwards-c(306) model of vacuum unit system

has been employed to carry out the deposition of thin films. The main
construction of this unit is displayed in Fig. (3-2). high purity
materials (99.99%) was placed in a boat of molybdenum in order to
prepare Cu20, SnS, Cu.0O/ SnS and Cu.0:SnS thin films by thermal
evaporation. In this method, a solid material of cuprous and tin sulfide
were heated to its point of evaporation inside a high-vacuum chamber.
The substrates are held inverted at the highest point of the chamber,
and the material is placed at the bottom, quite on the inside of the
boat. After the molecules have evaporated, they make their way from
the boat to the substrate, where they nucleate to create a thin coating.

A gradual electric current was applied to the boat in order to
prevent it from breaking, while the system was pumped down to a
vacuum of 10" mbar. The deposition process begins at a constant rate
of 0.3 nm/s when the boat's temperature reaches the requisite
temperature and then fill the chamber with air, and the films were
removed from the coating unit and stored until the measurements were
performed.

All the samples are made under constant conditions (deposition
rate, substrate temperature, and pressure). The evaporation operations
in this study were performed at room temperature, with a 15 cm
separation distance between the source and substrate. This system is
found at the Department of Physics /College of Education for Pure

Sciences/ University of Babylon.
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containing
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Fig. (3-2): Thermal evaporation system.

3.4 Evaporation Boat

Metals having a high melting point, such as molybdenum ((Mo) (M.P.
= 2622 °C)) and tungsten ((W) (M.P. = 3370 °C)), are the most widely used
materials for evaporation boats. In this study, two categories of sources
were employed for evaporation. For the evaporation of aluminum to make
electrodes, a spiral boat source of tungsten material was used, and a
molybdenum boat was employed in the deposition of thin films as
illustrated in Fig. (3-3).

.1
(b)

(@)

Fig. (3-3): Boat of evaporation. (a) Molybdenum boat, (b) Tungsten
spiral boat.
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3.5 Annealing

The annealing process of thin films was accomplished by the electrical
furnace (CARBOLITE (CWF 1200). The temperature of the oven is
controlled by heat scale of the Furnace. The samples are placed in the
furnace crucible which contain test samples inside the tube of the electrical
furnace to be annealed. The annealing process was carried out at 200 °C for
2h. This system is found at Department of Ecology and Pollution /Faculty
of Science/ University of Kufa.

3.6 Masking Techniques

Typically, the mask is designed from metal (Al foil). These masks are
positioned as near as conceivable to the substrate onto which the film will
be deposited. For electrical measurements, the shape of the film must be
specified, and to achieve the desired shape, a suitable mask is used for this
purpose. There are different shapes of masks, as presented in Fig. (3-4).
Ohmic front contacts were fabricated by used different mask dependent on

application.

3.6.1 Hall Mask
Fabricate Ohmic contacts by evaporating (99.9%) purity aluminum
wires for front contact as Hall mask on Cu20, SnS, SnS/Cu.0 and SnS:Cu.O

thin film deposited on glass substrate as show in Fig.(3-4(a)).

3.6.2 Solar Cell Mask
Ohmic contacts were fabricated by evaporating (99.9%) purity

aluminum wires for the front contact solar cell mask using Edwards coating

44



Chapter Three Experimental Work

system. The solar cell mask of sample displayed in Fig.(3-4). In addition, a
spiral boat of tungsten is used as source to evaporate pure aluminum wire

for the production of the front and back contacts of the solar cell.

Fig. (3-4): The masks used for (a) Hall effect and (b) Solar cell device.

3.7 Thickness Measurement

One of the most significant thin film parameters is thickness since it
greatly influences the characteristics of the film. Monitoring the rate of
deposition during the coating process is typically used to determine the
thickness of the films. Two methods have been recognized for measuring
the thickness of thin films: first, the weighted method, which involves
estimating the quantity of material that must be evaporated to achieve the
desired film thickness, and second, the optical method. In most cases,
vacuum-deposited films employed for structural, electrical, optical, or other
reasons must be deposited to a specified thickness. In this study, the
weighting method was employed. Using the following equation, this
method finds out the necessary quantity of evaporated material used to

achieve the desired thickness [96]:
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t =m/2pml? 3—-1)

Where: t is the film thickness in (nm).
m is the mass of the materials to be evaporated in (g).
p is the density of materials to be evaporated.
L is the distance between the substrate and the boat (cm).
This method provides a reliable estimation of the thickness of the

deposited films and with this method.

3.8 Structural and Surface Morphological Properties
The structural characteristics of films were inspected using X-ray
diffraction (XRD). In this investigation, the FESEM and AFM were

employed to inspect the surface structure of thin films.

3.8.1 X-ray Diffractometer

The structural description of formed thin films can be done by
analyzing the patterns of X-ray diffraction obtained by (XRD- 6000
Shimadzu). The source of X-ray radiation is Cu ko radiation the scanning
angle varied in the range (10° - 80°) with wavelength (1.5406 A), speed 5
deg/min, current (30 mA), and voltage (40 KV). X-ray measurement
carried out at nanotechnology and advanced material research unit/
University of Kufa. The diagram of (XRD) shown in Fig. (3-5).
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Fig.(3-5): Setup of X-ray diffractometer for XRD analysis [97].

3.8.2 Field Emission Scanning Electron Microscope (FESEM)

Field emission scanning electron microscope with energy-dispersive
X-ray spectroscope (FESEM/EDX) that employed in this study are
illustrated in Fig (3-6). The FESEM instrument is made by (ARYA Electron
Optic) company. Samples were examined at Kashan University/ Islamic
Republic Iran.

Electron source

Anode

3 Condenser lense
Electron beam

Scan coils

Secondary
electron detector

Objective lens

Sample

Fig. (3-6): Field emission scanning electron microscope diagram [98].
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3.8.3 Atomic Force Microscope (AFM)

Atomic Force Microscope micrographs are obtained with digital

instruments (Aa3000 SPM) to examine the surface texture and topography
of deposited thin films. AFM height images have yielded typical data,
including root mean square (RMS), roughness and average diameter. These
measurements were carried out in the laboratories of Department of

Physics/ College of Education for Pure Sciences /University of Babylon.

3.9 Optical Measurements

The absorption of Cu20, SnS, Cu.0/SnS, and Cu.O: SnS thin films in
the (300-1100) nm wavelength range was tested by a double-beam (UV-
1650 PC UV- VIS Shimadzu) spectrophotometer. As illustrated in Fig. (3-
7) the data of transmittance and absorbance can be employed to compute
the films' absorption coefficients at various wavelengths, which can be
used to calculate the energy gap (Eg). This examination was achieved at

Department of Physics/ Faculty of Science/ University of Kufa.

Fig. (3-7): Chart for UV spectrophotometer [99].
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3.10 Electrical Measurements

Electrical measurements on manufactured thin films, which include

Hall effect and I-V characteristics, were performed.
3.10.1 Measurements of the Hall Effect

Hall measurement is commonly utilized in semiconductor initial
characterization. lIdentifying whether a substance is n-type or p-type is
crucial. It permits the charge carrier density, carrier mobility, and Hall
coefficient (Rn) to be measured, as illustrated in Fig. (3-8). This test is
carried out in the Polymer laboratory in Department of Physics/ College of

the Science/ University of Babylon.

Dl
1| | I
d.c.power suplly

Fig. (3-8): Diagram for Hall effect [100].

3.10.2 Capacitance —Voltage Measurements

Capacitance measurements as a function of reverse voltage (C-V) for
Al/Cu20/n-Si/Al, Al/SnS/n-Si/Al , Al/Cu20/SnS/n-Si/Al and the thin film
with mixing ratio Al/Cu2O: SnS/n-Si/Al heterojunction were carried out

using LCR meter at a frequency of (5 kHz) as shown in Fig. (3-9).
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LCR monometer

Fig. (3-9): Equivalent circuit of (C-V) measurements.

3.10.3 Current-Voltage Measurements for the Heterojunction
under Hlumination

The study of electrical and photovoltaic properties of solar cells has
been done by using electrical circuit, as in Fig.(3-10), which consists of
Micrometer type (Keithley 177 Micrometer Dmm.), Voltmeter made in
china type (DT890G) and Halogen light with power (100 W) gives
radiation intensity from shunt voltage, since power density, which is given

by each volt measured by using power meter.

Fig. (3-10): Equivalent circuit of a solar cell [101].
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Chapter Four Results and Discussion

4.1 Introduction

This chapter present the results and discussion of the structural,
morphological, optical, and electrical properties of Cu.0, SnS, Cu.O/SnS
and Cu20:SnS thin films that are prepared by thermal evaporation onto glass
substrates, and annealed at 200 °C for 2 h. Some essential parameters of
Cu20/Si, SnS/Si, Cu20/SnS/Si and Cu20:SnS/Si solar cells have been
investigated such as open circuit voltage, short circuit current, and efficiency.
4.2 Structural and Morphological Properties of Samples

The structural properties of all the samples studied using the techniques
of X-ray diffraction (XRD), field emission scanning electron microscope
(FESEM), Energy Dispersive X-Ray Spectroscope (EDX) and Atomic Force
Microscope (AFM).

4.2.1 Structural Analysis

X-ray diffraction analysis was used to determine the crystallite structure
of Cu.O, SnS, Cu.0/SnS and Cu.0:SnS thin films deposited on glass
substrates and annealed at 200 °C as well as their nature of growth.

The X-ray diffraction pattern of Cu.O thin film deposited on glass
substrate and annealed is shown in Fig.(4-1(a) and (b)). From Fig.(4-1(a)) it
was observed that the main peaks appeared with the preferred orientation was
(110) at 20 = 29.634° in addition to 20 = 62.738 ° and 70.214°, which belong
to (220) and (310) planes, respectively. The existence of conspicuous
diffraction peaks indicates that the films are polycrystalline in nature. The
obtained diffraction patterns are consistent with the conventional
crystallographic data for the Cu.O JCPDS card (JCPDS Card No. 01-075-
1531) which demonstrates that the Cu20O thin film does indeed have cubic

phase.
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Fig.(4-1(b)) shows the X-ray diffraction pattern of Cu.O thin film
deposited on glass substrate and annealed at 200 °C for 2h. Three prominent
peaks were observed and belong to the (110), (111), and (211) planes at 20
=29.238°, 36.974° and 52.871° respectively, in addition to peaks having less
intense were (220) and (221) at 20 = 62.648 ° and 65.559 °. These values are
matched with the cards (JCPDS Card N0.01-075-1531) for Cu2O with simple
differences. The average crystallite size of a is evaluated by the full width at
half maximum (FWHM) of diffraction peaks.

The average crystallite size for the preferred orientation was calculated
using equation (2-2) where it increased from 12 nm to 16 nm as recorded in
Table (4-1) and the annealing process caused a sharper and so more intense
peak of preferential orientation as seen in the Fig. (4-1 (b)). This might be
owing to the enhancement of the crystallinity Cu.O film structure by the
annealing process and decrease its crystallite imperfections by offering the
atoms enough energy to rearrange themselves in the lattice, thereby
minimizing the random distribution of atoms inside the substance of the thin
film [102].

X-ray patterns of the SnS thin film that was synthesized on glass
substrate are seen in Fig. (4-2(a)). The main sharp peaks (003) and (102),
planes at 20 = 22.306° and 27.55°was observed as well as peaks with less
intensity at 206 = 59.06° and 63.843° that belong to (025) and (008)
respectively. These values are compared with the cards (JCPDS Card No. 01-
079-2193) and ( JCPDS Card No. 00-001-0984) for SnS, and they are well
matched with simple difference. From the Fig.(4-2-(b)) there is a shifting in
the direction of the prominent peaks, which may be caused by the release of

intrinsic strain during annealing process [103].
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Fig. (4-1): X-ray pattern of Cu20 thin film :(a) as deposited and (b)
annealed at 200 °C.
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Fig. (4-2): X-ray pattern of SnS thin film: (a) as deposited and (b)
annealed at 200 °C.
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The average crystallite size where it is reduced from (14 to 11) nm and

that decrement in average grain size after the annealing process might be
attributable to the fracturing of clusters of crystallites as revealed by (Devika)
et al. [104] as can be noticed in Table (4-1).

Table (4-1): Obtained X-ray results of Cu2O and SnS samples as
growth and as annealed.

Average 12 Average

samples | 2O | FwHM | (ki) | crystallite | 2~VP | micro-
(deg) . lines/m .

Size (nm) strain

Deposited | 29.634 | 0585 | (110)
CUchiin;h'” 62738 | 0516 | (220)

70214 | 0754 | (310)
20238 | 0383 | (110)
Annealed 36.974 0.397 | (111)

CquCii nrfhm 52871 | 0559 | (211) 16 0.003906 | 0.126596
62.648 | 0.652 | (220)
65.559 | 0.641 | (221)
22306 | 0.567 | (003)
Deposited 257550561 g'zgg 2(1)(2)3 14 0.005102 | 0.144307
SnS thin - -
film 63.843 | 0.473 | (008)

Annealed 21.927 0.403 | (011)

SnS
thin film | 26.811 0.986 | (112)

56.645 | 0.737 | (204)
57.764 | 0.329 | (206)

11 0.008264 0.148300
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X-ray diffraction (XRD) patterns of a fabricated and post- annealed

Cu20/SnS films are illustrated in Fig. (4-3). Cu0/SnS thin films have
distinctive peaks that match up well with recognized crystallite data (JCPDS

Card No. 01-079-2193). All the observed samples have polycrystalline lite
line in nature with orthorhombic phase. However, the most of crystallites
were oriented in another different directions after annealing process as
presented in Fig. (4-3b).

Fig.(4-4) displays X-ray diffraction pattern of Cu.O:SnS film as
deposited on a glass substrate. One peak can be noticed refer to (020) plane
at angles of 20 = 31.172° as a preferred orientation as compared to values of
card (JCPDS Card No. 01-079-2193).

After annealing process, it can be seen three main peaks at angles of 20
= 19.636°, 31.677°, and 35.639°. The average crystallite size decreased from
16 nm to 12 nm. The lowering in the peak intensity of Cu.O :SnS exhibits
similar behavior to that obtained by (Devika et al.) [104].

From Table (4-2) average crystallite size of Cu.0/SnS and Cu.O: SnS
films are decreased after annealing process at 200 °C. The average crystallite
size have been decreased might attributed to the quantum confinement [105].

From Table (4-2) it can be seen in that the values of dislocation density
and micro-strain of the samples were increased after annealed at 200 °C, and
this might be due to the reduction in crystallite size, which then increases the

grain boundary of the lattice [106].
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Table (4-2): Obtained X-ray results of Cu,O/SnS and Cu.O: SnS
samples as growth and as annealed.

Average | 6=1/D? Average

Samples 20 FWH (hkl) | Crystallite | lines/m? micro-
(deg) M Size (nm) strain

Deposited 30.932 | 0.666 | (020)

Cu20 /SnS

thin film

47.09 | 0.383 | (222)
14 0.005102 | 0.113998

50.164 | 0.437 | (025)

53.756 | 0.526 | (312)

Annealed 16.62 | 0.542 | (002)
Cu20 /SnS
thin film 12 0.006944 | 0.202020

23711 | 1203 | (111)

Deposited
Cu20: SnS
thin film 31.172 | 0.516 | (020) 16 0.003906 | 0.124256

Annealed
Cu;0: SnS 31.677 0.86 | (013)
thin film

12 0.006944 | 0.190389
35.639 | 0.754 | (202)
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Fig. (4-3): X-ray diffraction pattern of Cu,O/ SnS thin film: (a) as
deposited and (b) annealed at 200 °C.
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Fig. (4-4): X-ray pattern of Cu.O: SnS thin film: (a) as deposited and
(b) annealed at 200 °C.
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4.2.2 Surface Morphological Analysis

The surface morphology of the films is investigated by field emission
scanning electron microscope (FESEM) measurements and EDX analysis.
These techniques provide vital information about surface topography, the
growth process, shape and size of the grain's stoichiometry, and elements
analysis of materials.

Fig. (4-5(a)) shows FESEM images of Cu.O film as deposited. From the
figure, it can see that the circular assemblies of grains including large and
small particles, with irregular distribution onto the surface of the film,
whereas the particles seem elongated on the surface with an average size of
approximately 25.15 nm. Fig.(4-5(b)) illustrated FESEM images of Cu.O
film after annealed at 200 °C for 2h. FESEM images reveal a homogenous
and uniform surface with no discernible micro-cracks, and the morphology
of the produced films suggests that the particle size increased after annealing
process with average grain size around 35.36 nm and this behaviors have
good agreement with that obtained by (XRD) measurements.

From FESEM images of SnS thin films, the cross-section and surface
morphology have been analyzed, as illustrated in Fig.(4-6(a)).

The images of deposited SnS films show randomly shaped grains with the
presence of grain boundaries and an average grain size of about (30.02) nm.
The Fig. (4-6(b)) demonstrate that SnS film became more uniform and
homogeneous, without pinholes or micro-cracks, and that the particles
seemed smaller and had a spherical shape after the annealing process. This

reduction in size corresponds with that obtained by XRD investigation.
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Fig.(4-5): FESEM images and cross-section of Cu.O thin films: (a) as
deposited and ( b) annealed at 200 °C.
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Fig. (4-6): FESEM images and cross-section of SnS thin film: (a) as
deposited and (b) annealed at 200 °C.
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The surface morphology and cross-section of Cu>0/SnS thin films can be
seen in Fig. (4-7(a)). For deposited Cu.O/SnS thin film, the FESEM images
display small and large grains with an irregular shape that seems stone- like
shaped; however, following the annealing process, the FESEM images depict
a homogenous and smooth distribution of the grains in the surface of the film

with no detectable micro-cracks and pinholes, as shown in Fig.(4-7 (b)).

From the Fig., it can be noticed that the grain size is decreased after
annealing process and this consequence corresponds to that obtained from
XRD analysis as tabulated in Table (4-2).

Fig. (4-8) FESEM images of Cu20:SnS film, illustrate that grains are
densely packed in tube-like shapes vertically on the thin film surface, with
some large grains. There were no visible defects or pores after the annealing
process, where the grain size was about 25.37 nm compared with that of the
fabricated sample, which was 73.54 nm, and this reduction corresponded

with that obtained by XRD investigation.
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Fig. (4-7): FESEM images and cross-section of Cu,O/SnS: ( a) as
deposited and (b) annealed at 200 °C.
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Fig. (4-8): FESEM images and cross-section of Cu.O:SnS thin film: (a)
as deposited and (b) annealed at 200 °C.
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4.2.3 Energy Dispersive Spectroscope Measurements (EDX)

Based on X-rays emitted by the sample's atoms, X-ray spectroscope is
an effective technique for analyzing the chemical composition of a sample.
The EDX of a Cu.0 thin film that formed onto a glass substrate can prove
the presence of the elements (copper, and oxygen) that comprise the
structure of the thin film. The EDX spectrum for Cu2O thin film are clearly
observable CuLa, CuKa, CuKf and the peak for OKa. lines is also clearly
seen in Fig.(4-9). The atomic percentage increased from ( 94.87 to 97.36)
for O while Cu decreased from (5.13 to 2.64) in Cu.O thin films after
annealing process as shown in Table (4-3).

In addition, the EDX analysis can provide information concerning the
relative abundance of each element in the thin film and can be utilized to
determine the stoichiometry of SnS compound. Elemental weights (wt.%) of
Sn and S elements in the SnS thin films where the atomic percentage
decreased from (70.77 to 69.23)% for S, while Sn increased from (29.23 to
30.77)% after annealing process as can be observed in Table (4-3) and chart
in Fig.(4-10).
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Fig. (4-9): EDX spectra of Cu20 thin film: (a) as deposited and (b)
annealed at 200 °C.
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Fig. (4-10): EDX spectra of SnS thin films: (a) as deposited and (b)
annealed at 200 °C.

In Fig. (4-11) EDX analysis reveals the atomic ratio of (tin, sulphide,
cupric, and oxygen) in Cu.O/SnS thin film and in Fig. (4-12) Cu.O:SnS thin

film during growth and after the annealing process, where it was confirmed

the elemental concentration of the composition of the Cu.0/SnS and

Cu20:SnS thin films. The atomic ratio of each element can be observed in
Tables (4-3) and (4-4) as well as the EDX spectra of (CuLa,CuKa, OKa,

CuKp and SKB,SKa. ,Sn La,SnLB,) lines are clearly seen for each element

in the charts (4-11) and (4-12).
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Table (4-3): EDX spectra of Cu20 and SnS thin films before and after
annealing process.

Samples Element | Line | Intensity | Error K Kr W% |a%

O K 414.6 68.3988 | 0.9563 | 0.8663 | 94.87 | 98.66

series
Deposited
Cu20 Cu K 12.7 1.4091 0.0437 | 0.0396 | 5.13 | 1.34
thin film series
1.0000 | 0.9059 | 100 100
O K 553.6 69.4275 | 0.9787 | 0.9293 | 97.36 | 99.32
series
Annealed
Cu20 Cu K 8.1 0.6586 0.0213 | 0.0203 | 2.64 | 0.68
thin film series
1.0000 | 0.9495 | 100 100
S K 328.2 468.3264 | 0.7688 | 0.6709 | 70.77 | 89.96
series
Deposited
SnS thin Sn L 92.6 348.7337 | 0.2312 | 0.2018 | 29.23 | 10.04
film series
1.0000 | 0.8727 | 100 100
S K 433.3 361.6019 | 0.7537 | 0.6547 | 69.23 | 89.28
Annealed series
SnS thin
film Sn L 132.8 267.4061 | 0.2463 | 0.2140 | 30.77 | 10.72
series

1.0000 | 0.8687 | 100 | 100
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Fig. (4-11): EDX spectra of Cu.0/SnS thin film: (a) as deposited and (b)
annealed at 200 °C.
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Fig.(4-12): EDX spectra of Cu20:SnS thin films: (a) as deposited and
(b) annealed at 200 °C.
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Table (4-4): EDX spectra of Cu20/SnS and Cu.0:SnS thin films

before and after annealing process.

Samples | Element Line | Intensity Error | K Kr W% | a%
0 K series 3715 | 399.912 | 0.3973 | 0.1906 | 64.81 |81.86
S K series 385.9 | 328.150 | 0.4605 | 0.2210 |25.99 | 16.38
Deposited .
s | Cu | Kseries 134 1.386|0.0214 | 00103 |1.29 |o0.41
thinfilm | o L series 94.9 | 348.827 | 0.1208 | 0.0579 | 7.92 | 1.35
1.0000 | 0.4798 | 100 | 100
0 K series 325.7 | 405.457 | 0.3485 | 0.1692 | 61.45 | 80.05
Annealed S K series 402.0 | 336.663 | 0.4800 | 0.2331 |27.32 | 17.76
Cu0/SnS | o | K series 151 | 1.764|0.0241 | 0.0117 | 1.45 |0.48
thin film
sn L series 1158 | 403.500 | 0.1474 | 0.0716 | 9.77 | 1.72
1.0000 | 0.4855 | 100 | 100
0 K series 3723 | 442216 | 04019 | 0.1931 | 65.25 | 81.55
Deposited | S K series 400.9 | 290.636 | 0.4830 | 0.2321 |27.26 | 17.00
Cu0: Cu | K series 137 | 000200220 | 0.0106 |1.33 |0.42
Sns thin
film sn L series 725 | 212.054 | 0.0931 | 0.0447 |6.16 | 1.04
1.0000 | 0.4806 | 100 | 100
o) K series 421.7 | 447562 | 0.4477 | 0.2147 |67.79 | 83.33
Annealed S K series 368.1 | 277.649 | 0.4361 | 0.2002 |24.74 | 15.18
Cu0: Cu K series 190 | 1.427|0.0300 | 0.0144 |1.81 |056
Sns thin
film sn L series 68.3 | 273.542 | 0.0862 | 0.0414 |5.66 |0.94
1.0000 | 0.4796 | 100 | 100
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4.2.4 Atomic Force Microscope (AFM)

The atomic force microscope (AFM) images of the as deposited and
annealed thin films in addition to the graph of the particles of investigated
samples are shown in Fig.(4-13) to Fig.(4-16).

Fig.(4-13) display the AFM images of Cu>O thin film onto a glass
substrate which have been post-annealed at 200°C. The deposited sample has
a small number of sharp peaks that coalesce as islands vertically to the surface
of the film, where its average diameter increased from 150.5 nm to 236.3 nm
after the annealing process. The values of roughness and root mean square
(RMS) attained from AFM measurements have increased from (0.166 to
1.180) nm and from (0.213 to 1.490) nm respectively as well as increased the
average diameter after the annealing process as listed in Table (4-5).

The AFM images of the SnS thin films on the glass substrate as
fabricated and post-annealing at 200 °C are depicted in Fig. (4-14). The grain
peaks of fabricated SnS thin film were round and the surface of the film
appeared to be nearly flat, which diminished the clarity of the grain
boundaries. After the annealing process, these peaks are pointed, sharp and
the boundaries of the grains were clear. In addition, the surface is consistent
and has good uniformity. Furthermore, the computed values of average
roughness increased from (0.519 to 0.741) nm and root mean square (RMS)
values increased from (0.718 to 0.943) nm, respectively, while the average
diameters of groups of grains is decreased which revealed that the surface has

nanostructure as tabulated in Table (4-5).
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Fig.(4-13): AFM images of Cu-O thin film: ( a) as deposited and (b)
annealed at 200 °C.
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Fig. (4-14): AFM images of SnS thin film: (a) as deposited and
(b)annealed at 200 °C
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Fig. (4-15) shows a 3D image of Cu.O/SnS sample, in which the

regularity was observed in the film's composition and the grains have been
shown to have a columnar structure on the crystallite axis than a horizontal
direction and roughly equal and this might attribute to increase in RMS in
addition that small values of ten-point height indicate surfaces with a fine
roughness. Fig. (4-16) represents the AFM images of Cu.O: SnS thin film,
where there seems to be an irregular distribution of grains before annealing.
Compared to the film grown, the film annealed at 200 °C has a substantially
bigger grain height and a rougher surface. The surface roughness of films
may raised because of a phase transition and the formation of large grains as
a consequence of the diffusion effect when the temperature was increased by
the annealing process [107]. Roughness, root mean square, and average

diameter before and after the annealing process were listed in Table (4-5).

Table (4-5): AFM consequences for Cu.0, SnS, Cu.0/SnS, and Cu20: SnS
thin films as prepared and as annealed

Sample Roughness Root Mean  [Ten-point Average
Average (nm) | Square (nm) | height (hnm) | Diameter (nm)
As deposited 0166 0.213 2.00 150.5
Cu.O
Annealed 1.180 1490 812 236.3
Cu.O
As deposited 0519 0.718 5.77 211.9
SnS
Annealed 0.741 0.943 7.20 194.9
SnS
As deposited
L0 /3nS 0.458 0.579 3.55 185.3
Annealed 525
Cu;0/SnS 0678 087 28
As deposited
CU,0SNS 0.739 0.937 5.68 278.3
Annealed 4.540 5.880
Cu,0: SnS i i
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Fig.(4-15): AFM images of Cu.O/SnS thin films: (a) as deposited and (b)
annealed at 200 °C
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Fig. (4-16): AFM images of Cu20:SnS thin film: (a) as deposited and (b)
annealed at 200 °C.
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4.3 Optical Measurements

The optical characteristics were investigated for samples prepared by
thermal evaporation. These properties include:

4.3.1 Transmittance of thin films

The chemical and crystallite structure of the film, as well as its thickness

and surface morphology, all have an effect on the optical transmission
spectrum.

Fig.(4-17) demonstrated the transmittance spectra of Cu2O films as a
function of photon wavelength. The value of transmittance of Cu20 thin films
is relatively high up to 98% and around 96% for fabricated and annealed
samples respectively, whereas noticeable the value of transmittance of Cu.0

thin films is slightly reduced after the annealing process.
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Fig. (4-17): Transmittance spectra of CuO thin film before and after
annealed at 200 °C.
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Fig. (4-18) represents the SnS thin film spectra of optical transmission
(T%) displayed in the wavelength range of (300-1100) nm. For all the films
the average transmittance was observed in the visible region and increased

after the annealing process.
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Fig. (4-18): Transmittance spectra of SnS thin film before and after
annealed at 200 °C.

Figs. (4-19) and (4-20) depicts the spectra of optical transmission (T%)
of Cu.0/SnS and Cu20:SnS thin films in the wavelength range of (300-1100)
nm. The average transmittance in the visible region for deposited films and

roughly more than 80%, for annealed samples.
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Fig.(4-19): Transmittance of Cu.O/SnS thin film before and after
annealed at 200 C.
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Fig. (4-20): Transmittance of Cu20:SnS thin film before and after
annealed at 200 C.
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4.3.2 Absorption Coefficient
The absorption coefficient of Cu.O is calculated using Eq. (2-9). Fig. (4-

21) shows absorption coefficient as a function of photon energy. The value
of absorption coefficient of CuO thin films is larger than (10* cm™) which
gives indication that the electronic transitions is direct. From the figure it can
be seen the fundamental absorption edge was shifted towards the low
energies (long wavelength). The values of absorption coefficient are
increased significantly after annealing process, this can be attributed to the
enhancement the crystallinity of the thin film as reveled by XRD and
FESEM.
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Fig. (4-21): Absorption coefficient of Cu.O thin film as deposited and as
annealed at 200°C.
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The fundamental absorption edge of SnS, Cu.O/ SnS and Cu.O: SnS thin

film was shifted towards the higher energies (short wavelength) and reduced

after annealing process as shown in Figs. (4-22),(4-23) and (4-24).
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Fig. (4-22): Absorption coefficient of SnS thin film as deposited and
annealed at 200 °C.
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Fig. (4-23): Absorption coefficient of Cu.O/SnS thin film as deposited and
annealed at 200 "C.
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Fig. (4-24): Absorption coefficient of Cu.O:SnS thin film as deposited
and as annealed at 200 "C.

4.3.3 Optical energy gap

Fig.(4-25) shows the value of the optical energy band gap for allowed
direct transition calculated by using Tauce relation by selecting the perfect
linear part, which is determined by stretching the linear part of the curves
until (a = 0) where they intersect the axis of photon energy .

The optical energy band gap of deposited Cu20 thin film is found to be
2.57 eV then decrease to 2.15 eV for annealed samples. The decrease in
energy band gap after annealing can be attributed to improvement in the
crystallinity by annealing temperature and an increase in average crystallite
size as revealed by XRD and FESEM analysis. These obtained optical band
gaps for Cu20 thin films are nearly close to those reported by Akgul et al.
[102], Oudah et al., Wisz et al. and Bunea et al. [108-11].
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Fig. (4-25): Direct energy band gap of Cu.O thin films as deposited and
annealed at 200 "C.

The optical band gaps of fabricated SnS, Cu>0/SnS, and Cu20:SnS films
are (1.53, 1.75, and 3.66) eV, and after annealing, they are found to be (1.85,
1.8, and 3.86) eV respectively, as shown in Figs. (4-26), (4-27), and (4-28).
The increase in band gaps might due to quantum confinement effect, which
lead to the decrease in average crystallite size after annealing process,
[106,111]. The reduction in crystallite size reveled by XRD and FESEM

analysis.
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Fig. (4-26): Direct energy band gap of SnS thin films as deposited and
annealed at 200 'C.
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Fig.(4-27): Direct energy gap of Cu20 /SnS thin films as deposited and
annealed at 200 'C.
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Fig. (4-28): Direct energy gap of Cu.O:SnS thin as deposited and
annealed at 200 "C.

4.3.4 Extinction Coefficient

Extinction coefficient can be defined as the amount of energy absorbed
in the thin film and represent the amount of attenuation happening in the
electromagnetic wave inside the material [81].
Extinction coefficient of Cu20 thin film can be calculated using Eq.(2 -16).
Fig. (4-29) shows extinction coefficient as a function of photon energy. It can
be seen that k, behaves just like the absorption coefficient (o)) because they
are joined by same relation. The Fig shows increase in extinction coefficient
values gradually and shift toward long wavelengths as temperature increasing
by annealing process.

Fig.(4-30), Fig. (4-31) and Fig.(4-32) show extinction coefficient for
SnS, Cu20/SnS and Cu20:SnS thin films before and after annealed at 200 °C.
The values of extinction coefficient of these samples shifted toward higher

energies after the annealing process.
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Fig. (4-29): Extinction coefficient of Cu2O thin film as deposited and
annealed at 200 °C.
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Fig. (4-30): Extinction coefficient of SnS thin film as deposited and
annealed at 200 °C.
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Fig. (4-31): Extinction coefficient of Cu.O/SnS thin film as deposited
and annealed at 200 °C.
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Fig. (4-32): Extinction coefficient of Cu>0O:SnS thin film as deposited
and annealed at 200 °C.
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4.4 Electrical Properties
The electrical properties include the charge carriers can be estimated and

the Hall Effect which gives information about the type of conductivity, and
concentration.
4.4.1 Hall Effect Measurements

The Hall parameters, such as, Hall coefficient (Rw) -carrier
concentrations (n and p) electrical conductivity (o) and Hall mobility
(u,,) have been determined by using (Van-der Pau) method.

The measured mobility, resistivity, and carrier concentration of Cu.O
thin film are presented in Table (4-6). Increase temperature by annealing
process resulted in a rise in average Hall coefficient and electrical resistivity
and this behavior close to that observed by Han et al. [112] and Yang et al.
[113]. The carrier concentration of the films was reduced which can be owing
to the improvement of crystallite quality and the reduced crystallite defects
[114].

Comparative with an as prepared SnS thin film, the semiconductor
characteristics of the annealed samples enhanced. Positive Hall coefficients
demonstrate that the prepared films are p-type with holes serving as the
majority carriers, while the negative average Hall coefficients of annealed
thin films reveal n-type conduction. The transmutation of the carrier charge
type may also be attributable to an impact defect caused by crystallite growth
in the material at the annealing temperature. In addition, atoms in their lattice
positions oscillate thermally at annealing temperature, which might liberate
one atom from its place and fill the gap left behind [103]. Table (4-6) shows
that the carrier concentration and resistivity decreased after the annealing
process while conductivity increased this behavior similar to that obtained by
Jia et al.,[115]. For CuO/SnS thin film resistivity and average Hall

coefficient were increased from (1.699x10%to 5.339x10%) Q.cm and
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(-6.397x10° to 1.151x107) cm? /Vs respectively. Higher temperature of the

annealing process urges crystal lattice vibration stronger and results in some

crystal lattice defects. These defects become dispersion centers, lead to the

increase of resistivity of the thin films [115]. The low mobility value of

SnS single crystal and the thin film is due to the presence of a high

concentration of various defects [116].

The conductivity and carrier concentration of Cu,O:SnS thin films have

been increased after annealing process as shown in Table (4-6) which lead

to increase efficiency of Cu.O:SnS /Si solar sell. All of the films exhibited n-

type conductivity for both as prepared and annealed samples.

Table. (4-6): The results of Hall measurement for Cu.0O, SnS,

Cu20/SnS and Cu20:SnS thin film

H . Average [Conductivity
. s all Carrier
Carrier | Resistivity - . Hall
Sample Mobility | Concentration L 1
type (Q cm) (cm? IVs) (cm™) coefficient (Qcm)
(cm? /Vs)

2 EPoted | naype | 1.426E+5 |1.086 E+2| -4.144E411 | THO0OETT | TOL2ES

a”c’:‘jfc')ed o-type | 2.598E+5 |7.220 E+1| 3.323E+11 | T8T8EYT | 3849E.6
asdeposited | ptype | 3.008E+4 |5.261E+1| 39456411 | 1582647 | SOPOH0

a”gfged n-type | 2.974E+4 |2.230E+ 3| -0.415 E+10 | -6.630E47 | SSO%ED
as deposited

Cu,0 /SnS n-type | 1.699E+4 | 3.765E+2 | -9.758E+11 6.397E+6 | 5.886E-5

Annealed

Cu,0 /SnS p-type | 5.339E+4 | 2.156E+2 | 5.423E+11 1 151E+7 1 873E-5
as deposited

Cu,0 :SnS n-type | 1.148E+5 |2.272E+2 | -2.393E+11 2 609E+7 | 8.708E-6
Annealed 9.370E-6
CU,0: SNS n-type | 1.067E+5 | 6.846E+1 | -8.544E+11 -7 306E+6
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4.4.2 C-V Characteristic Heterojunction Solar Cell

Capacitance-voltage measurement is one of the most important methods

for obtaining information about the rectifying junctions, built-in potential,

and junction capacitance and junction type [117]. Fig. (4-33) gives the
variation of (1/C?) vs (V) measurements for different samples. From this

Figs., it can be seen that a straight line, of which the intercept with the voltage

axis gives the value of the built-in potential for annealed Cu.O/Si, SnS/Si,

Cu20/ SnS/Si and Cu20:SnS/Si heterojunction. The linear relationship of

I/C2-V curve suggests that the junction is abrupt type [118-120].

0.01 1

0.008 -
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Fig. (4-33): The variation of capacitance as a function of voltage for
annealed: (a) Cu20O/Si, (b) SnS/Si, (c) Cu20/SnS/Si and (d) Cu.O: SnS

/Si heterojunction solar cell.
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Also it can be seen that junction capacitance is inversely proportional to the
bias voltage for all samples, which can be explained by the expansion of
depletion layer width with the built-in potential [119], the result was listed in
Table (4-7).
4.4.3 Characterizations of Solar Cell under Illumination

The current-voltage (I-V) characteristics of solar cell with active area of
0.35 cm? was carried on incident power densities equal to 100 mW/cm? and
the solar cell efficiency was measured at room temperature; this is to avoid
the variation of efficiency with temperature of environment. The results are
demonstrated in the Figs. (4-34)- (4-37) and it was listed in Table (4-7).

The (1-V) curves can be used to determine the relation between the
increasing photocurrent and bias voltage. Additionally, the photocurrent in
the reverse bias was higher than that in the forward bias. This might due to
the increase in the width of the depletion region as the reverse bias applied
voltage increased, leading to the separation of electrons and hole pairs [42].
The efficiency of Cu.O /n-Si and SnS/Si solar cell was 3.37% and 6.27%
respectively.
The value of efficiency that obtained for Cu.0/SnS/Si solar cell was 4.62%
and this result nearly close to that obtained by Cho et al.,[42].

The maximum efficiency of solar cell was 7.44 % for Cu>0:SnS/Si solar
cell this might attributed to that the annealing temperature gives more
roughness to the surface and raises the absorption of incident photons and
this lead to increase the efficiency of solar cell. The parameters of solar cells
were calculated from such as short circuit current (Isc), open circuit voltage
(Voc), fill factor (F.F) and efficiency () as shown in Table (4-7) and that
results close to obtained by researchers [43],[45],[50], [121] and [122].
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Fig. (4-34): 1-V Characteristics of Cu.O/Si solar cell (under
illumination).
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Fig. (4-35): 1-V Characteristics of SnS/Si solar cell (under illumination).
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Fig. (4-36): 1-V Characteristics of Cu.O/SnS/Si solar cell (under
illumination).
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Fig. (4-37): 1-V Characteristics of Cu>0:SnS/Si solar cell (under
illumination).

93



Chapter Four Results and Discussion

Table (4-7): The results of the 1-V characteristics for different annealed

films.

Samples I max Vinac | Isc Voc FE n Vbi
(MA) | MV) | (mA) |(mV) Tl | W

Annealed
Cu,0O /n-Si 125 270 15 500 0.45 3.37 0.21

Annealed
SnS/n-Si 19 330 20 500 | 0.836 | 6.27 | 0.15

Annealed
Cu,O /SnS/n-Si 22 210 23 500 0.61 4.62 0.1

Annealed
Cu20: SnS/n- 24 310 25 500 |0992 | 7.44 | 01

Si
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4.5 Conclusions

From overall the results and measurements, this thesis has concluded the
following points:

1- Cuprous Oxide, Tin sulfide, Cuprous Oxide/Tin sulfide, Cuprous Oxide :
Tin sulfide thin films have been successfully prepared on glass and silicon
substrates using the thermal technique.

2-The XRD analysis show that the average crystallite size of Cu20 thin film
was increased and the average crystallite size of the SnS, Cu.0O/SnS and
Cu20:SnS decreased after annealed at 200°C.

3- (FESEM) images of samples show a homogenous, uniform surface with

no pinholes or cracks after the annealing process.

4- The average roughness, root mean square, average diameters and ten point
hight that obtained from AFM measurements for all samples increased
after the annealing process.

5- The UV-Vis optical studies showed that the value of energy gap of Cu.O
thin films it decreased after annealing process and the energy gap of the
SnS, Cu20/SnS and Cu20:SnS thin films were increased after annealing .

6- The optical studies displays that the absorption edge of the fabricated SnS,
Cu20/ SnS and Cu20: SnS thin films shifted towards shorter wavelength
after the annealing process, while the absorption edge of Cu.O samples
toward longer wavelength.

7- The results of Hall measurements varied between an increase and a
decrease in Hall parameters such as charge carrier concentration, Hall
coefficient, and mobility after the annealing process.

8- The capacitance of the sample heterojunction decreases with increasing

the reverse bias voltage and the maximum value that obtained of the built-
in potential (Vi) for SnS/n-Si of (0.21) volt.

95



Chapter Four Results and Discussion
9- The maximum values of open circuit voltage, short circuit current and fill

factor obtained for Cu20O: SnS/n-Si solar cell.
10- Best result was obtained of efficiency was for Cu>O: SnS/n-Si solar cell

at which the reached to (n = 7.44)%.

4.6 Future Work
Among future work that can be performed to -elucidate the
characteristics of Cu.0, SnS, Cu20 /SnS Cu20 : SnS thin films are:

1- Preparing and characterizing Cu.O / SnS/Si thin films by spray pyrolysis
technique and annealing the samples at different temperatures such as (400,
450, 500, 550) °C and comparing the obtained results with this work.

2 - Studying the efficiency of the prepared solar cell as function of thickness

3- Effect of doping on the structural, electrical, optical and

photoluminescence properties of SnS thin film and studying the effect of

doping on the physical characteristics of the Al/ SnS /Si/Al solar cell.
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