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ABSTRACT

PRODUCTION AND CHARACTERIZATON OF SnO,:Cu/CdS FILMS
FOR SOLAR CELL APPLICATIONS

Waleed WASEA KHALAF ALKUBAISI
Master of Science in Physics
Advisor: Assoc. Prof. Dr. Olcay GENCYILMAZ
June 2023

In this thesis, the production and characterization of SnO:Cu/CdS films which can be
used for solar cell applications were carried out. SnO2:Cu/CdS films were produced on
glass substrates using chemical spraying technique. First of all, SnO2, CdS, SnO;:Cu
films were produced as separate layers, and finally SnO,:Cu/CdS heterojunction films
were obtained. Structural, optical, electrical and surface properties of the produced films
were investigated to determine the solar cell usage potential. It was determined that the
films were polycrystalline in tetragonal structure. The preferred orientation of the CdS
along (002) direction at 20 = 26.60°. The other peaks were detected at 20 = 44 and 52°
which can be ascribed due to reflection from (110), and (112) planes of the hexagonal
CdS structure. Atomic force microcope (AFM) results shows that the distribution of
grains on the surface is almost uniform and homogeneous, and the film is without any
cracks. The results showed that the average surface roughness of the SnO,, CdS and
SnO2:Cu/CdS films were 10.7 nm, 17.6 nm and 18.8 nm, respectively. A Scanning
Electron Microscope (SEM) results shows that the surfaces of the prepared films have
spherical particles, with a homogeneous distribution on the substrate, and there are no
cracks on the surface of the film or large molecular agglomerations. Energy-dispersive
X-ray spectroscopy (EDX) results shows that the the elements that formed the film
(SnO2) which are tin (Sn), chlorine (Cl), oxygen (O), and silicon (Si). UV-VIS
spectrophotometer was used to determine the optical parameters of the films such as
transmittance, absorption, band gap and refractive index. The average transmittance and

band gap values of the films in the visible region were found to be ~70 % and 3.75 eV,



respectively. The calculated energy gap values for SnO2, SnO2:Cu, SnO.:Cu/CdS, and
CdS films were 3.90, 3.88, 3.75 and 2.28 eV respectively. With the temperature-
dependent conductivity measurement, it was observed that the films had n-type
conductivity. Besides, the resistivity values of the films decreased with Cu doping and
the SnO,:Cu/CdS films had low resistivity (3.25x10 Qcm). The surface properties and
elemental analyses of the films were examined using atomic force microscopy and
scanning electron microscopy, and it was seen that they had a homogeneous surface

morphology.

2023, 64 pages
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OZET

GUNES PILI UYGULAMALARI ICIN SnO,:Cu/CdS FILMLERININ
URETIM VE KARAKTERIZAYONU

Waleed WASEA KHALAF ALKUBAISI
Fizik, Yiksek Lisans
Tez Danismani: Dog. Dr. Olcay GENCYILMAZ
Haziran 2023

Bu tez c¢alismasinda giines pili uygulamalari i¢in SnO;:Cu/CdS filmlerinin {iretimi ve
karakterizasyonu yapilmigtir. SnO2:Cu/CdS filmleri cam tabanlar {izerine kimyasal
piiskiirtme teknigi kullanilarak iiretilmistir. Oncelikle SnO2, CdS, SnO»:Cu filmleri ayri
ayr1 katman olarak tretilmis, son olarak da SnO,:Cu/CdS heteroeklem yapili filmler
elde edilmistir. Uretilen filmlerin giines pili kullanim potansiyelini belirlemek igin
yapisal, optiksel, elektriksel ve yiizeysel ozellikleri incelenmistir. Filmlerin tetragonal
yapida polikristal oldugu tespit edilmistir. Filmlerin gegirgenlik, sogurma, bant araligi
ve kirilma indisi gibi optik parametrelerinin belirlenmesinde UV-VIS spektrofotometre
kullanilmistir. Filmlerin goriiniir bolgede ortalama gecirgenlik ve bant araligi degerleri
de sirastyla ~ % 70 ve 3,75 eV olarak bulunmustur. Sicakliga bagl iletkenlik 6l¢iimii ile
filmlerin n-tipi iletkenlik 6zellikte oldugu goriilmiistiir. Ayrica, Cu katkisi ile filmlerin
ozdireng degerleri azalmistir ve SnO2:Cu/CdS filmleri diisiik 6zdireng (3.25%107 Qcm)
degerine sahip olmustur. Filmlerin yiizey Ozellikleri ve elemental analizleri atomik
kuvvet mikroskobu ve taramali elektron mikroskobu kullanilarak incelenmis, homojen
bir ylizey morfolojisine sahip oldugu goriilmiistiir. Enerji dagilimli  X-1511
spektroskopisi (EDX) sonuclar1 filmi olusturan elementlerin (SnO2) kalay (Sn), klor
(Cl), oksijen (O) ve silikon (Si) oldugunu gosterir. Filmlerin gecirgenlik, absorpsiyon,
bant araligi ve kirilma indeksi gibi optik parametrelerini belirlemek igin UV-VIS
spektrofotometre kullanilmistir.Sicakliga bagl iletkenlik 6l¢iimii ile filmlerin n-tipi
iletkenlige sahip oldugu goézlemlendi. Ayrica Cu katkilama ile filmlerin 6zdireng
degerleri diismiis ve SnO2:Cu/CdS filmlerin 6zdirenci diisiik (3.25x10-3 Qcm)

olmustur. Filmlerin ylizey 6zellikleri ve elemental analizleri atomik kuvvet mikroskobu



ve taramali elektron mikroskobu kullanilarak incelenmis ve homojen bir ylizey

morfolojisine sahip olduklar1 goriilmiistiir.

2023, 64 sayfa

Anahtar Kelimeler: Giines pilleri, SnO2:Cu/CdS filmleri, Kimyasal piiskiirtme

teknigi, Ozdireng, Aktivasyon enejisi
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1. INTRODUCTION

One of the most promising solutions for the planet's energy future is photovoltaics.
Photovoltaic energy comes from the conversion of sunlight into electricity. It is ensured
through semiconductor materials, such as transparent conductive oxides (TCO). From a
technological point of view, their field of application is vast; they are found in various
areas such as Electronics, optoelectronics, photothermal conversion, photovoltaic

conversion, etc (King and Veal 2011).

Semiconductor materials are insulators at absolute zero degrees. In other words, there
are no free charge carriers in semiconductors at this temperature. In order for the
electrons to pass from the valence band to the conduction band and become free, they
must receive energy from the outside. This amount of energy must be equal or higher
than as the fobidden band gap energy in semiconductors. The forbidden gap is the term
used to describe the difference between the valence band and the conduction band (Al-
Hakim and Hussein 1980). Therefore, both electrons and holes can be conducted in
semiconductors (Smith 1987). Semiconductors are classified according to their
crystalline structure as crystalline or amorphous semiconductors. Where crystalline
semiconductors are divided into single crystalline, and polycrystalline (Al-Jubouri and
Hayati 1985). The branch of thin film physics is one of the most important branches of
solid-matter physics (Hass et al. 2013). It has attracted great interest from researchers
over the past decades, and films have been developed through various deposition
processes to obtain optical, electrical, and synthetic properties used in various
applications (Chopra 1969). The different many types of research were conducted in

this field by many scientists, we mention of which:

In the year 1852, two scientists (Bunsen and Crove) prepared a thin metal layer using

the method of chemical reactions (Eckertova 1977).

In the year 1857, the scientist (Faradi) prepared a thin layer using vacuum evaporation

(Eckertova 1977).



In the year 1887, the scientist (Kentt) prepared a thin layer using the method of

evaporation in a vacuum (Leaver 1971).

In 1879, the scientist E. H. Hall determined the density of charge carriers of different
types, which was named after him the Hall effect, and this discovery is the actual
emergence of semiconductors. Then followed the discovery of the world J. J. Thomson
of the electron in 1897, which helped in the development of the theoretical description
of electrical conductivity, three years later came the discovery of the scientist P. Drude
to provide a model describing the electrical and thermal conductivity of solid materials

(Grahn 2001).

Transparent Conductive Oxides (TCO), it was discovered in 1907 by the German
scientist (Baedeker 1907) who was able to prepare a thin layer of cadmium oxide
(CdO), which is characterized by its electrical conductivity and its transparency to
visible light. Although CdS is not widely used today due to toxicity concerns, it is still
of theoretical interest due to the high electron mobility due to the low effective electron

mass (Jones et al. 2009).

In 1937, tin oxide (SnO2) was deposited by the method of post-oxidation of evaporated
thin films (Mattox and Mattox 2007). However, technological progress in transparent
conductive oxides did not appear until after 1940, when potential applications became

in the industry (Retnasamy et al. 2014).

Then, studies in this field followed, where many transparent conductive oxides were
discovered, such as indium oxide (In203), zinc oxide (ZnQO), tin oxide (SnQOy), titanium
oxide (TiOy) ... etc. The most common is indium tin oxide (ITO), but due to its high
cost, it is replaced by doping oxides with metal elements such as zinc oxide doped with
aluminum (ZnO: Al), tin oxide doped with various impurities such as fluorine, cadmium
and copper (SnO2:Cu, SnO>, Cd, SnO::F) etc. In recent years, tin oxide has received
more attention because it can overcome the problem of the high cost of indium

(Hernandez 2021).



1.1 Transparent Conductive Oxides (TCO)

Transparent conductive oxides (TCO) are compounds composed of metal combined
with oxygen, and they may be binary or ternary compounds containing one or two
metallic elements. TCO has two main advantages. These are high electrical conductivity
and high optical transmittance in the visible part of electromagnetic spectrum. Metal
oxides, such as In,O3, SnO,, ZnO, etc., are considered electrical insulators, but due to a
large number of defects (oxygen vacancies), they conduct electricity. Conductivity can
be adjusted by controlling the addition of impurities. Hence, positively charged (p-type)
and negatively charged (n-type) semiconductors can be produced. Therefore, it has
opened technological applications for a wide range of photovoltaic circuits as well as
other applications in various fields. The electrical and optical properties of transparent
conductive oxide films are affected by several factors such as temperature, thickness,
and the type of technology used to prepare the films (Boufaa 2012). Transparent
conductive oxides have the behavior of semiconductors and have several advantages

(Abd 2012).

= It has a high sensitivity when it contains impurities that lead to an increase in its

conductivity and the appearance of one type of charge carrier.

= When the temperature increases, its electrical conductivity increases and it

behaves like an insulator when the temperature decreases.

*» [t has high transmittance in the optical wavelengths (400-800 nm) of the

electromagnetic spectrum.

1.2 Properties and Applications of Tin Oxide (SnQO2) Films

Transparent conductive oxides are used in many applications, and tin dioxide (SnO2) is
one of the low-cost materials compared to other transparent conductive oxides. It is

thermally stable, and chemically stable when dealing with acids and bases. It is also



considered a material with good mechanical properties, so it has wide applications, such

as (Dekkers 2007):

= Solar cell, as a conductive window layer

» Heat-reflecting windows (buildings, ovens etc.)
= Flat screens

* Thermal insulating glass

* Mirrors and electrochemical cell

= Optoelectronics (LEDs.)

* Touch control devices

= (Gas sensors

Figure 1.1 The applications of TCOs (Dekkers 2007)

The structure of tin dioxide is of the rutile type; its space group is P4/mm. The unit cell
is generally quadratic (tetragonal) (a = b = 0.475 nm and ¢=0.318 m) and contains six

atoms: two tin atoms and four oxygen atoms. Each tin atom is the center of an almost



regular octahedron formed by six oxygen atoms, while each oxygen atom is surrounded
by three tin atoms located at the vertices of an isosceles triangle. The ionic radii of the
Sn** cation and the O anion have values of 0.071 and 0.14 nm, respectively (Yahiaoui
2014 and Maache 2014). A schematic representation of a unit cell of tin dioxide is

shown in Figure 1.1 and Figure 1.2.

Figure 1.2 Unit cell of SnO> (rutile structure) (Yahiaoui 2014)

SnO: films have a wide direct bandgap (3.6 - 4.2 eV) and it varies with different
deposition methods. The concept of a direct or indirect energy gap (also known as a
forbidden band) is related to the position of the maximum values of the valence band
and the minimum values of the conduction band. Figure 1.3 represents the energies as a
function of the wave vector (K). If both the valence band and the conduction band
correspond to the same wave vector (k), then the transition of electrons is perpendicular
and is called direct transmission. But if the minimum values of the conduction band
shift so that they do not correspond to the maximum values of the valence band, it is

called indirect transition (Robertson 1979).
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Figure 1.3 The optical energy gap of tin oxide (SnOz) (Robertson 1979)

The optical properties of tin oxide depend on the interaction of photons of
electromagnetic waves and electrons in a semiconductor (Figure 1.3). The electrons of
the material absorb the energy of the incident photons. If the energy of the photon is
equal to or greater than the energy of the gap, then the electrons transition from the
valence band to the conduction band. Tin oxide has an energy bandgap (3.6 €V) in the
form of thin films having high transmittance within the visible region of the
electromagnetic spectrum (400-800 nm) as shown in Figure 1.4. Table 1.1 summarizes

the basic properties of tin oxide (Boufaa 2012).
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Figure 1.4 Transmittance of tin oxide (SnO) (Robertson 1979)



Table 1.1 Physical and chemical properties of tin oxide (SnO2)

PROPERTIES SPECIFICATION
Chemical formula SnO;
Molecular weight 150.69 g/ mole
Band gap 3.6 eV at room temperature
Color White or gray
Melting temperature 1500-1630 °C
Boiling point 1800- 1900 °C
Density 6.90 g/cm’®
Crystal structure Tetragonal
Molar mass 150.69 g/mol

Stoichiometric Tin oxide (SnQO2) is an insulating material at room temperature, but it is
well known point defects such as oxygen vacancies (Vo) or tin interstitials (Sn;) led to
have n-type conductivity at room temperature. Additionally, electrical properties can be
further enhanced by doping with elements such as copper, aluminum, fluorine,
antimony, indium, and zinc. The doping increases the number of charge carriers
(electrons) and then increases its electrical conductivity (i. e. The resistivity of this n-

type semiconductor decreases) (Ynineb 2010, Kasap 2002).

1.3 Properties of Cu Element

Copper (Cu) is one of the most important chemical and transitional elements in nature
and is often found in nature in the form of divalent Copper (Cu*?). It crystallizes in a
face-centered cubic structure. Table 1.2 summarizes the most important physical and
chemical properties of Copper (Hamrouni and Balila 2017, Thompson 1964,
Hernandez-Arteaga et al. 2021).



Table 1.2 Physical and chemical properties of Copper (Cu)

PROPERTIES SPECIFICATION
Chemical formula Cu
Molecular weight 63.546 g/mole
Melting temperature 1083.45 °C
Boiling point 2567 °C
Color Reddish brown
Density 8.96 g/cm?

Crystal structure

Face-Centered Cube

Atomic number

29

Specific resistance

1.77x10% Qm

1.4 Properties of Cadmium Sulfide (CdS)

Cadmium sulfide (CdS) is a semiconductor compound and is formed from group II-VI
elements of the periodic table. The crystal structure of cadmium sulfide is a hexagonal
and zinc blend as shown in Figure 1.5. CdS crystal has a yellow-orange color. The unit
cell of CdS is a face-centered cubic (fcc) and hexagonal close-packed (hcp) structure

Also, the bond between sulfur and cadmium ions is a covalent bond due to the sharing

of two electrons between the cadmium atom and the sulfur atom.

Figure 1.5 Crystal structures of CdS (a) zincblende and (b) wurtzite (Ismail 2008)




Cadmium sulfide has a direct energy gap of 2.4 eV at 300 K. Therefore, the cut-off
wavelength at 2.4 eV is 520 nm in the green region of the visible spectrum. From this,
we conclude that the absorption of the film is at short wavelengths, while the film has
more transmittance at long wavelengths (Kwok 1995, Jassem 2004, Badeker 1907).

Some physical and chemical properties are summarized in Table 1.3.

Table 1.3 Physical and chemical properties of CdS

PROPERTIES SPECIFICATION
Chemical formula CdS
Crystal structure Hexagonal, Cubic
Molecular Weight 144.46 g/ mole
Band Gap 2.42 eV atRT
Color Yellow
Melting temperature 2023 °C
Density 8.96 g/cm?
The refractive Index 2.3-2.6
Dielectric constant 8.64

1.5 Aim of the Research

CdTe/CdS is one of the commercial thin film solar cells, it is not widely used. These
solar cells have a stable structure and are economical. Since the front contact material in
the solar cell is expected to be low resistivity and high transmittance, transparent
conductive oxide materials (TCO) are used in this part. However, after this layer, other

layers with which sunlight will interact must be.

In recent years, research and development of double-layer films have been focused on
increasing this stability. This thesis aims to produce double-layered SnO:Cu/CdS
heterostructure films by optimizing Cu-doped SnO; films as an alternative to the most

widely used TCO films such as ZnO. In addition, by examining some physical



properties of these films, it is to determine their potential for use in different application

areas.

For this reason, in this thesis, we focused on the production and physical properties of
Sn0O,:Cu/CdS heterostructure films that can be used in solar cells with the chemical

spray technique, which is a practical and economical technique.
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2. LITERARURE REVIEW

There are many research papers that have included good review articles on the
properties of pure or doped tin dioxide. But few studies included doping the tin dioxide
with the precipitated copper. In this paragraph, we will review the studies related to our

current research.

Pawan both theoretically and experimentally, the structural and optical changes in the
SnO2 system brought about by the introduction of Cu in a SnO; system (Chetri et al.
2013). The results show that The introduction of Cu in the SnO; system brings
distortion which is corroborated by the variation in the corresponding bond lengths.
XRD and Raman measurement shows that the doping of Cu removes Sn** from the
system. The increase in Urbach energy with Cu doping indicates distortion in the

system.

Kumar (2014) shows that the structure is very stable and has a very narrow interface.
Since these two layers are widely used in thin film solar cells, the stability of the

CdS/SnO:; interface is very important (Kumar 2014).

Liu et al. (2015) found that SnO> nanoparticles can be tightly anchored on the surface of
CdS NRs, and the thickness of SnO: shells can be conveniently adjusted by simply
changing the additional amount of SnO> quantum (Liu ef al. 2015).

Orimi and Maghouli (2016) studied the optical properties of SnO2 nanostructured films
at different temperatures using the thermochemical decomposition technique. XRD
results showed that the crystal size increases and the transmittance decrease with the
increase in the annealing temperature. As well as the energy gap gradually decreases

with increasing annealing temperature (Orimi and Maghouli 2016).
Reddy et al. (2017) synthesized CdS, SnO;, and CdS/SnO; hybrid photocatalyst

nanostructure. The band gap energies calculated are 3.30, 2.15, and 2.99 eV for pristine

SnO2, CdS, and the CdS/ SnO: hybrid photocatalyst, respectively (Reddy et al. 2017).
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The crystal structure of the prepared photocatalysts is confirmed as hexagonal and
tetragonal rutile structures of CdS and SnO; respectively. Also, the results show that the
presence of SnO2 nanoparticles reduced the aggregation of CdS nanoparticles, thereby

increasing the surface area.

Khlayboonme and Thowladda (2018) synthesized thin films of un-doped and Cu-doped
tin oxide. XRD patterns of all films exhibited rutile-phase SnO> (Khlayboonme and
Thowladda 2018). The Cu doping content decreased the optical bandgap from 4.36 eV
for undoped SnO; to 4.28 eV for 3 % Cu-doped SnO>. The further Cu doping content
increased the bandgap energy to 4.32 eV. The resistivity was increased for doping of Cu

1 % but it was decreased with further increases in Cu-doping contents.

Zhou et al. (2019) found that the prepared SnO> (TiO2)/CdS heterostructure showed
much higher photocatalytic activities for the degradation of the methyl orange (MO)
under visible light irradiation in comparison with individual SnO; (TiO;) film

photocatalyst (Zhou et al. 2019).

Dolaiet et al. (2019) fabricated Glass/F:SnO2/CdS/CuO/Ag heterostructure using direct
current (d.c) magnetron sputtering and thermal evaporation technique (Dolaiet et al.
2019). The above heterojunction structure shows the efficiency ~2.1 %. The open-
circuit voltage of the cells was ~0.462 V. The efficiency values obtained here are the

highest compared to those reported so far for this glass/F: SnO2/CdS/CuO/Ag structure.

Mohammad and Mohammed (2020) fabricated SnO> and SnO»/CdS layers by solution
process using a suspension including CdS nanoparticles synthesized via a simple
solution route (Mohammad and Mohammed 2020). The results show that a thin
interface layer of CdS nanoparticles on top of the SnO: layer consistently improves the
electron transport properties of the SnO; layer. CdS interface layer can act as an

intermediate step to facilitate electron transfer from the perovskite layer to SnO».

El-Katori et al. (2020) synthesized CdS/SnO2 heterostructure without any distortion in

crystalline parameters (El-Katori e al. 2020). CdS quantum dots of size 9 nm, surface
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area 26.5 m%/g, and wide mesoporous size (pore radius = 119.2 A) were incorporated
homogeneously on the surface of SnO; forming an efficient heterojunction that cause a

remarkable reduction in the band gap energy of SnO> from 3.52 to 2.53 eV.

Hasan et al. (2020) fabricated tin oxide (SnQO3y) thin film with a thickness of 300 nm on
a glass substrate XRD patterns revealed Al and Cu doped SnO: thin film proved it as a
polycrystalline with cubic phase and variable miller indices at peak XRD intensity
(Hasan et al. 2020). Transmittance in the near-infrared region for the undoped film is
approximately 70 % and for both Al and Cu doped films it is below 35 %. Reflectance
gets higher as the percentage of Al and Cu doping increases; the energy bandgap falls
from 3.72 eV to 3.42 eV and both the refractive index and dielectric constant get higher

as the percentage of Al and Cu doping enhances.

Su et al. (2021) developed a simple method to synthesize SnO> colloidal as a precursor
solution at room temperature (Su et al. 2021). Also, prepared SnO>/CdS double electron
transport (ETL) layer was prepared by combining SnO2 and CdS layers. Experimental
analyses revealed that the introduction of SnO2 ETL enhanced the grain size of Sb2Ss3

films and passivated interfacial defects thus enhancing device efficiency.

Sharma et al. (2021) reported SnO2-CdS nanocomposites synthesized using a two-step
solution route on a cellulose acetate flexible substrate using a spin coating (Sharma et
al. 2021). Shift in X-ray diffraction confirms the formation of nanocomposites due to
tensile strain. The roughness of SnO»-CdS nanocomposites decreases as compared with
pure SnO». Optical transmittance shows an additional band at 500 nm confirming the

formation of nanocomposites.

Abbas et al. (2021) report various properties of four Cu-doped SnO»> thin films on a
glass substrate at a temperature of 80 °C via the standard chemical bath deposition
method (Abbas et al. 2021). The XRD analyses of the studied CuSnO-TFs showed their
body-centered tetragonal structures in a rutile phase with high purity and good

polycrystallinity. The average crystallite size was increased from 17.6 to 34.52 nm with
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the increase of Cu contents from 0 to 3 %, respectively. Both visible transmittance and

optical band gap energies of the films were decreased with the increase of Cu levels.

Shaker et al. (2022) synthesized pure SnO2 nanoparticles doped with Cu by a chemical
precipitation method (Shaker et al. 2022). The crystal (tetragonal) of SnO2 does not
change with the introduction of Cu and the crystal size varies with the change of Cu
doping. The results of the AFM show that the grain size within the nanoscale is
spherical in shape. The results of the AFM show that the grain size within the nanoscale

is spherical in shape. The energy gap increases with increasing doping.
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3. MATERIALS AND METHODS

This section contains theoretical information about the production and characterization

techniques used in the thesis.

3.1 The Growth Mechanisms and Some Physical Properties of Thin Film

There are many physical and chemical methods that were used to prepare thin films
(Eckertova 1977). The preparation methods can be divided into two basic categories as

in Figure 3.1.

| Thin film Deposition Technique I

v

Solution Chemical Physical Vapour
Based Vapour Deposition (PVD)
Chemistry Deposition

(SBC) (CVD)
>Chemical Bath Deposition (CBD) >Metal Organic CVD >Thermal Evaporation
>Sol-Gel >Low Pressure CVD >Pulsed Laser Deposition
>Spin coating >Atmospheric pressure CVD >Molecular Beam Epitaxy
>Dip coating >Plasma Enhanced CVD >Sputtering (DC and RF)

>Screen printing

>Spray pyrolysis

Figure 3.1 Methods of thin film deposition

In physical methods (physical vapor deposition), the material is obtained by evaporation
or bombardment by electrons, photons, or ions, which depends on physical processes
such as thermal evaporation. The substance transformed into vapor will condense on the
surface of the substrate. Thus, there are no chemical reactions that occur in this process.
As for the chemical methods, the chemical reaction consisting of a mixture of materials
deposited on the substrate will produce a thin film with the required composition while

the elements of secondary reactors are eliminated. The researchers have worked to
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develop modern technologies and employ them in practical applications by controlling

deposition conditions.

Among these techniques, the chemical spraying technique (CSPT) draws attention as it
is a practical and economical technique. This technique is one of the chemical methods
in which the solution is sprayed onto heated glass substrates at a fixed temperature. The
chemical reaction takes place on the surface of the substrate. This technique depends on

the following parameters (Khaled 2012):

e Substrate temperature

e (Quality of the substrate

e The size of the spray droplets

e The distance between the substrate and the nozzle

e Deposition rate

e Type of carrier gas and its pressure

Chemical Spray Pyrolysis technique is widely used by researchers due to the following

advantages:

e Cheap and simple

e Used for large areas

e Deposition parameters can be easily controlled

e In this technique it is possible to prepare films for materials that are used in

high-temperature applications that are difficult to prepare with other techniques.

The main parts of the chemical spray pyrolysis system (Saleh and Labihat 2018):

Nozzle: It is a device with three apertures. The aperture is connected to a tube at the end
of which is a beaker (100 ml) containing the solution, and the second tube passes
through which compressed air from the air compressor so that both the solution and the

compressed air come out from the third aperture, which is called the main aperture.
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Also, another advantage of the nozzle is that it can control the speed of the solution

flow. A photograph of a commonly used nozzle is given in Figure 3.2.

"‘ Description
1 AirTip
3 2 Body
. 3 Trigger
3

1 - e — = 4 Handle
=X G
- 5 Fluid Cap Fine
504 wd
> o o 6 Fluid Needle Fine
6 =
=8 7 Air Hose
=9

e 8 Coupling Nut
\ smubple/

Figure 3.2 Schematic diagram of the nozzle (Mahdi 2016)

Electric heater: The electric heater is used to control the temperature of the glass
substrate. The deposition temperature causes a change in the crystalline structure of the
material and this leads to a change in its physical properties. The electric heater is

connected to a controller.

Air compressor: It contains a regulator through which the air pressure is controlled and
directed towards the spray device, to ensure that the solution reaches to the substrate in

the form of a fine drop.

Digital multimeter: It is a device used to know the temperature of the glass substrate
placed on the electric heater. Also, it is possible to control the spray rate and the

stopping time through it.

Accordingly, the solution droplets that start to flow from the spray head have quite large
dimensions in the 1st case and the heat received by the droplet from the environment is
not enough for it to evaporate until it reaches the bottom. Thus, when the droplet hits
the bottom, it evaporates leaving a dry precipitate, the temperature of the bottom drops,
and a bad film is formed. In case 2, the droplets are smaller in size than in case 1, and

some of the droplets evaporate and condense. The droplets dry before reaching the
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bottom and hit the surface. In this case, cracks, holes, or spalling may appear on the
surface. Case 3 is the ideal transport case, which indicates that the solution droplets
have completely evaporated when they approach the bottom. In this case, the droplets
are even smaller than the droplets in the 1st and 2nd cases and evaporate as soon as they
reach the surface. Thus, they create a heterogeneous reaction and adhere to the surface.
This heterogeneous reaction includes physical and chemical events such as settlement
and diffusion within the lattice. In case 4, the droplets are at their smallest size. In this
case, the droplets evaporate before reaching the bottom and create a homogeneous
reaction in the vapor phase. The molecules attached to the base are in powder form and

a good film formation does not occur Figure 3.3 and Figure 3.4 (Gengyilmaz 2013).
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Figure 3.3 Effect of droplet size on the mechanism of thin film formation (Gengyilmaz
2013)
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Figure 3.4 Mechanisms of film growth (a) nucleation (b) aggregation (c) and (d)
croissance

The structural properties are very important to determine the crystal structure of films.
X-rays are used to determine the nature of the crystal structure, crystal phases, and the
preferred orientations of the films (Al-Dulaimi 2011). When X-rays (0.01- 10 nm)
incident the film, part of these rays will be reflected by the atomic levels of the crystals
in certain directions with different intensities. The reflected waves (of the same phase)
from these planes interfere with each other constructively, and this interference is
obeyed by the condition of Bragg's law, which is given by the following relationship
(Hafdallah 2007). Equation (3.1):

2 (dhkl)sinﬂ = nA (31)

where n is the order of reflection, n=1, 2, ....etc., 4 is (X-ray wavelength, 41 =1.5401 A),

d is the interplaner distance, 6 is Bragg's angle.

The crystallite size (Cs) of crystalline material has an important role in determining the
properties of the material which can be found using Scherer's formula in Equation (3.2)

(Cullity 1978).
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kA
D= Erwr— (3.2)

where k is shape factor, f1is full width at half maximum (FWHM).

The strain (&), Dislocation density (8), microstrain (S), number of layers (Nr), and
number of crystallites per unit area (Np) of films can be calculated from the following
relation (Ivashchenko and Kerner 2003, Paufler 1980, Wang 2009 and Sutta and
Jackuliak 1998). Equation (3.3), Equation (3.4), Equation (3.5), Equation (3.6):

N P o (3.3)

_ 1 lines
~(€s)? (nm)?

(3.4)

S:M (3.5)
dcarp
Nyg = — — (3.6)

T D)?F (am)

where dxrp is the experimental distance, dcqr« 1s the standard distance, ¢ is film thickness
in (nm). Various techniques are used to study the surface properties of thin films.
Among these techniques, atomic force microscopy (AFM) is used to determine the
surface topography, while scanning electron microscopy is used to determine the
surface morphology. Atomic force microscopy is used to analyze the morphology of the
surfaces of materials to interpret the properties and behavior of that material to use in
different applications. The purpose of the study of morphology is to determine how
atoms are distributed and arranged on the surface. The atomic force microscope, Figure
3.5 consists of a Cantilever at the end of which there is a probe consisting of a sharp tip
used to scan the surface of the sample (Adams 2007, Rengaraj 2011, Jagtap and Ambre
20006).
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Figure 3.5 Schematic diagram of the atomic force microscope (Jagtap and Ambre 2006)

SEM uses high-energy electron radiation to obtain high-resolution images of the sample
surface. Electrons are emitted from a cathode made of tungsten designed for high
temperatures. The interactions between the electrons and atoms of the material
deposited on the substrate give information about the topography of the sample surface,
as well as the distribution and size of the particles. The SEM device is equipped with an
EDX analysis unit, which is used for qualitative and quantitative analysis of the

elemental compositions of the samples (Figure 3.6) (Postek 1980).
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Figure 3.6 The schematic diagram of field emission scaning electron microscopy
(FESEM) (Postek 1980)

Another feature that needs to be analyzed while determining the potential for the use of
thin films in optoelectronic devices is the optical properties of the films. The optical
properties of semiconductors play an important role for them, as they give us

information about the electronic transitions from the valence band (V.B) to the
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conduction band (C.B). The basic absorption region, which gives the value of the
energy gap (E,), is formed as a result of the absorption of light. The optical properties
were studied using UV-VIS Spectrophotometer for the range (300 - 1100 nm). The
optical studies include transmittance (7), absorbance (A), and reflectance (R), as well as
optical constants, which include refractive index (n) and attenuation coefficient (k). All
of these properties depend on the structure of the crystalline film, the thickness of the
film, the type of film material as well as on the substrate temperature, and the other
conditions of preparation of the thin films. Any change in one of these parameters could
lead to a deviation of the absorption edge to higher or lower energies (Seeger 1995,

Bass er al. 1995).

The part of the spectrum in the region of the absorption edge gives much useful
information about the material under investigation (Tauc 1974), such as the type of
transition, band gap energy (Eg), transmittance, and other optical properties of
semiconductors (Ray 1969). When an electromagnetic wave interacts with valence
electrons, electrons will move to a conduction band across the forbidden energy gap.
Absorption appears when the photon energy is absorbed by an electron that equals or is
greater than the forbidden energy gap. The electronic transitions between the valence
band and the conduction band start at the absorption edge. These transitions are divided

into direct and indirect transitions (Mott 1979, Neaman 1992).

This transition takes place in crystalline, polycrystalline semiconductors and amorf
material (Seeger 1995). It can be defined as a direct vertical transition of an electron in
the space of the wave vector of the valence band to the conduction band of wave vector
values (4k = 0) where the conservation laws of momentum and energy are achieved
(Mott and Davis 1979). The absorption coefficient is given by the Tauc relation
(Pankove 1971), as follows in Equation (3.7):

ahv = A, (hv - E)" (3.7)

where Ej is optical energy gap, a is absorption coefficient, n is constant depends on the

transition from VB (Valence Band) to CB (Conduction Band).
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Direct band transitions are divided into two, allowed direct transition and forbidden
indirect transition. Allowed direct transition occurs directly with the shortest vertical
distance from the top of the VB to the bottom of the CB and the same values of the
wave vector (k) (i.e. momentum is conserved), as shown in Figure 3.7 (a). The value of
(n) in Equation 3.7 is equal to 0.5. The forbidden indirect transition occurs vertically
from the areas adjacent to the highest point in the VB to the points adjacent to the

lowest point in the CB, as shown in Figure 3.7, n = 3/2) in Equation 3.8.

Energy

(b)

Eg(Direct) Eg(lndirecl)I

Wave Vector (k)

Figure 3.7 Electronic transitions (a) allowed direct transition, (b) forbidden direct
transition, (c) allowed indirect transition and (d) forbidden indirect
transition (Sze 1986)

Transmittance (7): the ratio between the intensity of transmitted light (I7) to the

intensity of incident light (/,), and it is given by the following Equation (Sze 1986):

T = II—T (3.8)

The transmittance depends on several factors such as film thickness, the temperature of

the substrate, and doping.

Absorbance (A): The absorbance is defined as the ratio between the intensity of the
absorbed ray () to the intensity of the incident ray (/,), and it represents the value of

the decrease in the energy of electromagnetic radiation in the material, and that the
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absorbance depends on the thickness and nature of the material, and it can be calculated

using the following in Equation (3.9):

A= Ia 3.9

Reflectance (R): The absorbance is defined as the ratio between the intensity of the
reflected ray (Ir) to the intensity of the incident ray (/,), and it can be calculated using

the following in Equation (3.10):

R= II—R (3.10)

Absorption represents the reduction that takes place in the energy of electromagnetic
radiation when entering a specified medium (Chopra 2005). Accordingly, the absorption
coefficient is defined as the reduction ratio in the energy of the incident ray (lix.) as a
function of distance inside the medium. So when the light of intensity (/p) incidents on a
film of a thickness (7), then the intensity of transmittance ray (/) is given by (Pankove
1971) in Equation (3.11):

[= e ™ (3.11)

This Equation was achieved by Bouger in 1739 then approved by Lambert. It can also
be written as follows in Equation (3.12), and Equation (3.13):

In— = —at (3.12)
at = 2.303 log—= (3.13)

Since the amount (log%) represents the absorbance (A) of the film, so the in Equation

(3.17) can be re-written as follows Equation (3.14):

24



a = 2303 — (3.14)

The energy gap (E) is defined as the energy required for transferring electrons from the
highest point in the valence band to the bottom point of the conduction band. It is called
the forbidden region because its energy levels are free of charge carriers (electrons). In
pure semiconductors, no electrons exist in the forbidden region, while in doped
semiconductors the electrons are present for a very short time. The energy gap is an
important optical parameter, many optical devices depend on the value of the optical
energy gap such as solar cells, etc. Figure 3.8 shows the optical energy gap of tin oxide.
The absorption coefficient is related to the optical energy gap by the following Tauc
relationship (Runyan 1975) Equation (3.15):

(ahv)? = B(hv —Ey) (3.15)

where f is a constant that depends on the type of material, 4v is photon energy in (eV),

E¢ is optical power gap in (eV), a is absorption coefficient.
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Figure 3.8 The energy gap of the SnO; film (Mohammad and Mohammed 2020)

The refractive index (n) of a material is the key parameter for device design. In
semiconductors, the evaluation of the refractive index is of considerable importance for

applications in integrated optics. The refractive index has represented the ratio between
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the velocities of the wave in free space (vacuum) to its velocity in the medium

(Millaman 1979, Ravindra 2007) Equation (3.16):

No — iko (3.16)

No = —

where ¢ ' is the speed of light in a vacuum, and v is the speed of light in the medium.
The refractive index depends on several factors such as the type of materials and crystal
structure. The refractive index is considered a complex quantity and is given by the

following Equation (3.17):

N=rn + ik (3.17)

where N is the complex refractive index, nop and ko is the real and imaginary part of the

refractive index.

Refractive index no for thin films can be determined from Equation (3.18):

_ 4R _ 2 _ R+1
no_J o — ki (=) (3.18)

The extinction coefficient (ko) represents the amount of energy absorbed, or in other
words the amount of energy absorbed by the material from the incident photons. The
extinction coefficient is related to the absorption coefficient by the following

relationship (Saporal and Herman 1995) Equation (3.19):

k, = (3.19)

4t

Another important optical constant is the dielectric constant. When light incident on an
absorbing medium, an interaction occurs between the photons of the incident light and
the charges of the medium, and accordingly, energy loss occurs as a result of this

interaction, and thus the polarization of the charges of that medium occurs. The amount

of energy loss is represented by the dielectric constant (Hummel 2001). From a physical
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point of view, it represents the response of the electrons of the material to the
electromagnetic field falling on it, and it is given by the following relationship in

Equation (3.20):

E= & — g (3.20)

where €1 and &> are the real and imaginary parts of the dielectric constant, respectively.

The dielectric constant is related to the complex refractive index by the following

relationship in Equation (3.21):

N2 = ¢ (3.21)

By using Equation (3.19), we get Equation (3.22),

g —ig; = (Mo — iko)? (3.22)

From Equation (3.22), the real and imaginary parts of the dielectric constant can be

calculated as follows in Equation (3.23, 24):

g = n?— k2 (3.23)

&y = 2noko (324)

The electrical properties of semiconductors depend on several factors (such as indecent
light, temperature, doping with foreign elements, and applied magnetic field) that
determine the nature of electronic transitions. The electrical conductivity of a
semiconductor is highly dependent on temperature. The resistance of a semiconductor
decreases with increasing temperature. When light incident on the semiconductor
material, the electrons transition from the valence band to the conduction band leaving a
hole behind, and these generated electrons and holes contribute to the electric

conduction in the semiconductor (Yapifanov 1979).

27



One of the other important properties of semiconductor thin films to be determined is
their electrical properties. Among the electrical properties, electrical values such as
conductivity, resistivity, carrier density, and mobility should be examined. The
electrical conductivity (o), which is the reciprocal of the resistivity (p) and depends on
two main factors: the density of the electric charge carriers, and the mobility of these
carriers. The total electrical conductivity of the semiconductor is the sum of the
conductivity resulting from the negative (electrons) and positive (holes) charge carriers
(Jwad 2009, Hummel 2001). The current density in semiconductors results from the
sum of the electron's current density and the hole's current density as in the following in

Equation (3.25), Equation (3.26):

J=Tn +Jp (3.25)
J = (e pn + Pe p-p) E (3.26)
where J, and J, are the current density of electrons and holes, P. and n. are the number
of electrons and holes, u, and p, mobility of electrons and holes, E is the strength of the
applied electric field.

The Equation (3.27) of the total electrical conductivity is:

0 = (Nepp+ Pe |~1p) (3.27)

The electrical conductivity Equation with temperature is as in the following Equation

(3.28):
E,
G4 =0,eXp (kB—T) (3.28)

where 64 1s electrical conductivity, E, is the activation energy, Kp is Boltzmann's

constant (1.38 x 1023 J/K = 0.086 x 107 eV/K), T is absolute temperature (K).
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The value of conductivity can be found from the value of the resistance as follows in

Equation (3.29), Equation (3.30), and Equation (3.31):

-1
o= - (3.29)
p=RZ (3.30)
p=RE 3.31)

where p is resistivity, R is film resistance, ¢ is film thickness, a is electrode width and L

is the distance between the aluminum electrodes.

3.2 Experimental Details

This chapter describes the types of equipment used in this work and the preparation
method of SnO, CdS, Cu doped SnO; films and SnO2:Cu/CdS heterostructure and their
measurements. Also, a general description is given of the instruments and the
measurement techniques used to study the structural, morphological, optical, and

electrical properties.

In Figure 3.9, the experimental study of SnOz, CdS, Cu doped SnO: films and
SnO,:Cu/CdS heterostructure, the characterization techniques used, and the schematic

diagram of the determined properties are given.
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Experimental Studies
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Figure 3.9 A diagram of experimental work of SnO;, CdS, Cu doped SnO: films and
SnO7:Cu/CdS heterostructure

3.2.1 The production of SnO2:Cu/CdS films by chemical spray pyrolysis

In this thesis, the chemical spraying technique (CSPT) was used for the production of
Sn0O,, CdS, Cu-doped SnO, films, and SnO:Cu/CdS heterostructure. The reason for
choosing this method is because of its advantages such as low cost, production on

different substrates, repeatability, practicality and no need for vacuum.

Figure 3.10 shows the chemical spray pyrolysis set up which consists of the following

main parts:

1. Heater

2. Temperature controller

3. Air compressor

4. 100 ml glass container with 1 mm inner diameter nozzle sprayer and inlet for carrier

gas.
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Figure 3.10 Setting of spray pyrolysis equipments (Al-Jabiry 2007)

It is necessary to clean the surface of substrates by using an ultrasound device (Figure
3.11) to remove all grease and dust because the properties of the films (optical,
electrical, etc.) are very sensitive to surface preparation. Commercial glass substrates

with dimensions (25 x 25 x 1) mm3 were used as substrate.

The process for cleaning the substrates can be summarized in the following steps:

Ultrasonically cleaning with distilled water for 10 minute.
Ultrasonically cleaning with ethanol for 10 minute.
Ultrasonically cleaning with acetone for 10 minute.

Drying the substrates using a hot blower.

A S

Finally, the weight of the substrate is calculated and then stored in special

containers.
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Figure 3.11 Ultrasound device

Tin chloride (SnCl2:2H>0) is used as a source of tin ions, copper chloride (CuCl2:2H>0)
as a source of copper ions and cadmium chloride (CdCl;:2H>0) as a source of cadmium
ions. The mechanism of the film formation is the bonds of tin ions with oxygen ions and
then deposited on the substrate

This process depends on the following parameters:

e The molarity of the solutions

e The substrate temperature

e The distance between the substrate and nozzle
e The amount of spray solution

e The carrier gas

All solutions were prepared using the following equationEquation (3.36) is used (AL-

Jabiry 2007):

W; 1000
Mwt V

M = (3.36)
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where M is molarity, W; is weight of chemical salt (grams), V is volume of the solution,

M, is molecular weight of chemical salt (grams/moles).

The tin chloride [SnCl»:2H>0], cadmium chloride [CdCl»:2H>0], and copper chloride
[CuCl2:2H20O] were used as the solution sources. The molarities of tin chloride,
cadminum chloride and copper chloride solutions were adjusted to be 0.02, 0.05 and
0.02 M, respectively. Copper doping was done at the rate of 3 %. All films were
produced at a substrate temperature of 350 °C. The vertial distance between nozel and

substrate is 30 cm and sprayin of rate is 2 ml/min.

3.2.2 The determination of thickness of SnO2:Cu/CdS tilms

The thickness of the prepared film is done by using the sensitive electrical balance of
type (Sartorius) with an accuracy of (0.1 mg). The glass substrates are weighed before
and after deposition. The thin film thickness is calculated using the following in
Equation (3.37) (Chopra 1983):

mo—mq

pxaxb

where m; and m; are the mass of substrate before and after deposition, a and b are the
substrate dimensions, p is the density of material, respectivitily. The thickness of the

films was determined to be between 250-300 nm.

3.3 Characterization Techniques Used in The Analysis of SnO2:Cu/CdS Films

The crystal structure of SnO»:Cu and CdS thin films grown on glass substrates by CSPT
was examined by X-ray diffractions using a Philips X-ray diffractometer system. The
XRD system recorded the intensity (I) as a function of 20 over the range of 20° to 60°
(Figure 3.12).

The diffraction condition is given by Bragg's law, Equation (3.38):
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Zdhkl sm(e) =nA (338)

Where duy is the distance between the planes (hkl) of a crystal lattice, 6 is the angle
between the incident beam of X-rays and the normal to the plane (hkl), n is the order of

reflection, n=1, 2, 3, ..... etc. (Cullity 1978).

The crystallite size (D) calculated using the Scherrer formula in Equation (3.39):

_ kA
- BcosB

(3.39)

where £ is the full width at half maximum (FWHM), @ is diffraction angle, k is a
constant, 4 is wavelength (1.54060 A).

Figure 3.12 Schematic diagram of X-ray diffraction (Cullity 1978)

Atomic force microscopy (AFM) is one of the devices that was used to study the
surfaces of pure and copper-doped SnO: films deposited on glass substrates. It is used to
identify the surface topography, nanosize and surface roughness. It gives a high-
resolution two- and three-dimensional image that shows the details of the material
surface and roughness. Figure 3.13 shows a simple diagram of an AFM device which
consists of a cantilever arm at the end of which is a probe consisting of a sharp tip

known as a tip that is used to scan the surface of the sample (Yao Wang 2005).
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Figure 3.13 The basic concept of AFM (Yao Wang 2005)

A scanning electron microscope (SEM) is a type of electron microscope that produces
images of a sample by scanning it with a focused beam of electrons. Electrons interact
with atoms in the sample, producing various signals that contain information about the
topography and composition of the surface. Electron microscopy (FE-SEM Model
Mira3- XMU, TESCAN Japan) was used to obtain the structural parameters such as the
size and distribution of the particles through the film surface, as well as the information

about the composition of the obtained by the means of EDX measurement.

UV-VIS-Double beam Spectrometer (6800UV/Vis JENWAY) was used to record the
optical measurements (Transmittance, Absorbance, and Reflectance) in the wavelength

range (300-1100 nm).

The electrical resistivity (p) and activation energies (E,) of the films were determined

according to the temperature-dependent conductivity measurement results.
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4. RESULT AND DISCUSSION

This chapter includes the results and the analysis of the experimental measurements,
which involve the structural, surface, optical, and electrical properties of SnO2, SnO»:

Cu, CdS, and SnO,:Cu/CdS films deposited on a glass substrate by CSPT.

4.1 Structural Properties of SnO2:Cu/CdS Films

Figure 4.1 (a) and (b) show the diffraction pattern of pure copper-doped tin dioxide
films deposited on a glass substrate at 350 °C by CSPT. There are clearly several
diffraction peaks of crystalline planes indicating that the crystal structure of the
deposited films is a polycrystalline structure. Pure SnO> and SnO,:Cu films possess
several crystal planes, which are (110), (101), (200), and (211) at diffraction angles of
26.60, 33.89, 38.03, and 51.82 respectively in the preferred direction (110). There was a
decrease in the intensity as a result of doping with copper while the preferred direction
did not change. Also, doping with copper led to a decrease in the crystal size calculated
from the dominant peak. The parameters obtained from the XRD examinations are
represented by the crystal size (D), the distance between the interplanar spacing (d), and
the FWHM (f) as shown in Table 4.1. These results are in agreement with the results of
researchers (Yao and Wang 2005, Al-Jawad et al. 2017).

Figure 4.1 (c¢) shows X-ray diffraction patterns of CdS prepared at 350 °C with 0.1 M by
CSPT. The crystal structure of the CdS film is a polycrystalline structure with a
preferential orientation along (002) direction at 20 = 26.60°. The other peaks were
detected at 20 = 44 and 52° which can be ascribed due to reflection from (110), and
(112) planes of the hexagonal CdS structure. Figure 4.1 (d) shows the XRD patterns of
SnO,:Cu/CdS films and the prepared film was a polycrystalline structure.

The XRD patterns of the SnO2:Cu/CdS film are indicative of tetragonal and hexagonal
which are attributed to SnO2 and CdS structure respectively. We note that there is no

change in the preferential orientation along (110) direction at 26 = 26.6° of SnO; and
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CdS films. The other peaks were detected at 26= 33.8, 38, 44, and 52° which can be
ascribed due to (101), (200), (110), and (201) reflection planes of the tetragonal SnO»:
Cu/CdS structure, respectively. SnO2:Cu/CdS films had the highest peak intensity and

clearly decreased values in FWHM.

In addition, it was determined that the crystal size of these films was much higher than
the other films. Since this would reduce the defects caused by grain boundaries, it also

affected other properties of the films, especially their structural properties.

(a)- SnO,-Pure
—— (b)- SnO05:Cu
———— (c)- CdS- Pure

(d)- SnO,:Cw/ CdS

|
CdS H(002)
Sn0, T(110)
Sn0, (101)

Sn0, T(211)
CdS H(112)

Sn0, (200)

Intensity (a. u.)

20 24 28 32 36 40 44 48 52 56 60
20 (Degree)

Figure 4.1 X-ray pattern of (a) pure SnO3, (b) SnO2: Cu, (c) CdS and (d) SnO:Cu/CdS
films
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Table 4.1 X-ray diffraction results of prepared films

20 (°) d Crystalline Zoqn3
FILMS A) (hkl) Sturucture D (nm) | &(nm™)*x10
SnO; pure 26.6 3.3473 (110) Tetragonal 8 15.6
Sn0O,:Cu 26.6 3.3439 (110) Tetragonal 14.5 4.75
CdS 26.6 3.3360 (002) Hexagonal 30.5 1.07
(110) Hexagonal 318
SnO;: Cu/CdS 26.6 3.3698 (002) Tetragonal 56.04 '

4.2 Surface Properties of SnO2:Cu/CdS Films

The study of the surface of the semiconductor films is of great importance to know its
surface topography and roughness. The increase in the surface roughness leads to the
scattering of light and thus the loss of an amount of transmitted light. Many applications
require a smooth surface (low roughness) as in solar cells because the uneven surface
causes disorders in the junction region and reduces efficiency. Atomic force microcope
(AFM) results enable us to know a number of parameters such as the surface roughness,

the root mean square value of the roughness, and the average grain size.

Figure 4.2 shows two and three-dimensional images of (SnO;, SnO2:Cu, CdS,
Sn0O,:Cu/CdS) films deposited on glass substrates using the CSPT technique. It is clear
that the distribution of grains on the surface is almost uniform and homogeneous, and
the film is without any cracks. The results showed that the average surface roughness of
the SnOz> film is (10.7 nm), and this value increases to (2.61 nm) when doping the SnO»
film with copper by 3 %.

Besides, the average grain size of the SnO; film decreases from 69.31 nm to 25.04 nm
by doping with copper. While the surface roughness of CdS and SnO.:Cu/CdS films
was 17.6 nm and 18.8 nm, respectively. The small surface roughness values indicate an

increase in the surface smoothness and these features of the film surfaces enable us to
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use these films as a window layer or buffer layer in solar cell applications as well as
many other applications. A smoother surface leads to a decrease in reflectivity and an
increase in the absorption of electromagnetic energy falling on the film, and this is in
agreement with the results of the researchers. Table 4.2 summarizes the results obtained

from the atomic force microscopy of the prepared films.

Table 4.2 Atomic force microscopy results for the prepared films

FILMS ROOT ROUGHNESS TEN POINT AVERAGE
MEAN AVERAGE HEIGHT GRAIN SIZE
SQUARE (nm) (nm) (nm)
(nm)

SnO, 13.2 10.7 58.3 69.31

Sn0,:Cu 3.08 2.61 7.88 25.04

CdS 21.4 17.6 93.6 85.14

Sn0,:Cu/CdS 22.6 18.8 96 87.13

39



@

Figure 4.2 AFM images of (a) SnO, (b) SnO,:Cu (c) CdS films and (d) SnO,:Cu/CdS

films
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A Scanning Electron Microscope (SEM) was used to examine the surface morphology
and to determine the particle size of the films (SnO2, SnO,:Cu, CdS, SnO;:Cu/CdS)
Figure 4.3 shows SEM images of these films. It is clear that the surfaces of the
prepared films have spherical particles, with a homogeneous distribution on the
substrate, and there are no cracks on the surface of the film or large molecular
agglomerations. The formation of the film surface depends on the method of preparation
and deposition parameters of the (CSPT) system. The surface of the prepared film
consists of spherical nanoparticles as well as granules of nanoparticles that gathered as a
result of deposition and formed large granules on the surface of the film. The average
particle size value of the films (SnOz, SnO,:Cu, CdS, SnO:Cu/CdS) were 23.224,
23.892, 22.554, and 22.143 nm, respectively. Cu-doped SnO: films have better
dispersion and homogeneity (Figure. 4.3 (b)). It was determined that the grain sizes
determined by SEM analyses were close to each other in all films. Intensive formation
of SnO; and CdS films occurred on the surface. CdS films have a homogeneous surface
consisting of larger particles than SnO> films. The grainy structure of the SnO> films has

become more pronounced with Cu doping.

100 nm EHT = 10.00 kV Signal A = SE2 Date :6 Jan 2022 ZEISS
WD=59mm Mag= 10000KX  UserText=

Figure 4.3 (a) SEM image of pure SnO>
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Figure 4.3 (c) SEM image of CdS
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Figure 4.3 (d) SEM image of SnO2:Cu/CdS films

Energy-dispersive X-ray spectroscopy (EDX) was used to find out the chemical
composition and parentage of the elements from which the prepared films were formed.
Figure 4.4 shows the elements that formed the film (SnO2) which are tin (Sn), chlorine
(Cl), oxygen (O), and silicon (Si1)). In addition, elements obtained from base materials
such as si and other elements with the same peak values were observed in the spectra.
The ratios of these elements in the structure are given in Table 4.3. The appearance of
the element copper in Figure 4.4 is a result of doping a solution of tin chloride
(SnC12.2H20) with copper chloride (CuCl2.2H20) by (3 %). The presence of elements
(calcium (Ca), silicon (Si)), chlorine (CI), and oxygen was also observed. We think that
these elements may come from the glass substrate. CdS film is one of the best buffers
used in solar cells, so knowing its chemical composition is essential. Figure 4.4, Figure
4.5, Figure 4.6, and Figure 4.7 shows the results of (EDX) for the film (CdS). The
following elements (Si, Cl, S, Cd) were observed. EDX results for (SnO2: Cu/CdS) film
are shown in Figure 4.8. We note the presence of elements (Sn, Cd, S, Cl, O, Si, Ca) as
well as a small percentage of potassium (K). The element ratios of the prepared films

(SnO2, SnO2:Cu, CdS, SnO2:Cu/CdS) are shown in Table 4.3.
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Table 4.3 EDX results for the prepared films

ELEMENT (Wt %)

FILMS Sn H) Cu Si cd S cl [ ca | K

SnO, 86.96 | 957 | -— | 265 | - | -— | 082 | —- | -
Sn0,:Cu 7995 | 1192 | 475 | 252 | — | — | 054 | 032 | —
CdS | | 243 | 8264 | 147 | 023 | — | —
SnO,:Cu/CdS | 6873 | 583 | -— | 207 | 1998 | 299 | — | 021 | 0.19
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Figure 4.5 EDX image of SnO2:Cu film
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Figure 4.7 EDX image of SnO»:Cu/CdS film

4.3 Optical Properties of SnO2:Cu/CdS Films

The transmittance (7) is defined as the ratio between the intensity of the transmission
radiation and the intensity of the incident radiation on the film. The transmittance

depends on the type of material, crystal structure, the thickness of the prepared films,
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and the nature of the film surface. Through the transmittance and absorption spectra, we

can know the properties of the optical material at different wavelengths.

In addition, two factors affect the transmittance of the prepared films, which are the
surface features of the thin films and the thickness of the films. Depending on the
transmittance and absorption spectra, we can know the properties of the optical material
for different wavelengths, as well as two parameters that affect the transmittance of the
prepared films, namely, the surface defects of the film and the roughness of the surface
of the film. Figure 4.8, shows the transmittance as a function of wavelength in the range
(300-1100) nm for (SnO2, SnO2:Cu, CdS, SnO2:Cu/CdS) films prepared by (CSPT).
We note that all the prepared films have a high transmittance (greater than 70 %) except
CdS and SnO2:Cu/CdS. Besides, the pure SnO film has the highest transmittance
(greater than 84 % at 550 nm), while the SnO»:Cu/CdS film has a lower transmittance.
The SnO»:Cu/CdS film can be used as a window to solar radiation as well as its use as a

window layer in solar cells.

Absorption coefficient (a) as a function of the wavelength of films (SnO2, SnO2:Cu,
SnO2:Cu/CdS, and CdS) deposited by pyrolysis method on glass substrates at a
temperature of (350 °C) shown in Figure 4.9. When doping a SnO; film with copper
(Cu), the absorption coefficient increases due to copper having a high absorption

coefficient, which leads to an increase in absorbance and a decrease in transmittance.

In general, all the prepared films have a low absorption coefficient and different values
of the absorption coefficient which leads to the difference in the optical path of the rays
inside the film. Despite the slight increase in the absorption coefficient of the

SnO»:Cu/CdS film, it can be used as a window and conductive layer in a solar cell.
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Figure 4.8 Transmittance spectra of SnO>, SnO>:Cu, SnO,:Cu/CdS, and CdS films
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Figure 4.9 Absorption coefficient spectra of SnO2, SnO2:Cu, SnO,:Cu/CdS, and CdS
films
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The optical energy gap is one of the most important constants in semiconductor physics,
enabling the recognition of the suitability of films in various applications such as solar
cells, diode emitters, photovoltaic cells, solar detectors and others. The most important
factors affecting the energy range are experimental parameters such as the type of
material, synthesis method, impurities, deposition temperature and other preparation
conditions. The optical band gap energy allowed for direct transitions was calculated by
the Tauc model in Equation (2.18) by plotting the graphical relationship between (ahv)>

as a function of photon energy (4v) as shown in Figure 4.10.

The intersection of the straight portion of the curve with the photon energy axis (hv)
represents the value of the optical energy gap. The calculated energy gap values for
SnO2, SnO»:Cu, SnO,:Cu/CdS, and CdS films were 3.90, 3.88, 3.75 and 2.28 eV
respectively. The decrease in the energy gap indicates the creation of new localized
levels below the conduction bands and above the valence within the band gap region.
Doping of 3% Cu did not cause a significant change in the band gap values of the SnO»
films. It has been determined that SnO,:Cu/CdS films have wide band gap value, which
is one of the transparent conductive oxide properties. In terms of band gap value,

SnO,:Cu/CdS films are suitable for use in solar cells.

The refractive index (n) is the ratio between the velocities of light in a vacuum to the
velocity of a substance. The refractive index depends on many factors, including the
type and thickness of the film. The refractive index (n,) of the thin film is related to the
reflectivity (R) and the extinction coefficient (k,) (Equation 2.22). Figure 4.11 shows the
variation of the refractive index versus the wavelength of the films (SnO2, SnO»:Cu,
CdS, and SnO2:Cu/CdS). It is clear that the refractive index increases gradually with
increasing wavelength, and its value is at the middle of the visible region for the films
SnO2, SnO2:Cu, CdS, and SnO2:Cu/CdS, respectively. Besides, the refractive index of
SnO; thin films increases with Cu doping. The SnO,:Cu/CdS films have thehighest
refrective index values in the visible region. The variation in the refractive index values

of the prepared films is attributed to the difference in the density of the materials.
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Figure 4.10 Optical energy gap of SnO>, SnO>:Cu, SnO,:Cu/CdS, and CdS films
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Figure 4.11 Refractive index (n) of SnO», SnO,:Cu, SnO,:Cu/CdS, and CdS films
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The extinction coefficient (k) represents the attenuation of the electromagnetic wave in
the film and is the amount of energy of the incident photons absorbed by the electrons
of the material. The extinction coefficient was calculated using the absorption
coefficient Equation (2.22). Figure 4.12 represents the variation of the extinction
parameter with the wavelength of the (SnO2, SnO2:Cu, SnO,:Cu/CdS, and CdS) films
prepared at 350 °C by CSPT. From the observation of the figure, we find that the curves
of the extinction coefficient are similar to the curves of the absorption coefficient. The
extinction coefficient increases slightly with the increase of the wavelength for all the
prepared films. The extinction coefficient decreases rapidly at wavelengths (photonic
energies) corresponding to the absorption edge, and this decrease may be due to the
significant decrease in the absorption coefficient at these wavelengths. The fall in
extinction coefficient may be due to the absorption of light at the grain boundaries. It is
almost consistent in the higher wavelength region. The behavior of the extinction
coefficient is nearly similar to the corresponding absorption coefficient for SnO2 thin

films as reported (Baco et al. 2012; Pervas et al. 2020).
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Figure 4.12 Extinction coefficient of SnO2, SnO»:Cu, SnO,:Cu/CdS, and CdS films
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4.4 Electrical Properties of SnO2:Cu/CdS Films

The continuous electrical conductivity (o4c) has been studied depending on the
resistance variation with temperature to find the values of activation energy for SnO»,
SnO7:Cu, Sn0O,:Cu/CdS, and CdS films. The value of the film’s resistance (R) was

recorded for the temperature range. Then the electrical conductivity was calculated.

3
Figure 4.13 and Figure 4.16 shows the relationship between (/ng) and (%). The

activation energy of the prepared films was calculated using Equation (3.28). Figures
4.13, 4.14, 4.15, and 4.16 results clearly show that the conductivity for all films displays
semiconducting behavior. Also, it is clear from the figure that the electrical conductivity

increases in an exponential relationship with the increase in temperature.

All temperature range was set apart from two regions. As is known, Sn intertitials and O
vacancies lead to a donor effect like SnO films which have n-type electrical
conductivity. We also note the presence of two activation energies; see Table 4.4, the
first at low temperatures. The conductivity increases slowly at low temperatures. In this
region, the increase of conductivity is determined by that of the donor levels below the
conduction band, so the increase in conductivity is small. We can say that the
conductivity increases prominently with increasing temperature. These regions
indicated that the existence of shallow and deep donors traps energy levels below the

donor levels.

The doping of SnO> with copper (Cu) increased the electrical conductivity. A similar
electrical conductivity effect has been observed in the literature (Darenfad et al. 2022).
The conductivity of the SnO2:Cu/CdS film is higher than that of the SnO> film and the
reason for this can be attributed to a decrease in the density of the grain boundaries of

the SnO2:Cu/CdS film. XRD and SEM results support this situation.
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Table 4.4 Activation energies of SnO:Cu/CdS films

EaZ p
FILM Ea1 (eV) V) | (Q.cm)
SnO; pure 0.705 0.215 | 8.23x1073
SnO;:Cu 0.616 0.167 | 7.74x1073
CdS 0.537 0.114 | 4.59x10?
SnO,:Cu/ CdS 0.458 0.103 | 3.25x1073
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Figure 4.13 Relationship between (/ng) and the reciprocal of temperature (1000/T)
for (SnO») film
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5. CONCLUSIONS AND RECOMMENDATION

5.1 Conclusions

In this section, we present the most important conclusions obtained from the current
study. Among the films produced, SnO2:Cu/CdS films have the best crystal structure.
These films have the highest peak density, low half-peak width, and large grain size.
The roughness values of the SnO: films were reduced with the addition of Cu. It was
observed that SnO2:Cu/CdS films had the lowest roughness values. Cu doping increased
the grain formation on the surface of the films. The mean grain size was determined as
23 nm. High transmittance (90 %) SnO: films were obtained. It was observed that Cu
addition reduced the permeability of SnO> films. In addition, SnO>:Cu/CdS films had
lower transmittance than other films. The band structure of SnO,:Cu/CdS films was
obtained similar to that of SnO; films. The band gap values of SnO2:Cu/CdS films was
calculated as 3.75 eV. The refractive index values of the films in the visible region
decreased with the addition of Cu. The mean refractive index of SnO2:Cu/CdS films
was determined to be 2.3. The results of electrical properties showed that the electrical
conductivity increased with an exponential relationship with the increase in
temperature. All the prepared films have two activation energies and low electrical

resistivty value.

5.2 Recommendation

The results of the thesis study are evaluated and different studies that can be done in the

future are given below.
A more comprehensive study can be done by using Cu at different doping ratios. The

results obtained by doping with different elements such as fluorine and indium can be

examined.
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The use of different substrates in the production of SnO2:Cu/CdS films can be examined
by varying the experimental parameters such as different substrate temperatures,

molarity, solution flow rate, and solution source.

In addition, the effect on the SnO>:Cu/CdS films can be examined by applying heat

treatment applications in different atmospheres after production.
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