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General introduction

In recent years, there has been significant progress in developing technologies aimed
at enhancing the efficiency of renewable energy systems, particularly in areas such as thermal
power plants and solar energy generation. A substantial portion of energy produced in these
systems is lost as waste heat, which leads to reduced overall efficiency and output [1]. This
realization has prompted scientific research to focus on harnessing waste heat through the
utilization of thermal energy [2], opening up new avenues for applications such as
thermoelectric cooling [3], thermoelectric generator [4], and automotive power generation [5].
Thermoelectric materials play a crucial role in this energy conversion process, as they can
effectively transform temperature differences into electrical energy, leveraging the Seebeck
effect and Peltier effect [6].

Traditionally, materials such as bismuth telluride (BiTe) and lead telluride (PbTe) have been
employed in thermoelectric applications [7]. However, their high production costs and the
environmental toxicity associated with lead have led researchers to seek alternative materials
that are less harmful and more cost-effective. Transition metal oxides, particularly copper
oxide (CuO), have emerged as promising candidates [8]. CuO, characterized by its monoclinic
crystal structure and p-type semiconductor behavior, possesses a band gap of approximately
1.2eV[9].

developing high-quality materials and mastering their properties pose significant challenges in
the field of materials science. In this context, our research is primarily focused on the
properties of copper oxide (CuO) thin films. We aim to elucidate the experimental factors that
must be considered during sample handling and preparation, tailored to meet the specific
requirements dictated by various applications. We begin by examining the influence of
precursor materials on film quality, as the choice of materials can significantly impact the
crystallinity and overall performance of the thin films. Subsequently, we explore the effect of
doping with alkali metals, specifically lithium (Li) [10], sodium (Na), and potassium (K) [11],
on the thermoelectric properties of CuO. potentially leading to improved thermoelectric

efficiency.




General introduction

Our goal is to discuss the potential of CuO as an effective thermoelectric material for waste
energy recovery, emphasizing its viability for future applications in energy conversion

technologies.
This thesis is organized into four chapters:

Chapter One: presents a comprehensive literature survey on copper oxide (CuO) thin films,

outlining their various properties and applications.

Chapter Two: focuses on the experimental details related to the deposition of CuO films and
the characterization techniques employed in this research, with particular emphasis on the

methods utilized throughout the study.

Chapter Three: investigates the influence of solvent choice, number of layers, and annealing
temperature on the properties of CuO thin films.

Chapter Four: is dedicated to presenting and discussing the results obtained from alkali-doped
CuO thin films, specifically those doped with lithium (Li), sodium (Na), and potassium (K) at
concentrations of 3%, 6%, 9%, and 12%. This chapter covers the structural, optical, and

electrical properties of the doped films.

Finally, the dissertation concludes with a section that summarizes the key findings and

highlights potential directions for future research.
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Chapter I Review of thin films, Copper Oxide properties and their applications.

I.1. Introduction

This review focuses on the properties of CuO thin films, aiming to outline the key
experimental factors necessary for careful sample handling and preparation tailored to specific
applications. It begins by discussing the influence of preparation materials and methods,
guiding through to the completion of form-ready samples. Additionally, the review highlights
the potential of CuO as a promising material for future applications, particularly in energy

conversion technologies, as demonstrated by various researchers' findings.
1.2. Cupric oxide

Copper naturally forms two oxides: cuprous oxide (Cuz20) and cupric oxide (CuO). Both
are semiconductors, with Cu2O having a band gap of 2.0 eV and CuO a band gap of 1.2 eV,
making them suitable for various applications [1]. These band gaps are ideal for photovoltaic
devices, including solar cells and water-splitting devices for hydrogen production [2,3].

Additionally, they are promising materials optoelectronic devices [4].

Table 1.1. Different properties of CuO.

Chemical names Copper (II) oxide
Cupric oxide
Copper monoxide
Copper oxide (CuO)
Mineral tenorite
Molecular Formula CuO
Appearance Black powder
Solubility in water Insoluble
Molecular Mass 79.55 g/ mol
Density p=6.32 g/cm3
Relative permittivity 12
Melting point 1134 °C
Boiling point 2000 °C
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1.3. Properties of cupric oxide thin films

1.3.1. Structural properties

It has noteworthy that CuO can be found mainly in monoclinic structures, with a
crystallographic space group for the unit cell of C2/c [5]. on the monoclinic crystal structure,
CuO has a coordination geometry. where the copper atom is coordinated with four coplanar
oxygen atoms situated at the corners of a rectangular parallelogram, which form chains by
sharing edges. Similarly, each oxygen atom is coordinated by four copper atoms situated at the
corners of a distorted tetrahedron. Figure 1.1. demonstrates the crystal structure of CuO.

2

X

>/C)\«/ Cu(\)v

Figure 1.1. crystal structure of CuO and Cu20.

Table 1.2. Crystallographic properties of CuO.

Unit Cell Monoclinic
a=4.6837 A
b=3.4226 A
c=5.1288 A
B =99.54°
o =y=99.54°

Shortest inter-atomic distance

Cu-O 1.95 A

0-0 2.62 A

Cu-Cu 2.90 A

Cell volume 81.08 A3

Cell content 4 [CuO]
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In order to describe copper oxide, monoclinic indices can be used based on a three-
coordinate system with indices (hkl). where, the three main reflections from the XRD spectrum
of copper oxide using the three coordinate systems (hkl) are the (100), (101), and the (002)
planes.

It is well argued that thin film growth is strongly related to the deposition conditions
and the used method. Among them oxygen partial pressure, annealing time and the deposition

temperature which are main parameters that should be controlled to achieve high film quality.

As a matter of fact, Temperature significantly impacts the structural properties of copper
oxide films, influencing their optical, electrical, and morphological characteristics. Numerous
studies have shown that as the temperature rises from room temperature to higher levels, the
phases of these films undergo transformations. When Cu20O thin films are annealed, molecular
vibrations increase, and lattice oscillations lead to the breaking of weaker bonds, resulting in a
transition to the more stable CuO crystal structure. This structural stability arises due to the
enhanced bond strength in CuO [6, 7]. Thus, higher temperatures cause substantial oxidation of
pure copper in air, as demonstrated in (Equation 1.1). Further temperature increases lead to

additional oxidation of copper nanoparticles, as illustrated in (Equation 1.2) [8].
4Cu+0O2  —>2Cu0 (1.2)

2Cu20 + 02 —>4 CuO (1.2)

¢ CuO —=--=CuO
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Figure 1.2. XRD patterns of copper oxide thin films deposited on glass substrates by spin-

coating and annealed at various temperatures [9].
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where A. Loubaba. et al demonstrated that CuO NPs were synthesized by sol-gel
combustion method. X-ray diffraction measurements revealed that the crystallite size, lattice
parameters and crystallinity of CuO nanoparticles have enhanced with the elevation in
annealing temperature. and that intensity of crystalline peaks increases with the increase in
temperature. Further, it can also be seen that the major peaks (002) and (111) located at 20
values [10]. The table below provides illustration of impact of the annealing temperature on the

structural properties of copper oxide deposited by different technigues.

Noteworthiness, Raman spectrometry was used to analyze the phase of the material
prepared. The copper (I1) oxide phase crystallizes in a tenorite structure (monoclinic crystal
system), which is represented by symmetry group C2/c C$, nel5. Its Bravais space cell is
composed of two-unit formulas; Cu atoms occupy C; symmetry sites, and O atoms are placed
in C2symmetry sites [11, 12]. The metal cation copper forms four coplanar bonds with oxygen,
which again self-coordinated by four copper atoms, forming two sets of chains directed along
(110) direction [12, 13]. The factor group analysis yields [14]:

Cu:T' =3 Au + 3Bu.

O:T'=Ag + 2Bg + Au + 2BuU.

This crystal has 12 degrees of freedom with the following irreducible representation:
4A, + 5By +Aq + 2B,

3 acoustic modes: Ay + 2B..

3 Raman activity modes: (Ag + 2By).

6 IR activity modes (3Ay + 3By). three well know peaks of copper oxide (296, 346, 632) cm™
they are assigned to Ag and 2B4 CuO phonon peaks [9]

Cu20 crystallizes in a cuprite structure (cubic crystal system), represented by symmetry group
Pnsm( O7) ne 224. Its Bravais space cell is composed of two-unit formulas, with Cu atoms
occupying Ds3q symmetry sites while O atoms are placed in Tq symmetry sites. This crystal has

18 degrees of freedom represented by the following irreducible representation [15]

Cu20: Agy + 3T + Eu+ Toy + Tog.
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Acoustic modes: Tuu.
Raman active modes: Tog.
Infrared (IR) active modes: Tuu.

Silent modes: Axy+Ey+ Tau.

B.Balamurugan et al. studied raman spectra of Cu20, they reported two relatively strong

peaks at 570 cm™* and 618 cm™. These correspond to the Cu20 phase [16].fig.6 shows Raman

spectra of CuO nanostructures at different annealing temperatures.
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Figure.l.3. Raman spectra of CuO thin films at different annealing temperatures : a [17],b

[18]

Table 1.3. summary on the effect of the annealing temperature on the structural properties of

the copper oxide thin films.

Method Temperature  Structure  Size(nm) (hkl) plan
Sol gel 250 °C Cu0 20 (111) [19]
(Nebulizer 280 °C Cu0 25 (111)
Spray 310 OC CUZO 22 (_111) (111)
Pyrolysis) 320 °C CuO 33 (—111) (111) (-202) (-113)
(—220).
As deposited CuO thin 13 (—=111) (002) /(111) [20]
a remote | 250°C films have a | 14.3 (—=111) (002) /(111)
plasma 350°C monoclinic | 14.8 (=111) (002) /(111)
sputtering 450 °C structure 14.8 (—111) (002) /(111)

10
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as-deposited Cu,0 increase (111) CuO/ (200) Cu20 [15]
continuous 200 °C Cu20 (111) CuO/ (200) Cu20
current 300°C decrease  of (111) Cu0/ (200) Cu=0
electrodepo- 400°C Cu0 and (111) (020) (113)/(220)
_sition increasing in (222)
CuO
CuO
Sol gel (spin | 350°C Cuo 19.99 (1°10) (002) (111) [21]
coating) 450°C CuO 27.06
550°C CuO 31.47
heat 500°C CuO 9 (110) (002) (111) (12)|[22]
600°C monoclinic 14 (202) (020) (202) (113)
treatment 700°C phase 18 (022) (311) (113) (311)
approach 800°C 23 (004)
As grown CuO thin 11.09 (110) (111) (200) [23]
200 °C films have a | 12.05 (202) (202) (113)
SILAR monoclinic (110) (11) (200) (202)
300°C structure. 13.86 (202) (113) (300) (020)
400°C 14.88 (220)

From this table, it is evident that temperature significantly influences the structural
properties of copper oxide films. Numerous studies have shown that as temperature increases
from room temperature to higher levels, the film phases shift from Cu2O to a pure CuO thin
film with a monoclinic structure. Pure Cu-O thin films typically form at lower temperatures
(around 200 °C), while pure CuO films require higher temperatures, generally between 300 and

500 °C. The formation of the CusOs phase mixed with other CuO compounds is rare.

In other conditions, the annealing duration at a specific temperature greatly influences
the structural properties of copper oxide thin films. Prolonged annealing allows for more
thorough oxidation and diffusion, resulting in a more stable and crystalline CuO structure. This
process enhances phase purity and reduces defects, which in turn impacts the film’s optical,
electrical, and morphological properties. Additionally, extended annealing promotes grain
growth and improves crystalline orientation. Singh et al. observed this structural change by
adjusting the deposition time. They found that CuO thin films deposited with a 10-minute

11
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deposition time were initially amorphous, but as the spray time increased, the films transitioned

to a polycrystalline structure with enhanced crystallinity [24].

Under other circumstances. in a study by M. Umar et al., copper oxide thin films were
grown on silicon substrates using radio frequency magnetron sputtering in an oxygen-argon
environment at two different oxygen partial pressures (15% and 23%). The research explored
the effect of varying oxygen pressure on film growth and the impact of vacuum annealing to
promote the formation of pure-phase cuprous oxide (Cu20) Figure.l.5. The results showed that
lower oxygen pressure favors the formation of Cu20O, while higher oxygen pressure leads to the
conversion of CuO to Cu20 upon annealing above 350°C due to the limited availability of

oxygen during deposition [5].
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Figure. 1.4. Stacked XRD patterns of thin films prepared on Si substrates by RF-
magnetron sputtering at 15% (panel 2a) and 23% (panel 2b) O2 partial pressure. The bottom
panels offer a magnified view of the top panels, in the region 27-45-. Triangles and circles
indicate peaks attributed to Cu.O or CuO, respectively, and the dashed lines highlight their

evolution. Annealing temperature of each sample is indicated on the right side [5].
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within this framework. Ooi et al. investigated the impact of oxygen percentage on the
structural properties of CuO thin films and identified three distinct phases of copper oxide:
Cu20, Cus0s, and CuO. The formation of these phases was heavily influenced by the oxygen
content. At lower oxygen percentages, pure Cu.O thin films with a cubic structure were
obtained, whereas at higher oxygen percentages, pure CuO thin films with a monoclinic
structure were formed. These results suggest that higher temperature, oxygen partial pressure,

and annealing time significantly enhance the oxidation kinetics of pure copper [25].

In another study examining the factors affecting structural properties, researchers found
that solvents significantly influence these characteristics. Variations in solvent evaporation
rates impact the drying and crystallization process: fast-evaporating solvents tend to cause rapid
nucleation, resulting in finer grain structures, whereas slower-evaporating solvents allow for
extended particle arrangement, promoting larger grain growth and greater crystallinity. This
effect was demonstrated by Foo et al., who observed an increased preferred orientation in the

(002) plane, associated with solvents with higher boiling points [26].

Additionally, the polarity of the solvent and its interaction with the solute play a crucial
role in particle formation. Solvents with high solvating abilities enhance precursor dispersion,
which leads to smaller particle sizes and improved crystallinity, as shown by Leekumjorn et al.,
who confirmed that strong solvent-solute interactions contribute to a finer and more uniform

crystalline structure [27].
1.4.2. Electrical properties

As-grown CuO thin films have consistently been found to exhibit p-type conductivity.
The electrical conductivity and hole density of CuO films are influenced by the density of
copper vacancies, which act as shallow acceptors [28]. These copper vacancies are particularly
prominent in non-stoichiometric cupric oxide due to the volatility of copper during the
formation of the material [29-31]. It is well established that copper vacancies generate shallow
acceptor states just above the valence band of CuO, which is a key factor in inducing p-type
behavior [32, 33]. This means that when a copper atom is missing from the lattice, it creates a
"hole" or a vacancy that can accept electrons, leading to a surplus of positively charged carriers

(holes), which is characteristic of p-type semiconductors.

13
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Copper vacancies are the most significant defects in cupric oxide, primarily because
copper tends to evaporate or volatilize more easily than oxygen during the synthesis process.
This volatility results ina CuO lattice that is naturally deficient in copper, thereby creating these

vacancies, which in turn play a crucial role in the material's electrical properties.

To better understand how different deposition conditions affect the electrical properties
of CuO thin films, several experimental studies have been conducted. These studies reveal that
the resistivity of CuO films depends on the method of preparation. For instance, films prepared
via thermal deposition typically have resistivities in the range of 10% to 10* Q-cm, while those
produced by electrochemical deposition tend to exhibit higher resistivities, in the range of 10*

to 10° Q. cm.

In terms of the charge carrier mobility and concentration, experimental measurements
indicate that the hole mobility in these films can vary between 10 and 100 cm?/V-s, and the free
carrier concentration can range from 10'° to 10'® cm~[34]. These variations are influenced by
both the deposition technique and the specific conditions under which the films are prepared,

such as temperature, pressure, and electrolyte composition during deposition.

The following table summarizes some experimental results related to the electrical
properties of CuO thin films deposited using different methods. These results provide a
comprehensive overview of how the deposition process affects the performance of CuO films

in electronic applications.

Table 1.4. Electrical proprieties of CuO thin films deposited by various deposition method.

Method Parameters Conductivity/  Other electrical properties
Resistivity
Sol gel Temperatures  Conductivity [19]
Nebulizer 250 °C 4.26 x10™ Mobility (cm 2 /Vs): 0.41, 0.55,
spray 280 °C 8.66 x10* 0.61,1
pyrolysis 310 °C 1.66 x10°® Carrier concentration (cm=x10-
320 °C 2.66 x10° 1):
6.35, 9.67, 10.89, 13.53
Remote Temperatures carrier concentration (cm=x10-%): [20]
Plasma As deposited decrease from 42 t0 5.3
Sputtering 250°C mobility (cm 2 /vs): increase from
350°C 0.8t02.3
450 °C with increasing of the temperatures

14
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Temperatures  Resistivity [35]
SILAR As deposited 6.12x10* Mobility (cm 2 /Vs): 4.2, 9.42,
100°C 7.44x10° 20,25, 31.87
300°C 8.23 x103
500 °C 5.11x10?
Spray Molarity Conductivity ~ Hall coefficient Rn (102 cm3/C®): [36]
pyrolysis  0.05 17.25 1.69
Technique 0.10 14.69 951
0.15 19.24 34.25
Spray Thickness Resistivity Mobility (cm ? /Vs): 2.19, 14.67, [37]
pyrolysis 970 94.26 22.44,54.56, 34.13
Technique 1730 65.37
1950 43.41
2270 8.51
2900 24.7
Reactive ~ Oxygen Resistivity [25]
RF percentage (%0)
sputtering 10 0.001 x10°
20 0.130 x103
30 0.700 x103
40 1 x10°
50 2.5 x10°
Spray Precursor Conductivity Free carrier concentration (cm3):  [38]
pyrolysis  Copper chloride 3.46 10-3 7.73 x10Y7
Technique Copper acetate  1.46 10-4 9.37 x10%3

As observed in the table above, the molarity of the precursor solution plays a critical

role in shaping the properties of CuO thin films. Studies indicate that increasing the molarity

leads to larger grain sizes, which reduces grain boundary scattering. This reduction in scattering

facilitates greater mobility of charge carriers, thereby improving electrical conductivity. As a

result, films produced with higher molarity tend to have lower resistivity. Additionally, higher

molarity has been shown to enhance carrier concentration, further contributing to the improved

conductivity of the films [36].

Annealing temperature also significantly impacts the properties of CuO thin films.

Increasing the annealing temperature results in larger crystallites, which minimizes the effect

of grain boundaries. These boundaries can trap free carriers, so reducing their number extends

carrier lifetimes and decreases resistance. Valladares L. et al. reported that for CuO films

15
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prepared by thermal oxidation, the resistivity dropped from 4.2 x 1072 Q-cm at 150°C to 1.8 x
107" Q-cm when the annealing temperature was raised to 1000°C [39]. This enhancement in
conductivity is attributed to the increase in free carriers, which is believed to be caused by

copper atoms occupying interstitial positions and the creation of oxygen vacancies.

The thickness of CuO films is another important factor affecting their electrical
properties. Thicker films typically have larger grain sizes, which results in fewer grain
boundaries. Since grain boundaries can act as traps for free carriers and impede their transport,
reducing their density by increasing the grain size improves carrier mobility and enhances
conductivity. This results in a decrease in resistivity, mainly due to the increased carrier density
and mobility associated with larger grains. This trend is supported by the findings of Shariffudin
S.S. et al. [40]. However, if the grain size decreases further or if other discontinuities are
introduced into the film, it can lead to increased scattering of carriers, which would cause an

increase in resistance.
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1.3.3. Optical properties

Copper oxide (CuO) thin films have unique optical properties, with strong absorption
across the visible spectrum, giving them a characteristic black appearance [42]. These films
typically exhibit around 20% transmittance in the visible region, which can increase up to 90%
at higher wavelengths due to the material's refractive index, which ranges from 2 to 2.5[40].

CuO is a direct bandgap semiconductor, with a bandgap ranging from 1.3 to 3.7 eV at
room temperature, depending on the deposition and preparation conditions [43]. This bandgap
energy enables electron excitation from the valence band (VB) to the conduction band (CB).
The band structure of CuO, influenced by its crystallographic properties and the electronic

configurations of copper and oxygen, determines this energy range.

Various studies have explored luminescence in CuO to identify defect states, which
contribute to different recombination levels. Luminescence is the process by which the material
returns to energy equilibrium after excitation through photoluminescence (light wave) or
cathodoluminescence (electron bombardment) at energies equal to or greater than the bandgap.
This excitation creates an electron-hole pair, known as an exciton, which can interact with
different impurities or defects, including copper and oxygen vacancies or interstitials, as well

as antisite defects [44].

CuO thin films display distinct emission peaks in the visible and UV regions due to
these defects. Specific studies have linked emission peaks to various defect states: Chand et al.
reported band edge emissions at 371, 349, and 369 nm [45], while others have attributed UV
emissions to excitonic transitions and defect-related recombination. For instance, Saravanan et
al. observed that increasing the annealing temperature improved transmittance in undoped CuO

films prepared by spray pyrolysis[46].

Additionally, deposition parameters like precursor concentration and film thickness
impact CuO's optical transmittance and bandgap. Chafi et al. found that increasing precursor
molarity decreased transmittance, likely due to the resulting increase in film thickness, which
reduces light penetration[47]. Similarly, Akaltun et al. noted that thicker films displayed a
reduced bandgap, observing a decrease from 2.03 eV to 1.79 eV as thickness increased from
120 to 310 nm[48].
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Figure. 1.7. Variation of (ahv)’ as the Figure. 1.8. Optical transmittance spectra of
incident photon energy (hv) of CuO films at CuO at different molar concentrations[49].
different molar concentrations[49].

Substrate temperature also affects the optical bandgap figure 1. 7 Several studies [50]
[51]reported that lower deposition temperatures can induce stress in the film, broadening the
bandgap. For CuO films prepared on glass substrates, Gopalakrishna et al. documented a
decrease in bandgap energy from 1.8 to 1.2 eV as the substrate temperature rose from 250°C to

350°C, attributing this to variations in film morphology and crystallite size [36].
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Figure. I. 9. Optical transmittance vs. Figure. I. 10. Variation of band gap and
wavelength of CuO thin films at various Ts refractive index with Ts[52].
[52].

Overall, CuQO's optical properties can be finely tuned through careful control of
deposition parameters, allowing researchers to optimize these films for applications in

optoelectronics and photonic devices.
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1.3.4. Mechanical properties

The mechanical properties of CuO thin films, such as hardness, elastic modulus,
adhesion, and fracture toughness, are influenced by various factors, including film thickness,

grain size, crystallite structure, doping elements, and annealing conditions.

The hardness (HN) and elastic modulus (Er) of CuO thin films are crucial indicators of
their resistance to deformation and structural integrity. Generally, these values increase with
optimized crystallite and particle sizes, which is often achieved through controlled deposition
parameters and doping. For instance, F. Bayansal et al. proposed using lithium (Li) doping at
various concentrations to improve the mechanical and structural properties of CuO films. With
increased Li doping, both hardness (HN) and elastic modulus (Er) values rose, corresponding
to changes in particle and crystallite size. The Hall-Petch relationship suggests that smaller
crystallite sizes, resulting in more grain boundaries, restrict dislocation movement, thereby
increasing hardness. Moreover, the observed peak broadening and decreased intensity suggest
fine-grain formation, further indicating that Li doping effectively enhances the mechanical
strength of CuO films [53].
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Within the contaxt, G.D. Sim reported that increasing the temperature significantly reduced the
elastic modulus of copper thin films with a columnar structure. This reduction is partly due to

grain boundary sliding, which occurs as the grain boundaries soften at higher temperatures [54].
1.4. CuO doping

From the literature, the use of extrinsic elements on CuO has been widespread. Where, the
presence of impurity at the interfaces, vacancy, vacancy cluster at the grain and grain
boundaries can play an important role in the behavior of the material. These defects offer a
scope to tune the useful material properties in order to improve it. It is well known that
interstitial oxygen Oi and free copper Vcy are defined as the acceptors in CuO and that these

acceptors can take the place of lattice defects and atomic impurities.

In this regard, various elements of large and small radius such as lanthanide ions (La%*, Ce*",
Pr3*, Sm® , Nd® |, Gd** , Tb®* , Dy*") [55-59], transition metals (Mn?*, Cd?*, Zn?*, Ni%*,
Fe3* Y3, Cr?*, Pd?*, Ag®, Ti*) [60-66] post-transition metals ( AI**, Ga®* and In) [67, 69],
semimetals (Sn®*, Pb%*) [70, 71], and alkali metals (Li*, Na*, and K*) [72] are incorporated into
CuO lattice for different applications as ferromagnetic oxide, conductivity improvements or
photocatalytic properties. In this part, we review the most important studies related to the dopant

effect on the performance of films.

Numerous experimental studies emphasized that the properties variation can be due to the effect
of major synthesis processing parameters such as Precursor Solution, annealing temperature,

and thickness of the nanomaterial
Table 1.5. proprieties of doped CuO thin films

Method Dopants Main results Ref

Sol-gel 0,1,3,5 7% Alteration from monoclinic to cubic symmetry beyond 3%; [73]
mol CuO/Na  Crystallite size (nm): 31.9, 29.8, 28.3, 30.6, 33.2;

Strain (x107%): 2.822, 3.624, 4.0837, 4.01, 4.013;

Dislocation density (Dx10%°) 1.25, 2.57, 3.26, 4.01, 2.36;

Band gap (eV): 1.49, 1.41.46, 1.51, 1.53;

AC conductivity exhibits a general trend of increasing with

the frequency of applied ac field for all the samples.
solvothe K,Cui,O1-5 monoclinic structure; [74]
rmal (x=0, 0.1) nanoparticle size: in range of 50-100 nm, 25-50 nm;
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specific capacity: 68.9 mA h g—lat 3.2 C, 162.3 mA h
g—lat3.2 C.

spray [75]
pyrolysi 0 at%, 0.5 at
s-spin %, 2 at %, 3.5
coating at % and 5 at
% Li/CuO
sol-gel 0%, 1%, double-phase (CuO and Cu20); [76]
dip- 2%,3%, Thickness (um): 4.58, 4.30, 3.15, 3.19, 4.09, 3.88;
coating  4%,5% wt% Crystallite size CuO (nm) :28.82, 27.98, 48.91, 27.98,
Ce/CuO 30.72, 26.06;
Transmittance: 28, 25, 37, 23, 21 and 16%;
Band gap (eV): 3.50, 3.46, 3.48, 3.45, 3.26, 3.25;
Urbach energy (eV): 0.07, 0.1, 0.14, 0.12, 0.21, 0.11;
Dielectric constant: 1.61, 1.51, 1.23, 1.08, 1.66, 1.69;
AC Conductivity (uS/m): 0.13, 0.08, 0.03, 0.07, 0.29, 0.19;
Photocatalytic activity increases with an increase in cerium
dopant percentage; 3 at. wt. % Ce best bactericidal effect
against four bacterial strains.
the 0%, 3%, 5%, monoclinic structure of CuO [77]
chemical 7%, 9%, 15% Crystallite size (nm): 20, 18, 17, 16, 15, 13;
reductio Ni/CuO
n
the 0, 0.27, 0.36, the monoclinic crystal structure with ( 111) and (111), [78]
Successi  0.37, 0.46, reflections;
ve lonic 0.75 at 9% Average grain size (nm):9.94, 17.22, 16.21, 15.79, 13.07,
Layer Pb/CuO 8.98;
Adsorpti Microstrain (x10%): 3.896, 2.15, 2.254, 2.297, 4.083,
on and 5.119;
Reaction band gap: 1.43, 1.80, 1.76, 1.72, 1.68, 1.65 eV,
method the morphology of the film surface was changed from
plate-like to coral-like nanostructures with increasing Pb;
sol gel 0, 0.5, 1; 1.5, monoclinic CuO phase with (110), ( 111), (111), (310)and [79]
2 mol% (220)
Sn/CuO reflections;

Band gap: 2, 1.99, 2, 1,94, 1.97;

Hall mobility:19,10.5, 7.58, 6.18, 7.14 (cm2/Vs);
Resistivity: 108, 64.8, 54.7,47.4,77.5 (Q.cm);

Carrier concentration (x1015 /cm3): 3.06, 9.14, 15.1, 21.4,
10.8.
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1.5. Applications of copper oxide
CuO is alluring material for applications in electronics, photonics sensing, and acoustics
due to its advantages such as easy synthesis, low cost, compact size, durability, easy tenability,

low power consumption, and small drift in signal over a long.

1.5.1. Gaz sensing

Gas sensors are essential in industrial processes like safety monitoring, chemical
control, and environmental pollution detection, where their functionality relies on changes in
electrical conductivity caused by the adsorption and desorption of target gases in the
environment [80]. A typical metal oxide gas sensor consists of two primary components: a
sensitive element (a metal oxide layer) where the reaction with the gaseous species occurs, and

a transducer system, which converts this interaction into a measurable electrical signal [81].

Recently, CuO thin film gas sensors have been investigated for detecting a variety of
compounds, including nitrogen oxides, carbon oxides, hydrogen sulfide, ammonia, and various
volatile organic compounds across multiple applications, such as agriculture. These CuO thin
film sensors demonstrated excellent sensitivity, selectivity, and stability—the "3-S" parameters.
Additionally, they were shown to operate effectively at room temperature with long-term
stability, making CuO an attractive material for gas-sensing applications, including exhaled

breath analysis. Table 1.6 shows a summary of the information presented in this review.

Table 1.6. Summary of information on CuO-based gas sensors discussed in this paper.

Material Target gas Concentration Operating Highest
(ppm) Temp. (°C)  sensitivity
(%)

CuO NO 300- 500 300 40 [82]
CuO NO2 10- 40 75 5600 [83]
CuO NO2 100 180 3.25 [84]
CuO NO2 20 210 3.25 [85]
CuO NO2 1-100 R.T 80 [85]
CuO/r GO NO2 1-75 R.T 52.5 [86]
CuO/ CuFe204 H2S 10-75 240 75 [87]
CuO: Pd H.S 1-50 80 119 [88]
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CuO: Pt H2S 1-10 40 134 [89]
CuO/ TiO2 co 10 300 1400 [90]
Cuo co 100 180 2.25 [91]
CuO/ ZnO CO» 400-4000 300 325 [92]
CuO CHsOH 100 300 9 [93]
CuO/ Li CHsOH 1000 300 2.5 [94]
CuO/ Fe CoHsOH 1000 300 <1 [94]
SnO2/ CuO CaHsO 10-400 280 70 [95]
CuO/ Cr CaHsO 0.4-3.2 450 3.25 [96]
(CuO- Cuz0) CsHpO 100 350 200 [97]
ZnoJ/Al

(Al/ZnO)/CuO NHs 100-500 R.T 3000 [98]

Copper oxides have recently become a popular material for detecting gases. These
sensors can find gases like nitrogen oxides, carbon oxides, ammonia, hydrogen sulfide, and
some organic compounds, as well as measure humidity. They are used across different
industries and can detect a wide range of concentrations, from very low (less than 1 part per
million, or ppm) to high levels (over 1000 ppm). However, the levels required to detect some

gases, like NOx and H»S, are sometimes higher than needed for practical use.

The best way to make copper oxide thin films with precise thickness is through vacuum-
based methods, but these are usually expensive. More affordable options, like sol-gel methods,
are easier and great for making quick prototypes. A key advantage of CuO thin film gas sensors
is their ability to work at low or room temperatures for extended periods. New research shows
that both pure and modified CuO films can be created using different methods, which expands

their potential for various gas detection applications.
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Figure 1.13. Schematic of a gas sensor based on metal oxide [99]. b- the number of papers
related to CuO-based gas sensors from 1995-2019 [80].

1.5.2. Photo- catalysis

In this process, an electron-hole pair is produced below the intensity of light by means
of oxidation or reduction reactions taking place on the surface of the catalyst. In the presence
of a photocatalyst, an organic pollutant can be oxidized directly by means of a photogenerated
hole or indirectly via a reaction with characteristic reactive groups (ROS) [100] , for example,
the hydroxyl radical OH and O, produced in solution [101]. it can be clearly that generated O>

and OH radicals reacted with aniline pollutants and degraded them into a nontoxic product.

Accordingly, aniline was degraded into intermediate compounds such as diamidine, 4-anilino
phenol, and azobenzol. After that, the benzene ring of generated intermediate products was
deboned by OH radicals, and some low molecular weight compounds such as phenyl succinic
acid, maleic acid, and other organic compounds were generated [102]. Lastly, the latter
compounds were degraded into nontoxic products (CO2 and H>O).the photocatalytic activities
of CuO can be modified to achieve efficient degradation of contaminants [103-104].Thus, CuO
metal oxide has been proven to be an effective visible-range active photocatalyst for the
photodegradation of contaminants without the addition of H.O> [105].

24



Chapter I Review of thin films, Copper Oxide properties and their applications.

Irradiation

Bande de conduction (BC)

% i e = Adsorption (0,)
) e
2 i | ‘
2 ] ] p— P Réduction
2 187 !
i : :
Recombinaison I Oxydation (P**) ) ]
des charges }Eg ====>Dégradation
A 1 I Polluant P
= i |
|
3 ! ! | oxydation (107 ']
2 | !
- ! n 4 Adsorption (H,0, HO")
o

Bande d | BV
anderdeivalencel(BY) Adsorption (polluant P)

Figure 1.13. Summary of the process of photocatalysis by a semiconductor according to the

techniques of the engineer Guillard [106].

1.5.3. Solar cells

There are two main types of solar cells: p-n junction (conventional) and
photoelectrochemical [107]. Copper Oxide is an attractive material for photovoltaic
applications. It is naturally a P-type semiconductor due to negatively charged Copper vacancies
with a direct band gap of approximately 2 eV, it is abundant on earth, nontoxic, and exhibits
fairly high minority carrier diffusion lengths, high absorption coefficient in the visible region,

and large exciton binding energy. The theoretical photoelectric conversion efficiency is 31%.

Early attempts focused on metal CuO Schottky solar cells because CuO is natively p-type and
is hard to doped n-type.

little research on CuO solar cells has been published until recently, In 2012, Gao et al.

reported a p-CuO/n-Si heterojunction solar cell fabricated by the reactive magnetron sputtering
technique, under AM 1.5G illumination, the current density voltage (J-V) characteristic showed

a modest photovoltaic effect and an 1 of 0.41% was measured for a Cu/p-CuO/n-Si/Al device
structure[108].

Vinay. Kumar et al. proposed that using the RF magnetron sputtering method, p-CuQO/n-
Si heterojunction prepared after thermal treatment at 300 C°. The solar cell with p-CuO and n-

Si exhibits an open-circuit voltage of 340 mV and a short-circuit current of ImA/cm? [109].

Another study by R Bhunia et al. focuses on the fabrication of Glass/Cu/Cu20/CuO/ZnO/Al-
ZnO/Ag heterojunction solar cell structure by magnetron sputtering on glass substrates[110].
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there has been other work in this field reported by Masudy-Panah et al. The heterostructure
studied was Al/Ti/n-Si/p-CuO/Ti/Al, the CuO heterojunction solar cell with PCE approaching
1%.

Solar cells employing this heterojunction structure demonstrated a power conversion efficiency
exceeding 5.6% and an open-circuit voltage of 0.57V. where the CuO appeared a good absorber
layer, they linked the higher quality factors (n>2) are connected with mechanisms like interface

recombination and tunneling-enhanced interface recombination [69]

p-n heterojunction using p-CuO and n-ZnO films was fabricated in the structure ITO/n-
ZnO/p-CuO/Au which showed rectification behavior with a turn-on voltage of 2.5 V and an
ideality factor of 3.15[111].

Masudy-Panah et al. fabricated p-CuO(Ti)/n-Si solar cells using sputter deposition at
room temperature followed by rapid thermal annealing. Their study examined the effect of
titanium (Ti) doping on the photovoltaic (PV) properties of copper (I) oxide, with Ti
concentrations ranging from approximately 0.049% to 0.598%. They assessed the potential of
Ti doping to enhance the PV performance and conductivity of CuO devices. The CuO (Ti) thin
films were analyzed using atomic force microscopy, Raman spectroscopy, X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), high-resolution transmission electron
microscopy (HRTEM), and I-V characterization of the p-CuO(Ti)/n-Si heterojunction solar
cells. The cell efficiency ranged from 0.06% to 0.39%, with the highest efficiency (0.39%)
obtained at a Ti concentration of 0.099 [66].

Masudy-Panah et al. developed p-CuO/n-Si solar cells using rapid thermal annealing
combined with conventional sputtering. Their study focused on how thermal treatment and
working pressure during deposition influenced the photovoltaic (PV) properties of copper-
oxide-based devices. The highest efficiency achieved was 1.0%, with an open-circuit voltage
(Voc) of 4.9 V, short-circuit current density (JSC) of 6.4 mA/cmz, and a fill factor (FF) of 32%
for solar cells annealed at 300°C for 1 minute. They concluded that increasing the working
pressure during deposition could enhance crystalline structure quality, improve interface

properties, and reduce carrier recombination rates [112].
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Table 1.7. Summary of information on CuO-based Solar cells discussed in this paper.

Heterojunction Voc(mV) Isc(mA) FF (%) n (%)

CuO/Si thin films 200 0.0073 24 9.7x10%  [113]
CuO/ZnO: Sn thin films 480 1.82 0.63 0.232 [114]
CuO/Ceo thin films 0.24 0.067 0.25 2.3 x10™ [115]
CuO/Cu20 thin films 210 0.310 0.26 0.02 [116]

1.5.4. Thermoelectric application

Recent studies have explored innovative approaches to thermoelectric materials. Virgil
Andrei, et al., [117] developed thermoelectric pastes composed of graphite, copper(l) oxide,
and polychlorotrifluoroethene. Their pastes exhibited a Seebeck coefficient ranging from 10 to
600 uVK™ and electrical conductivity between 10* to 102 Sm™, achieving a power factor of
5.69 x 104 £0.70 x 10* pWm'K™2. This study demonstrates the practical application of these
materials by successfully fabricating a flexible thermoelectric sensor, positioning

thermoelectric pastes as a viable alternative to traditional methods.

In parallel, D. Hartung and colleagues investigated CuxO thin films synthesized via rf-
sputter deposition, varying oxygen flux across compositions (1 < x < 2). They identified three
crystalline phases—stable cuprous oxide (Cu20), cupric oxide (CuQ), and metastable
paramelaconite (CusOs)—and analyzed their thermoelectric properties, determining that the

highest ZT values at room temperature were linked to the stable phases CuO and Cu20][118].
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Figure 1.14. Cross-plane measured thermal conductivities and (b) calculated minimum ZT
with in-plane and cross-plane parameters at room temperature of CuxO on sapphire substrate
against variation of oxygen flux during the sputtering process. The grey regions denote the
main phase regions and the dashed lines are a guide to the eye.
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Chapter II Experimental details and characterization methods.

11.1. Introduction
This section deal, a short discussion about several steps were involved in the preparation
of the CuO thin films such as preparation of solution and substrates, deposition process,

preheating, annealing process, and characterization. The steps are explained in details as below.

11.2. Sol gel process
Sol is a colloid solution containing very small particles whose size ranges from 1 nm to
hundred nm. A gel is a solid, interconnected three-dimensional network with submicrometric

pores and cross-linked chains having an average length larger than a micrometre.

The sol-gel method involves firstly the formation of sols through hydrolysis and condensation
of inorganic or metal-organic precursors. Secondly, liquid sols undergo a series of chemical

reactions and transform into solid skeletons within the liquid phase.

Metal oxides can be obtained when the liquid phase is further removed. Three approaches have

been conducted to fabricate oxides through sol-gel process:
(i) gelation of colloidal particles;

(it) hypercritical drying of gels formed through hydrolysis and condensation of alkoxide

precursors;

(iii) aging and drying of gels formed through hydrolysis and condensation of alkoxide

precursors;

The formation of oxide from molecular precursor via a soul-gel process generally involves four

main steps:
(1) Mixing alkoxide precursors with water to initiate hydrolysis

and condensation reactions. The polymeric framework of sols can be obtained by linking metal
ions through M-O-M bonds.

(2) Linking the sols together through prolonging reaction time (gelation). Three-dimensional

gels can thus be formed.

(3) Coarsening the solid by spontaneous polycondensation and dissolution/recrystallization

processes (aging).
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(4) Removing the liquid (drying).

The presentation of the various steps of the formation of the oxide will then make it possible to

understand the role of each constituent of the elaborated solutions.

Precursors used in sol-gel reactions generally involve metal alkoxides M(OR)n, where R
represents an alkyl group. The reactivity of precursors arises from the electronegativity of
alkoxo groups which results in high reactivity of metal ions towards nucleophilic attack.
Therefore, metal alkoxides can react with water to form metal oxides.

Hydrolysis reaction

In order for the alkoxides to condense at room temperature, the hydrolysis of the -OR groups
must begin the reaction process. This step is necessary to give rise to hydroxyl groups —OH
M-(OR) n+ H20 — HO-M-(OR) n-1 + R-OH (1n.1)
Hydrolysis is a nucleophilic substitution of a -OH ligand for a -OR ligand. It is

accompanied by water consumption and alcohol release. During this step, the functionality of
the precursor with respect to the polycondensation is created.

Condensation reaction

The -OH groups generated during the hydrolysis are good nucleophiles and go during

the condensation, resulting in the creation of M-O-M bridges:

Alcoxolation:

(OR)n-1-M-OH + RO-M-(OR) n-1 — (OR)n-1- M-O-M-(OR) n-1+ R-OH. (11.2)
Ox olation:

(OR)n-1-M-OH + HO-M-(OR) n-1 — (OR)n-1- M-O-M-(OR) n-1+ H20 (11.3)

As the reactions go on, the number of M-O-M bonds increases leading to a decrease of
the flexibility of the network and thus the viscosity rises. Parameters such as the nature, length
and branch of the R group, difference in electronegativity between M and O as well as the
ability of M to increase its coordination number through dative bond with other alkoxide
molecules, affect the reactivity of the alkoxides in nucleophilic substitutions. If the gelation
time is too long, it is possible to resort to the use of catalysts, typically Brgnsted acids and bases,

to facilitate polymerization. If an acid is used as catalyst, the hydrolysis is promoted:

(RO)n M-OR + H30* —» (RO)n M-OH + H*+ ROH (11.4)
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In the base-catalyzed reactions, condensation reactions are promoted because the
deprotoned M-OR groups are better nucleophiles:
(RO)nM-OR+0OH" —>» (RO)n M-OH +RO (11.5)

The hydrolysis and condensation reactions for highly reactive alkoxides, such as
titanium alkoxide, must be instead slowed down and in order to achieve this goal a
suitable solvent and/or a chelant (i.e. b-diketones, b-keto esters and carboxylic acids)

can be used.

However, non-aqueous sol-gel routes are often chosen for several reasons such as the
achievement of uniform metal oxide nanoparticles which can be easily dispersed in organic
solvents.

In non-aqueous sol-gel routes, different kinds of aprotic condensation reactions occur.

Two metal alkoxide can react with resulting ether elimination (Equation 11.6):

(RO)r M-OR + R-O-M(OR)n  —» (RO)n M-O-M(OR)n +ROR (11.6)

Or metal acetates and metal alkoxides can react under ester elimination (Equation 11.7):
(RO)n M-OOCR1 + R-O-M(OR)n —» (RO)n M-O-M(OR)n +ROOCR1 (1.7)

Metal alkoxides can also react with metal halides leading to the elimination of alkyl
halide:
(RO)n M-X + R-O-M(OR)n —»(RO)n M-O-M(OR)n +RX (11.8)

where X indicates the halogen element. In non-aqueous acid-catalyzed systems, the
initialization of the hydrolysis can occur as a result of the esterification reaction between
alcohol and carboxylic acid:

RCOOH + RiIOH —» RCOOR:1+H20 (11.9)

Although aqueous and non-aqueous routes present different advantages and
disadvantages, they both can be used to prepare ceramic and glass materials in a wide
variety of forms (e.g., ultra-fine powders, thin films coatings, ceramic fibers, microporous

inorganic membranes and monoliths).
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Figure 11.1. An overview of the types of processes that can be done with the sol-gel method

and the products of each process [1].

11.3. Parameters influencing reaction kinetics

the synthesis process involves two steps; hydrolysis and condensation to obtain the precursor
solution that can be deposited by one of the sol-gel techniques (in our case, the dip-coating
method), after the deposition, a heat treatment is applied to the thin films to obtain a better

crystalline structure.

The entire process can be affected by many parameters, including:

0,

%+ The precursor (nature and concentration),

0,

«» The nature of the solvent,

% Aging time,

¢+ The coating method (deposition rate).

11.3.8. spin-coating technique

Spin coating is a widely-used, efficient method for creating uniform thin films on flat
substrates, making it popular in both research and industrial applications. This technique is
especially valuable in fields that demand precise thickness control and uniformity, such as

microelectronics, photovoltaics, and thermoelectric materials. It’s frequently applied to
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materials like glass, silicon wafers, and polymers due to its ease of implementation and

relatively low cost.

The spin coating process involves depositing an excess amount of solution onto a substrate,
which is then spun to achieve a thin, uniform film[2]. This method is effective on flat
surfaces, typically with dimensions around a few square centimeters. The spin coating

process can be divided into four key phases:

1.Deposition: A controlled amount of solution is applied to the centre of the substrate.

2. Spin-up: During the initial acceleration, centrifugal forces spread the liquid outward from
the centre to the edges.

3. Spin-off: At a constant rotation speed, excess solution is ejected as droplets, and film
thickness decreases uniformly across the substrate.

4. Evaporation: The volatile solvents evaporate, which further reduces film thickness and

helps stabilize the final layer [3].

simultaneous

[ 1

n
I
1

coating | dw/dt >0 . duw/dt =0 < . dw/dt =0
solution

substrate 1 | 1
\ / - - 1
—— S - E— <
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1. deposition: liquid 2. spin-up: rotation 3. spin-off: rotation 4, evaporation: solvent
coating solution loaded speed of the substrate speed of the substrate evaporates
onto the substrate accelerated kept constant, excess

coating solution ejected

Figure 11.2. The four stages of the spin coating procedure.[4]

This process ensures a uniform film thickness, with the final properties influenced by

various parameters like spin speed, spin duration, and solution viscosity.
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1. Spin Speed

Research consistently shows that increasing spin speed results in thinner films, as the higher
centrifugal force drives more solution off the substrate. Higher speeds can also improve film
smoothness by spreading the material more evenly across the surface. This smoother film
quality is crucial in optoelectronic applications, where surface roughness can scatter light and
reduce device efficiency[5]. For example, a study by H. Hashim et al. demonstrated the
effectiveness of spin coating for depositing copper oxide thin films on quartz substrates. They
found that at 1000 rpm, the films achieved maximum thickness and minimal surface roughness,
which improved electrical conductivity figure 11.2. On the other hand, films spun at 3000 rpm
exhibited a lower optical band gap figure 11.3., emphasizing the influence of spin speed on both

the structural and optical properties of thin films [6].
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Figure I1.3. The plot of resistivity of copper Figure I1.4. The plot of optical band gap
oxide thin films versus spin coating speeds. energy versus photon energy.

2. Spin Duration

Extending the spin time allows more solvent evaporation, leading to a thinner, more stable
film. Burmann et al. showed that while the solvent evaporation effect is important when
employing spin-coating for membrane casting, the rotational duration had little impact on

membrane thickness [7].

3. Viscosity of Solution, additives and concentration
Higher concentrations and viscosities in the coating solution generally produce thicker films

but can compromise film smoothness, as increased concentration may lead to particle
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aggregation during the drying process. Thus, optimizing both concentration and viscosity is

essential for achieving the desired film properties.

A study by M. Dhaouadi et al. on spin-coated copper oxide (CuO) thin films demonstrated
that increasing the solute concentration in the solution directly increased the final film
thickness. Higher-viscosity solutions, which resist centrifugal forces more effectively during
spinning, tend to yield thicker films. However, this increased viscosity can also lead to greater
surface roughness [8]. This is in good agreement with other research work [9].0On the other
hand, highly viscous solvents can slow the reaction and extend the gelation period by limiting
the mobility of catalysts and reactants within the solution. This resistance to particle motion can
lead to particle agglomeration, as particles stay close to their initial positions. Conversely, with
a low-viscosity solvent, particles move more freely, and surface tension can encourage
aggregation. This aggregation of particles may trap solvent between them, which can slow
down solvent evaporation and impact the gel formation process. Ultimately, the final film's
available gel amount depends on both the extent of particle agglomeration and the rate of
solvent evaporation. Higher viscosity generally promotes thicker films due to resistance against
centrifugal forces, but it may also cause uneven surfaces. Balancing these factors is crucial for

achieving desired film thickness and smoothness in CuO thin films. [10, 11].

Are employed to simplify the complete dissolution of the precursor-alcoholic medium the
formation of a stable sol [12] . They act as basic or acid and/or chelating agent. Alkali metal
hydroxides, alkanolamines, alkylamines, carboxylic acids, acetylacetone and polyalcohols are
used for this purpose [13].

The authors reported that the deposition efficiency and crystallinity of the films deposited by
adding additives which act as stabilizers or catalyst during the reaction was improved. D. S. C.
Halin et al, have shown the addition of polyethylene glycol will increase the viscosity of
solution due to chain length effects, Since the polyethylene glycol additive can avoid the
particle aggregation occurring in the sol-gel solution the grain size was reducing from 104 nm
to 83 nm. also, the addition of polyethylene glycol will produce crack free films with high
optical absorbance [14]. whereas, P. Samarasekara et al, demonstrated that Ethylene glycol is a
better additive compared with the polyethylene glycol[15].

instead, hydroxide and potassium hydroxide are base agent which provides hydroxyl ion which

is strongly associated with reactions that form nanocrystals[16]. This explained by the increase
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in OH™ ions with the pH, accelerates the process of CuOH formation (equation 5) provoking a
faster crystallization of Cu,O (equation 6) [17]. This fast crystallization reduces interstitial
defects, allowing to the interstitial atoms move to the boundaries, relaxing the crystal and

consequently reducing its size[ 18] [19].

Cu" +OH—, CuOH (IL.10)

2CuOH —» Cux0 + H>0 IL11)

within the search of the authors, at bath pH~9.0, the (100) plane are produced and in higher
bath pH~11.0, the (111) are produced [20-22].

Other common additives are the alkanolamines i.e., monoethanolamine [MEA; (HOCH>CH>)
NH2] [23], diethanolamine [DEA; (HOCH:CH2)NH] [15], triethanolamine [TEA;
(HOCH>CH)3 N] [24] are the most widely used in the CuO thin film fabrication. Likewise,
acetic acid (Ac. Ac.; CH3COOH) [25] and lactic acid (Lactic Ac.; CH;CHOHCOOH) [26]
tartaric acid [27], oxalic acid [27], malic acid [27-28] also added as complexing agent.
Sometimes, it is preferable to use only a single additive in certain circumstance for better
dissolution of the mixture.

4. Preheating During Spin Coating

Preheating the substrate before spin coating enhances film adhesion and decreases
drying time, which is particularly beneficial when using low-volatility solvents. Liu et al. (2014)
demonstrated that preheating the substrate to approximately 50°C prior to deposition reduced

drying time and improved film uniformity in thin films.

11.4. CuO thin films preparation

The aim of this study is to deposit and characterize CuQ thin films using the spin coating
technique. This research explores the impact of various parameters specific to this technique on
the resulting film properties. The study details the experimental process of preparing films via
spin coating, as well as the range of characterization methods employed to analyse the films.
Additionally, it covers the synthesis of copper oxide thin films using the sol-gel method, the

effects of doping with Group | metals (Li, Na, K) on their thermoelectric properties, and
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discusses the potential of CuO as a promising thermoelectric material for energy recovery from

waste heat.

Unlike other deposition techniques, spin coating offers a wide range of parameters to
adjust, allowing for in-depth study. This investigation focuses on the key parameters affecting
CuO thin films, specifically: annealing temperature, solvent type, and film thickness. Six sets
of samples were prepared, with each set varying only one parameter while keeping the others

constant, enabling an isolated analysis of each factor’s influence.

To deposit the CuO thin films, a prepared CuO solution was spin-coated onto glass substrates
at a rate of 3000 rpm for 30 seconds. To fully evaporate the solvent and eliminate any organic

residues, the films were preheated in a furnace at 250°C for 15 minutes.
Glass Substrate Cleaning Procedure:

1. First Cleaning in Methanol: The glass substrates were first cleaned ultrasonically in methanol

to remove surface impurities, such as grease or dust, in three cycles of 10 minutes each.

2. Second Cleaning in Distilled Water: Next, the substrates were ultrasonically cleaned in
distilled water to remove any remaining traces of methanol, also in three cycles of 10 minutes

each.
3. Drying: The cleaned glass substrates were then dried with a dryer.

Tables 11.1 (a-c) summarize the specific deposition parameters for each set. The variations

include:

- Sets 1: Annealing temperature was varied.

- Set 2: Solvent type was altered.

- Set 3: Different numbers of layers (6, 9, and 12) were deposited to analyze thickness variation
In this section, the copper oxide network is infused with an alkali metal. In Table 11.1. d

- Set 4: The doping source (Li, Na, K) and concentration were varied to examine the effect of

different Group | dopants on CuQ's thermoelectric properties.
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Table I1.1-a Deposition parameters of the first series of CuO samples.

Samples Annealing Number of layers Solvent
temperature
S1 230°C 9 time Ethanol
S2 400°C
S3 450°C
S4 550°C
S5 600°C

Table I1.1-b Deposition parameters of the Second series of CuO samples

Samples solvent Number of layers Annealing
temperature

S1 Methanol 9 time 550 C°

S2 Ethanol

S3 1-propanol

S4 Isopropanol

S5 Methoxyethanol

S6 Pentanol

Table I1.1.c Deposition parameters of the thirdly series of CuO samples.

Samples Number of layers Annealing Solvent
temperature
S1 6 layers 500°C Ethanol
S2 9 layers
S3 12 layers ‘
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Table I1.1-d Deposition parameters of the fourthly series of CuO samples.

group 1 impurity Number of Solvent Annealing
layers temperature
Undoped 9 time Ethanol 500° C
3% (LiNOs. (NaNOs. (KNOs.
6% H-0) H20) H20)
9%
12%

11.5. Characterization methods
11.5.1. Physico-chemical characterizations

11.5.1.1. Thin Film’s thickness Measurement

The thickness of the prepared thin films was determined using the mass difference
method. This involved measuring the mass of the samples twice: first, the mass of the bare glass
slides before thin film deposition, and second, the mass after the deposition of the thin films
[29]. The difference in mass, denoted as (Am) provided the mass of the thin film deposited on
the substrate. The density of CuO is 2.5 g/cm3, and the volume of the glass substrate is 75 x 25
x 1 mm3. The thickness of the thin films was then calculated using the following equation [30]:

_Am

t="0 (11.12)

Where: tis the thickness, A is the area of the thin film, p is the density of the thin film
material CuO, and Am is the mass of the deposited thin films. The calculated thickness of the
prepared thin films varies approximately depending on the preparation conditions.

11.5.1.2. X-ray diffraction (XRD)
11.5.1.2.1. Definition and principle of the technique

XRD is a powerful and non-destructive characterization technique. It makes it possible to obtain
information on the chemical nature, the structure as well as the characteristics to be sent an X-
ray beam on the sample to be analysed. When this beam comes into contact with the electronic
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clouds of atoms, the scattering phenomenon occurs. According to the directions of space, the
interferences of the rays can be constructive or crystallographic of the crystalline or semi-
crystalline materials analysed. Its principle is destructive. The directions with which the
interferences are constructive constitute what are called "diffraction peaks", and obey Bragg's
law Figure I1.5.

2dhklsin(@)=nA (1.13)
With
dni: interreticular distance (in nm)
h, k and I: Miller indices (which are the direction indices)
0: angle of incidence of X-rays (degree)
n: diffraction order, often equal to 1

A: X-ray wavelength

Lattice planes

a=b=dsin6

Figure 11.5. Bragg's Law

Consequently, the positions of the peaks as well as their recorded intensities make it possible
to identify the nature of the sample and to draw several crystallographic information from it.

11.5.1.2.2. Diffractometer and conditions used
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XRD analyses were performed with a Bruker D8 Advance diffractometer (Figure 23). The X-
ray source is a copper anticathode (A\CuKa = 0.154046 nm) powered by a generator (40 kV, 40
mA). The diffractometer is controlled by the “Diffract Plus XRD Commander” application
version 2.6.1 within a diffraction angle range 26 = 30—80°.

The XRD spectra or the diffractograms recorded by the detector are curves which represent the
intensities of the diffracted rays as a function of the angles 20. These spectra provide a set of
information thanks to the databases integrated into the operating software. In our case, the data
was used with Eva software version 14.0.0.0 provided by the manufacturer.

11.5.1.2.3. Data analysis
Among the information that can be obtained from these spectra:
11.5.1.2.4. Crystallite size

There are several methods for determining the size of crystallites. Among them, the Rietveld
method, the Williamson-Hall method and the Scherrer method, the latter being the most used

method and involving the equation

ni
P cos@

thl = (”14)

where D is the crystallite size, n is a constant 0.9, A is the X-ray wave length of Cu which is
1.5418A, B is full width at half maximum (FWHM) of the peak and 0 is the Bragg’s angle in

radians.

The line (hkl) generally used to determine the average size of the crystallites is the line of the

most intense peak.
The lattice parameter

A crystal lattice is universally represented by a direct trihedron, with sides a, b and ¢ and angles
a, B and y. The determination of the lattice parameters is therefore a determination of these
different sides and different angles. Whatever the type of crystal lattice, there is a general
relationship linking the lattice parameters with the interreticular distance, in our case, the

crystallographic ~ structure is monoclinic. Therefore: (a# b # c)a =y =90° = B
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d2 ~ sin?2p

2 2i 2
1 1 (h k sm+l_)+2hlcos[3 (“.15)

= +
a.c

az | b2
11.5.1.2.5. Dislocation density

A dislocation is a linear defect, a discontinuity in the arrangement of the crystal structure of
materials. Dislocations are significant factors for semiconductor materials since they influence

their electronic properties.

The dislocation density (&) is expressed in nm?2. It is calculated by the Williamson and
Smallman method from the crystallite size in nm determined by the Scherrer method by the

following relationship
6=— (11.16)

11.5.1.2.6. Micro-deformations

is defined as the strain occurring within a material or the small-scale deformation. It is also
possible thanks to the XRD spectra, to determine the micro deformations (&) of the analysed

materials (quantity without unit) using the following equation:

B (11.17)

" 4cos0

11.5.1.3. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a surface-imaging technique that produces images of a
sample by scanning it with a focused beam of electrons. The incident electrons interact with the
sample and generate signals that reflect direct images and the atomic composition of the
scanned surface. These interactions cause the emission of elastically backscattered electrons
(BS), secondary inelastically scattered electrons, and characteristic X-rays from the atoms on
the sample surface. The most common mode in SEM is the detection of secondary electrons;
by collecting these electrons with a special detector, a detailed image of the sample is created.

Optical microscopes use visible light sources and lenses or mirrors to produce magnified images
at the micrometer scale. In contrast, electron microscopes are frequently used to provide direct
images and chemical information of materials at the nanoscale. Due to the small de Broglie
wavelength of electrons, electron microscopes are capable of imaging at significantly higher

resolutions than light microscopes [31].
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Figure 11.6. Schematic diagram of SEM [32].

11.5.1.4. Energy-Dispersive Spectrometry (EDS)

EDS analysis is also called energy dispersive X-ray analysis or energy dispersive X-ray
microanalysis. It is an analytical technique used for the elemental analysis or chemical
characterization of a sample. It relies on an interaction of some source of X-ray excitation and
a sample. Its characterization capabilities are due in large part to the fundamental principle that
each element has a unique atomic structure allowing a unique set of peaks on its X-ray emission

spectrum [33].
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Figure 11.7. Schematic diagram of Energy dispersion X-Ray (EDX) [34]

A technique called energy dispersive X-ray spectroscopy (EDX) is integrated into most modern
SEM systems and is used to analyze the elemental composition of surfaces at the micrometer
scale. The combined use of SEM and EDX techniques is highly beneficial, as it provides
information on the size, shape, surface texture, and elemental composition of samples in a

relatively short time.

11.5.1.5. UV —Visible spectroscopy
Optical transmission measurements are used to evaluate and test certain optical constants of

materials that are critical for system fabrication and analysis. Among these optical constants:

the absorption coefficients, the bandgap energy, refractive index and Urbach energy, dielectric
index, it can also provide information on the thickness of the sample. Furthermore, optical
transmission or absorption measurements are used to detect certain impurities present in a

material as some impurities have characteristic absorption lines[35].

The UV-vis absorption spectroscopy provides information on absorption light as a function of
wavelength, which describes the electronic transitions occurring in the measured samples.
where a substance absorbs light in the ultraviolet and visible domains, the energy absorbed
causes disturbances in the electronic structure of atoms, ions, or molecules. These electron

transitions are in the visible range, from 350 to 800 nm and ultraviolet between 200 and 350
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nm. One or more electrons absorb this energy to jJump from a low energy level to a high energy
level [36, 37].

These electronic transitions result in modifications of the light transmitted and reflected by the
material. In the case of materials deposited in thin layers on transparent substrates, the
transmitted and reflected light will also be modulated in intensity by interference phenomena

linked to multiple reflections at the film/substrate and film/air interfaces [38].

Light Source UV

Diffraction | Wl v/
Graling | Mirror 1
Slit 1
Slit 2 | Light Source Vis
Filter
Reference
NiFicid Cuvette Detector 2
? Reference ﬂ | B~
Beam 'lf ' ¢
\ Lens 1
Half Mirror
& Mirror 2 Sample
Cuvette Detector 1

, Sample L
% Mirror 3 Beam Lens2 ©

Figure 11.8. A diagram of an ultraviolet/visible spectrophotometer.

There are two light sources; one for ultraviolet light and one for visible light. A mirror is used
to select the proper light source. The diffraction grating is the monochromator that selects
specific wavelengths of light. The two detectors are coupled so that reference absorptions can

be subtracted from sample absorptions [39].
I1.5.1.5.1. Absorption coefficient

In the spectral range where the light is absorbed, and knowing the thickness of the films, we
can determine the absorption coefficient for each value of the transmittance T in (%) which

corresponds to an energy according to Beer- Lambert

T =e %@ (I1.18)
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d: is the film thickness, T: is the transmittance in (%), o id the absorption coefficient(cm™),

k: is the extinction coefficient (without unity).

1 1 ai
a—zln; , k—a (IL.19)

Knowing the thickness of the films, d, it is therefore possible to determine the absorption

coefficient for each value of the transmittance which corresponds to an energy [40].
11.5.1.5.2. Optical band gap energy

An electronic transition between the conduction and valence bands in the crystal starts at the
absorption edge which equals the least energy variation between the highest maximum of the
valence band and the lowest minimum of the conduction band is known as band gap energy
(EQ). If these extrema lie at a similar point of the k-space then the transition is called direct. If
this is not, then only phonon-assisted transitions called indirect transitions are possible as

depicted in Figure 11.9.

(El) Direct (b) Indirect

Conduction|Band Conduction Band

Momentum

Energy

Valence Band Valence Band

Figure 11.9. E-K diagram showing (a) direct band and (b) indirect band transition [41]

In high energy, absorption results from electronic transitions between wide states of band to

band. It is usually described by Tauc law.

(anv)r=A (ahv — EQ) (11.20)
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Where:
hv: the photon energy
Eg: the optical gap

n and A are constants, n characterizes the optical type of transition and takes the values 2, 1/2
(2 for allowed direct transitions or 1/2 for allowed indirect transitions). In order to determine
the nature of the transition from the films that are produced in this study, we will plot the curves

(ahv)2 = f (hv) [20]. We can obtain E gvalue as it showing in figure 11.10:
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1.0 1.5 20 / 25 3.0
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Figure 11.10. Curve represent the function (ahv)?=f(hv).
11.5.1.5.3. Urbach Energy

When in a material there are variations in interatomic distances, bond lengths, or angles, what
is called "disorder™ occurs. In this case, the band edges described in the case of crystal lattices
and delimited by "Ev" and "Ec" may disappear. We observe what are called localized states
formed in band tails at the boundaries of the forbidden band in the valence and conduction
bands. For energies higher than Ec and lower than Ev, extended states are found. (figure I1I.
10).

When the disorder becomes too great (for example, with the appearance of dangling bonds or
impurities in the material), the tails can encroach. We will then define the notion of the Urbach
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parameter (Eu), which corresponds to transitions between the extended states of the valence

band and the localized states of the conduction band[42].

Tauc Region Urbach Region WAT Region

Figure 11.11. Schematic representation of various transitions between valence band (VB) and
conduction band (CB). Tauc region, Urbach region and weak absorption tail region are
highlighted with dotted circles[43].

According to Urbach's law, the expression of the absorption coefficient is of the form:

a = apexp (Z—Z) (11.21)

By plotting In a as a function of hv.
lnazlna0+Eihv (11.22)
whereby, it is expressed by inverse of the slope (E,, = % )for linear fit of the logarithm of

the absorption intensity (In(a)) as a function of photon energy (hv) in the absorption edge
region[44].

11.5.2. Electrical characterization techniques:

Electrical conductivity ¢ describes a material’s ability to conduct electricity and is
inversely related to resistivity p, where =1/c. In semiconductors, conductivity depends on
charge carrier mobility and concentration (electrons or holes). Various measurement techniques

exist, often influenced by temperature.

In semiconductors, conductivity increases with temperature due to greater carrier

generation, while in metals, it decreases as increased lattice scattering hinders electron
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movement. Additionally, conductivity is influenced by crystal structure, as electronic properties
are closely tied to crystallographic orientation. In polycrystalline materials, grain size plays a
crucial role, affecting carrier scattering and, at very small scales, modifying electronic

properties.

11.5.2.1. Resistivity measurements

Four-point probe measurements are used to determine the resistivity of a bulk or thin
film sample. The use of four contacts instead of two, as in a traditional resistance measurement,
allows one to disregard the resistance of the points and only measure the resistance of the
sample. Figure 11.12. illustrates the four-point probe measurement setup. As shown in Figure
11.12, a current, 1, is passed through the sample, and the voltage, V, is measured. The specific
resistivity of the sample can then be calculated. When the distance between the limits is
significantly greater than the thickness of the thin film (d<<a) The lateral dimensions can be
thought of as infinite [45].

©)
(&,

Couche mince

Substrat

Figure 11.12. (a)Diagram representing the principle of the four points method; (b)
“KEYSIGHT” semiconductor device analyses type “B1500A™.

In this case, a bi-dimensional conduction model is considered and provides

U_ P
=K~ (11.23)

Were p is the resistivity and d: is the thickness of the films. An important surface electrical
property in the field of TCOs is the surface resistance Rs defined as the ratio of the resistivity

to the thickness of the thin film depending on the relationship were Rsq (a).

U
Ry =K-= § (11.24.3)
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K: is a coefficient and Rsq: is the ratio between voltage U and current I. considering a cylindrical
propagation of the field lines in the thin film, the coefficient K is In (2)/= is equal to 4.532.
According to the relation (11.24.a) and the previous considerations, we have the formula
(11.24.b) to deduce the resistivity p (b) from the measurement four points knowing the

thickness:

p= (M.ﬂ).d = Ryq.d (11.24.b)

T 1

11.5.2.2. Conductivity measurements

The electrical measurements that we have taken are mostly about current-tension
characteristics |1 (V). To calculate the resistance of the layer, the calculation of the electrical
conductivity depends on the electrical resistance, R of the intrinsic layer, thus even geometric
parameters (inter-electrode distance L, the thickness d and the section of the conductive thin

film S) [46]. The conductivity o is related to these parameters by the following relationship

=) 2

the measurements of electrical resistivity of the synthetized films were carried out using
four probe methods with using “KEYSIGHT” semiconductor device analyses type “B1500A”

at room temperature.

11.6. DFT characterization of mechanical properties
11.6.1. Introduction

The elastic and mechanical properties of any material are among the key properties that
must be thoroughly investigated to facilitate the proper integration of that material into the
emerging technology. One way to analyze the elastic and mechanical response of materials is
via the first-principles density-functional theory (DFT) calculations. The success of DFT [47]
[48] [49] not only enabled us to predict the properties of materials from ab-intio calculations,
but it also expedited the discovery and design of novel materials with a given set of properties
for desired practical applications. Modern DFT codes, e:g:; ABINIT [50, 51], VASP [52, 53],
SIESTA [54], Quantum Espresso [55, 56], exciting [57], WIENZ2k [58], CASTEP [59], ELK
[60], CRYSTAL [61, 62] offer the capability to efficiently compute the elastic stiffness tensor
of materials to a remarkable accuracy (i.e., to the accuracy of the employed DFT method). In
fact, such calculations have been performed in recent years and materials databases containing

the DFT calculated elastic tensor of hundreds of bulk and two-dimensional materials have been
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developed [63-69]. Further, various software tools such as ELATE [70], AELAS [71], ElaStic
[72], and ELAM [73], to the best of our knowledge, have been developed to carry out the
analysis of elastic properties from first-principles calculations.

11.6.2 Method of calculating elastic constants

The study of elastic constants allows us to deduce important information on the dynamic
and mechanical properties of solid materials such as the stability of phases and the nature of
forces interacting between nearest neighbor atoms [74-75]. Ab initio calculations of these
constants are generally done by two approaches:

Q) Energy-strain approach.

(i) Stress-strain approach.

The first one where we calculate the total energy of crystals for deformed structures with a

suitable choice of strains. For this approach the elastic constants can be obtained by analyzing
energies under different small stresses.
In the second approach and with a judicious choice of strain applied to the system, the stress
tensor components can be calculated by an ab initio method. So we retain the elastic constants
Cij based on the linear Hock law. Applying a given homogeneous strain and calculating the
resulting stress requires much less computational effort, since the unit cell is fixed and only the
ionic positions require optimization. The CASTEP code uses the latter approach for calculating
elastic constants of crystal structures [76].

In this work, we have used the method of plane wave pseudo-potential, based on density
functional theory (DFT) [77]. This method was applied using CASTEP codes [78]. In order to
exchange-correlation potential, the generalized gradient approximation (GGA) parametrized by
Perdew—Burke—Ernzerhof [79]was chosen.

The power of the cut and the k point number (in particular used to merge the Brillouin (BZ
)region on the accuracy of the calculation The plane wave cutoff energy in reciprocal space was
taken as 900 eV. The BZ with Monkhorst — Pack scheme at special k-points [80] of 7x8x7.

The tolerances for geometry optimization are set as follows: The difference of the total energy
is within 5 * 10 eV//atom, the maximum force is 0.01 eV/A. Elastic constants at the equilibrium
volumes are calculated using the stress—strain method [81]. The method implemented in
CASTERP is setting homogeneous deformation (strain) to a finite value, reoptimizing any free

parameters and calculating the resulting stress. The elastic stiffness constant Cij and compliance
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constants Sj; for monoclinic CuO were determined from the stress-strain relationship

calculations.
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Chapter 111 The solvent, number of layers and annealing temperature
influence on CuO thin films properties.

I111.1. Solvent effect

111.1.1. Introduction

The solvent significantly influences the optical and structural characteristics of CuO thin
films, making it essential to study the solvent effect on their morphology and optical properties.
Numerous studies have been conducted on the impact of solvents on CuO thin films. In this
section, we explore the effects of different solvents on the structural, optical, and electrical

properties of CuO thin films fabricated using the spin-coating method.

Table I11. 1. Dielectric constants and boiling points for some alcohols [1] [2].

S1 Methanol CHsOH 32.35 64.7
S2 Ethanol CH3CH20H 25.00 78.3
S3 1-propanol CH3CH2CH20H 20.81 97.2
S4 Isopropanol CH3CH(OH)CHs 18.62 82.2
S5 Methoxyethanol CH3OCH>CHOH 16.90 124.6
S6 Pentanol CH3CH2CH2CH2CH20OH  13.9 (at 25 C°) 138

The reaction mechanism can be understood as the thermal decomposition of copper
acetate monohydrate into copper oxide in the presence of water, heat, and air. Different solvents
used in this study, such as 1-propanol, 2-propanol, ethanol, methanol, and 2-methoxyethanol

and influence this process, leading to the following formations:
- Reaction of copper acetate monohydrate with 1-propanol:
Heat T T T

Cu (CH3COO)2-H20 + CsH;0H — CuO + CH3COCH; + CO; + H20 + CH3CH2CHO

- Reaction of copper acetate monohydrate with 2-propanol:
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Heat 1 1
Cu (CH3COO0);-H20 + C3H,0H —> CuO + 2CH3COOH + H20

- Reaction of copper acetate monohydrate with ethanol:

Heat 1 too1 1
Cu (CH3COO)2-H,0+C,HsOH —> CuO+CH3COCH3+CO+H20+CH3CHO

- Reaction of copper acetate monohydrate with methanol:

Heat 1 T
Cu (CH3C00)2-H20 + CH30H — CuO+ 2CH;COOH+ H0+ CHyt CO2

- Reaction of copper acetate monohydrate with 2-methoxyethanol:

Heat T T i
Cu (CH3COO0);-H,0+C3HgO, —CuO+ 2CH3COOH+ H,0+ CH30—C2Hs+ CO»

Reaction of copper acetate monohydrate with Pentanol:

Heat T T T T
Cu (CH3COO)2-H20+CsH11OH —> CuO + 2CH3COOH + H20 + C4H19+CO2

111.1.2. Result and discussions

111.1.2. 1. Structural properties:

The XRD patterns of CuO thin films synthesized using different solvents were observed
within the diffraction angle range of 30° to 80°. All films exhibited a polycrystalline nature
with a monoclinic crystal structure. The diffraction data were in good agreement with JCPDS
card of CuO (JCPDS n0.98-004-3179) [3], Two main peaks corresponding to the (100) and
(002) planes were detected for all the solvents. No impurity peaks related to other phases, such
as Cu (OH)2, Cuz20, or Cu, were observed in the XRD patterns, confirming the successful
synthesis of pure and well-crystalline CuO nanoparticles without impurities are in good
agreement with previously reported studies [4, 5].
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The CuO films synthesized using 1-Propanol, Isopropanol, ethanol, and 2-
Methoxyethanol showed the highest intensity at the (002) plane, indicating preferential crystal
growth along the c-axis (002 orientation). In contrast, films synthesized using pentanol and
Methanol exhibited high intensity in the (111) plane, suggesting that these solvents promote a
different preferential orientation, likely influenced by their evaporation dynamics. Where,
Solvents with higher boiling points evaporate more slowly during the heating phase, allowing
the film to grow in a more controlled manner and favouring growth along the natural crystal
orientation. In comparison, low boiling point solvents evaporate more rapidly, leading to faster
deposition and less control over the crystal growth direction. As a result, the films tend to grow
in multiple directions rather than a single preferred orientation. Foo. K.L et al., confirmed this
behaviour by observing an increase in preferred orientation in the (002) plane, which is related

to boiling points [6].

Additionally, the diffraction patterns demonstrate that all peaks exhibit broadening, as
evidenced by an increase in full width at half maximum (FWHM) values. This broadening is
influenced by the solvent and is attributed to a combination of small crystallite size and the

presence of stresses and lattice defects within the films.
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Figure 111.1. X-ray diffraction pattern of CuO nanoparticles synthesized by sol-gel route with
different solvents.

The average crystallite size (D) of the CuO films was calculated using the (002) peak
diffraction and Scherrer's formula [7]. Table 111.2. demonstrates a clear correlation between
crystallite size and the solvent used for synthesis. isopropanol-based films exhibit the largest
crystallite size, Hamidi et al. attribute this enhancement primarily due to the solvent's lower
dielectric constant and lower polarity. These properties influence nucleation, growth Kinetics,
and hydrolysis rates, creating a favourable environment for the formation of larger crystallites
[8]. However, Kumar and Mithal observed a positive correlation between crystallite size and

the number of hydroxyl groups [9].
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Table 111.2. The calculated values of crystallite size (D), lattice strain (¢) and dislocation
density (Jdzsw) in CuO thin films.

Average Dislocation  Strain Lattice parameter (A)

Grain size  density £*10*

D (nm) 6*103
Methanol 4.61 47.03 73.66  4.4509 3.4333 50731 76.4602 |
Ethanol 4.96 40.54 69.32 44874 34446 5.1373 78.3197
1-propanol 5.37 34.677 64.57 45090 34731 5.1283 79.2088
Isopropanol 8.76 13.03 39.56 44953 34813 5.1383 79.3089
Methoxyethanol 5.75 33.56 60.21 45082 34695 5.1300 79.1389
Pentanol 5.87 29.02 59.06 45176 3.4719 51555 79.7533

Table 111.2. presents the strain and dislocation density values for CuO nanoparticles
synthesized using various solvents. As shown, CuO nanoparticles prepared with methanol
exhibit higher strain. This can be attributed to the smaller crystallite size associated with
methanol, which leads to an increased density of grain boundaries and dislocations, resulting in

elevated lattice strain [10].

As previously discussed, factors like boiling point [11], dielectric constant [8], and
solvent polarity can affect crystallite size. This, in turn, influences lattice parameters, which

were calculated using equation (2) and are presented in the aforementioned table

111.1.2.2. Optical properties:

Transmittance properties

The study aims to explore the impact of different solvents on the optical properties of
CuO thin films, using UV-Vis-NIR (ultraviolet-visible-near infrared) spectroscopy to assess
these effects. As shown in Figure 111.2., all films deposited on glass substrates are opaque,
exhibiting lower transmission in the visible region, with a notable reduction in transmittance
across infrared regions. This decrease may be attributed to factors such as surface roughness,

structural defects, porosity, film thickness, crystallinity, film color, and surface structure.
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The film produced using isopropanol as the solvent showed improved transmittance,
which is attributed to its preferred c-axis orientation and larger crystallite size, as confirmed by
XRD analysis. A greater grain size and preferred c-axis orientation typically enhance
transmittance. Additionally, the optical transparency of the CuO thin films is significantly
influenced by the boiling point of the solvents used. Solvents with higher boiling points tend to
produce films with better optical transparency. Methanol, ethanol, and 1-propanol have
comparatively lower boiling points than solvents like 2-methoxyethanol and pentanol. As a
result, when solvents with lower boiling points are used, the CuO particles agglomerate quickly
during evaporation, causing the film to become opaquer and reducing its transmittance. This
explains why the film prepared with isopropanol exhibited higher transmittance compared to
the others, as its boiling point allows for more controlled particle deposition and less
agglomeration.

We conclude that isopropanol is the most effective solvent for regulating the growth
orientation of CuO thin films, demonstrating its superiority in producing CuO films with
exceptional structural and optical characteristics. R. Bekkari. Et al., has observed similar
behaviour in ZnO [12].
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Figure 111.2. Optical transmittance spectra of CuO thin films prepared with different solvents.
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Band gap energy (Eg) and Urbach energy (Eu)

The optical bandgap of the films is determined by plotting (ahv) 2 against photon energy
hv. The bandgap energy Eg is calculated by extending the linear portion of the plot to the x-axis
(photon energy) and finding its intersection point. This value, expressed in electron volts (eV),
is depicted in Figure 111.3. From these graphs, it’s clear that the direct gap energy variation for
different solvents can be related to the film structure that affects the film’s inter-atomic bonds.
Where, the direct gap energy variation for different solvents is primarily influenced by how
these solvents affect the film's structure during synthesis. Smaller grains or amorphous regions
lead to more grain boundaries and defects, which can introduce localized states in the band
structure, narrowing or broadening the optical band gap. Films deposited using methanol and
ethanol may have a smaller grain size, leading to higher defect density, while those formed with
propanol or methoxyethanol may exhibit better crystallinity and larger grain sizes. Additionally,
the variation in solvent properties such as polarity and boiling point can also influence the
electronic properties, including the band gap [13]. In the case of methanol, ethanol, and
propanol, these smaller alcohols have shorter carbon chains and higher polarity compared to
pentanol and methoxyethanol. Their higher polarity can lead to stronger interactions with the
film-forming materials, potentially influencing the film's crystal structure and interatomic
bonding. This could result in a higher band gap. Conversely, isopropanol, methoxyethanol, and
pentanol have longer carbon chains and lower polarity, which might result in weaker
interactions with the film-forming materials. This could lead to a less ordered film structure and

potentially a narrower bandgap.

The choice of solvent during the deposition of copper oxide thin films significantly
impacts their microstructure, crystallinity, and defect density. Polar solvents like methanol and
ethanol can lead to finer grain sizes and higher defect densities, resulting in increased Urbach
energy due to localized states near the band edge. Conversely, less polar solvents like propanol
or methoxyethanol promote better crystallinity, leading to lower Urbach energy values due to
fewer defects and more ordered structures. Therefore, the solvent's polarity plays a crucial role
in determining the film's microstructure and defect density, which ultimately influence the
Urbach energy.
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Figure 111.3. Plots of (ahv)? against hv of CuO thin films prepared with different solvent
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111.1.2.3. Electrical properties

Resistivity and conductivity values of CuO thin films deposited by the sol-gel technique
using various precursor solvents were tabulated Table 111.3. Conductivity values were found
to be higher in samples prepared with methanol and ethanol solvents. This can be attributed to
the higher dielectric constants of these solvents. A higher dielectric constant can reduce the
electrostatic attraction between ions, increasing their mobility and decreasing resistivity.
Additionally, the crystallite size of the CuO thin films may also influence conductivity. Smaller
crystallites can lead to lower resistivity due to increased grain boundary scattering, which can

hinder the movement of charge carriers.

Table 111.3. Resistivity (p) and Conductivity (o) of the CuO thin films prepared with different

solvents.

solvents Resistivity (Q.cm) Conductivity (Q.cm)?
Methanol 1.722% 103 5.807 *10™*

Ethanol 6.035*10° 1.657 10
1-propanol 9.154%10° 1.0924 %10
Isopropanol 7.327*103 1.3648 *10*
Methoxyethanol 12.780% 10° 0.7824 %10

Pentanol 18.431*10° 0.5426 %10
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I11.2. Thickness effect

111.2.1. Introduction

Understanding and controlling the influence of thickness on CuO thin films is crucial
for optimizing their properties to suit advanced technological applications. Consequently, this
study explores how variations in the thickness of CuO thin films affect their structural and
optical properties, with an emphasis on uncovering the mechanisms responsible for these

changes.

111.2.2. Result and discussions

111.2.2.1. Thin film’s thickness Measurement

Accurately determining the thickness of thin films is essential, as it significantly influences
their properties and performance across various applications. The thickness of the prepared thin

films was measured using the mass difference method.
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Figure 111.5. Variation of CuO thin film thickness as a function of number of layers.
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Figure I11.5. and Table 111.4. show the variation in film thickness with the number of layers.
The results reveal an approximately linear increase in film thickness as the number of layers
rises. This trend is likely due to the fact that each additional layer of material contributes to the
overall thickness. As the number of layers increases, the total material volume grows, which

can enhance inter-layer interactions and contribute to the overall structural integrity of the films.

Table 111.4. Variation of CuO thin film thickness as a function of number of layers.

Samples S1 (6 layers) S2 (9 layers) S3 (12 layers)

Thickness (nm) 201.060 421.748 943.23

111.2.2. 2. Structural properties:
XRD analysis

The X-ray diffraction (XRD) patterns of the CuO thin films with varying thicknesses, prepared
using the spin coating technique, are presented in Figure 111.6. The well-resolved diffraction

peaks demonstrate the high crystallographic quality of all the CuO thin layers.

All the deposited films exhibit a polycrystalline nature, evidenced by the presence of
multiple peaks. These peaks correspond to the JCPDS reference data for CuO (JCPDS No. 98-
004-3179), confirming the monoclinic crystal structure and tenorite phase. Notably, no

additional phases of copper oxide, such as Cu20, were detected in any of the samples.

As the film thickness increases up to 421.748 nm, more material becomes available for
diffraction, which typically leads to an increase in peak intensity. This is because, in the initial
stages of film deposition, the crystallites (or grains) become better ordered as the film thickens,
particularly in processes like spin coating. This enhanced crystallinity results in sharper, more
intense diffraction peaks. Moreover, the two main peaks around 35.6° and 38.7° correspond to
the (111) and (111) crystallographic planes, respectively, of the CuO monoclinic structure.
These are specific diffraction angles that are characteristic of CuO’s crystal structure. Similar
results were found by other authors [14]. However, we can see that beyond a certain thickness
(up to 421.748 nm), the intensity of the XRD peaks starts to decrease. This decrease can be
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attributed to several factors, including material saturation. Once the film reaches a certain
thickness, additional layers do not significantly contribute to the diffraction intensity. The X-
rays are already strongly diffracting from the existing crystallographic planes, and adding more
material does not substantially increase the amount of diffraction material for the X-rays to

interact with.

For thinner films, the intensity of the diffraction peaks typically increases with thickness
due to the higher number of crystallites, more ordered crystallographic planes, and greater
material density. However, for films thicker than a critical threshold, the intensity begins to
drop due to factors such as saturation of diffraction signals, the formation of defects, reduced
crystallinity, and the limited ability of X-rays to penetrate deeper into the thicker layers

effectively.
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Figure 111.6. X-ray diffraction pattern of CuO nanoparticles synthesized by sol-gel route with

different thicknesses.
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Crystallite size

The average crystallite size was calculated using Scherrer’s formula, and the results are
summarized in Table I11.5. The data show a slight increase in crystallite size from 10.285 nm
(6 layers) to 15.115 nm (9 layers) with increasing film thickness. However, for 12 layers, the
crystallite size decreased slightly to 10.14 nm. As additional layers are deposited, the
crystallization of the film may evolve. Typically, the initial layers form a highly ordered
crystalline structure, and with the addition of more layers, the crystallites may grow larger,
resulting in a denser and more uniform film. Conversely, excessive thickness can adversely

affect the film quality, potentially disrupting crystallization and uniformity.

Table 111.5. Structural parameter variations of CuO thin films as a function of thickness

Samples Plan (hkl) Average Grain Average Grain
size D (nm) size D (nm)

35.46 (-111) 10.94

st 38.58 (111) 9.63 10.285
35.40 (-111) 15.77

52 38.56 (111) 14.46 15115
35.16 (-111) 11.55

S3 38.48 (111) 1053 11.04

Strain and Dislocation density

The calculated strain and dislocation density of the CuO thin films as a function of
thickness are summarized in Table 111.6. The data reveal that the structural parameters are
influenced by variations in film thickness. The smallest crystallite size, observed for the thinnest
sample (S1, 201.060 nm), corresponds to the highest dislocation density. From the second
thickness value (S2, 421.748 nm), the crystallite size increases with film thickness, leading to
a decrease in dislocation density and an improvement in crystallinity. However, at a higher
thickness (S3, 943.23 nm), the dislocation density increases again. on other hand, it can be noted
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that the stress in CuO films is lower for a thickness of 485 nm. The stress in the films can mainly
be attributed to two factors: intrinsic stress, which results from impurities and defects in the
crystal, and extrinsic stress, which arises from factors such as lattice mismatch, growth
conditions, and the difference in the thermal expansion coefficients of the film and the substrate.
Based on these results, S2 is identified as the optimal thickness for achieving the best
crystallographic quality in the CuO thin films this is in good agreement with other research
work by [15].

Table 111.6. Variation of strain and dislocation density in CuO thin films as a function of

thickness.
Samples S1 (6 layers) SYACREVED) S3 (12 layers)
Strain ¢ (x10%) 33.06 23.015 31.45
Dislocation density & (x10'* lines) m 9.56 4.41 8.98

111.2.2.3. Optical properties

Transmittance Spectrum:

Figure 111.7. illustrates the variation in transmittance as a function of wavelength for samples
with different thicknesses. The optical transmittance in the UV-VIS-NIR wavelength range for
various samples is shown in Figure 111.7. As the number of layers increases, the film

transparency decreases significantly, ranging from 70% to 30%.

The mechanism behind the observed optical transmission behavior remains unclear and may be

attributed to two primary factors:
i. the increase in film thickness.
Ii. The increase in surface roughness of the films.

Transmittance is governed by the relationship (T oc e %), where d is the film thickness and o is
the absorption coefficient. Consequently, as the film thickness increases, transmittance
decreases, leading to reduced transparency.
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Additionally, the absence of interference fringes in the deposited films is notable. Interference
fringes typically arise from multiple reflections at the film/substrate and film/air interfaces,
which occur when the films are sufficiently thick and the surface is smooth. However, in this
case, the roughness of the film surface promotes light scattering, which reduces reflection and
suppresses the formation of interference fringes. This observation indicates that the surfaces

of all deposited films are inherently rough.
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Figure 111.7. illustrates the variation in transmittance as a function of wavelength for samples

with different thicknesses.
Band gap energy (Eg) and Urbach energy (Eu)

The most notable feature in this figure is the shift of the absorption band edge toward longer
wavelengths, which corresponds to a narrowing of the optical band gap, as shown in Figure
111.8. With an increase in the molarity of the precursor solution, the optical band gap decreases
from 2.79 eV to 2.11 eV. This reduction in the band gap can also be attributed to an increase in

disorder within the film networks. This behavior was corroborated by S. Atta [16]
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The relationship between film disorder and number of layers is depicted in Figure 111.9. It is
evident that as the molarity increases, the disorder in the films rises significantly, from 328.803
meV to 389.581 meV. Conversely, the optical band gap and film disorder exhibit an inverse
relationship, indicating that the variation in the optical band gap is primarily governed by the

degree of disorder in the film network.
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Figure 111.9. Variation of Ln(a) as a function of hv for determining the Urbach energy
(Eu) of CuO thin films.

111.2.2.4. Electrical properties

This section explains how the thickness of copper oxide (CuO) thin films influences their
resistivity, as shown in Table 1. The table provides the measured values of resistivity and
conductivity for films with varying thicknesses. The resistivity of the CuO films decreases as
their thickness increases, up to a thickness of 421.748 nm. Correspondingly, conductivity
increases with thickness up to this point. This improvement in conductivity is likely due to the
enhancement of crystallinity. As the crystallite size grows, the number of grain boundaries
decreases, which reduces the barriers to electrical transport as seen in other studies[17]. With
fewer grain boundaries, the mobility of free charge carriers increases, leading to lower
resistivity. Additionally, K. Kamli and colleagues have confirmed that increasing the thickness
of CuO films improves their conductivity[18].
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Table 111.7. The electrical conductivity and resistivity of the CuO thin films as a function of

thickness.
Samples S1 (6 layers) S2 (9 layers) S3 (12 layers)
R sheet * 10° 136.405 17.5 22.10
Resistivity * 102 (Q.cm) 2.743 0.73806 2.083
Conductivity *102 (Q.cm)™* 0.3646 1.355 0.480
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I11.3. Annealing temperature effect

111.3.1. Introduction
In essence, the annealing temperature plays a crucial role in determining the final
properties of CuO thin films. created using the spin coating technique. Annealing temperature

effect on structural, optical and electrical properties of CuO films have been investigated.
111.3.2. Result and discussions

111.3.2.1. Structural properties:
XRD analysis

Figures I11. (10-15). displays the X-ray diffraction (XRD) patterns of copper oxide
films annealed at different temperatures, including an as-prepared sample. The film deposited
at a relatively low temperature of 230°C exhibited a clear mixture of tenorite (CuO) and cuprite
(Cu20) phases, indicative of a partially oxidized and unstable state. At this temperature, the
copper oxide film may not have undergone complete oxidation. Similar behavior has been

reported in previous studies [19].

Interestingly, after annealing at 300°C and above, all samples displayed peaks centered
around 35.89° and 38.77°, corresponding to the (-111) and (111) planes, respectively. The CuO
composition remained stable after annealing at 300°C. These observations are consistent with
the findings reported by Xuyang Li et al., [20]. This observation suggests that all samples
possess a polycrystalline nature and align with the characteristic peaks of a monoclinic

structure.

As can perceive from the XRD spectra, the intensity of this peaks is affected by the
change in annealing temperatures. It is noted that the increase in the annealing temperature
leads to the increase in the peak intensity. This behavior was validated by Hussain et al., [21]
The increase in the peak intensity of the layer annealed at 600°C is remarkable compared to
that annealed at 400 and 550°C.The significant increase in peak intensity for the film annealed
at 600°C compared to those annealed at lower temperatures indicates a substantial improvement

in crystallinity
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Figure II1.10. X-ray diffraction pattern of CuO treated at 230°C.
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Figure III.11. X-ray diffraction spectrum of CuO annealed at 400°C.
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Figure II1.12. X-ray diffraction spectrum of CuO annealed at 450°C.
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Figure II1.13. X-ray diffraction spectrum of CuO annealed at 550°C.
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Figure II1.14. X-ray diffraction spectrum of CuO annealed at 600°C.

Lattice parameters:

The various angle values for the (-111) and (111) planes of our films are compiled in Table
111.8. These values include lattice parameters and calculations derived from the X-ray

diffraction measurements.

Table 111.8. Structural parameter variations of CuO thin films as a function of annealing

temperature.
T (°C) 400 450 550 ‘ 600
a (°A) 4.662 4.689 4.6840 4.6883
b (°A) 3.416 3.420 3.425 3.4229
c (°A) 5.118 5.13 5.129 5.1319
V (°A3) 80.39 80.42 81.16 81.22
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The lattice parameter of CuO thin films is observed to increase with higher annealing
temperatures. This expansion is primarily attributed to thermal expansion, where the increased
thermal energy causes the lattice to expand. Additionally, changes in the crystal structure, such
as phase transformations or oxygen incorporation, can influence the lattice size. These structural
adjustments may result in a slight increase in the lattice parameter as the material adopts a more

stable or slightly altered crystal structure [22].
Crystallite size

The grain size of each sample was determined using the Scherrer formula applied to the
full width at half maximum (FWHM) of the most intense peaks (-111) and (111). The results

are summarized in Table I11.9.

Table 111.9. Grain size variation as a function of annealing temperature.

Annealing 20 (°) Plan (hkl) FWHM (°)  Average Average

Temperature crystallite size  crystallite

(°C) D (nm) size

D (nm)

400 35.89 (-111) 0.433 19.285 20.05
39.1 (111) 0.405 20.816

450 35.86 (-111) 0.2952 28.286 27.823
38.98 (111) 0.308 27.360

550 35.62 (-111) 0.216 38.630 39.561
38.8 (111) 0.208 40.493

600 35.6 (-111) 0.156 53.485 55.984
38.77 (111) 0.144 58.484
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The increase in crystalline size from 20.05 nm to 55.98 nm as annealing temperatures
rise from 230°C to 600°C is primarily due to enhanced atomic mobility and grain growth at
higher temperatures. At elevated temperatures, the increased energy allows atoms in the crystal
lattice to migrate more freely, reducing defects and enabling smaller crystallites to merge into
larger, more stable grains. This process, known as grain growth, leads to a gradual increase in
crystalline size as the material transitions into a more ordered and thermodynamically favorable
structure. Moreover, Higher annealing temperatures also help relieve internal stresses and
promote phase transformations, further stabilizing the larger crystal structure and contributing

to the overall growth in crystalline size [23].
Strain and Dislocation density

The calculated values of 6 are presented in Table 111.10. illustrate the variation in dislocation

density and the strain with respect to annealing temperature.

Table 111.10. Variation of dislocation density and strain in CuO thin films as a function of

annealing temperature.

Temperature (°C) 400 450 550 600
Strain g (x107?) 0.18 0.12 0.09 0.06
Dislocation density & (x10'* lines) m? 24.9 12.92 6.93 3.20

As observed in the table, dislocation density typically decreases as the annealing
temperature rises. At elevated temperatures, atoms within the crystal lattice gain increased
energy and mobility. This enables them to rearrange and minimize lattice imperfections, such
as dislocations. Some dislocations may merge or be eliminated entirely, contributing to a more
stable crystalline structure. Similarly, strain tends to decrease with higher annealing
temperatures. Elevated temperatures promote stress relaxation within the material, allowing it
to attain a more ordered, lower-energy state. This reduction in strain is attributed to the release
of trapped defects and the reorientation of grains during recrystallization at higher temperatures
[22].
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111.3.2.2. Optical properties
Transmittance Spectrum:

Figure 111.15. shows the variation of transmittance as a function of wavelength for samples
annealed at different temperatures.
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Figure 111.15. Transmittance spectra as a function of wavelength.

Figure 111.15. depicts the optical transmittance of copper oxide thin films prepared by
spin coating at different annealing temperatures. The transmittance spectra were recorded over
a wavelength range of 300-1100 nm, with values ranging from 59% to 80% in the 400 nm to
1100 nm range. The observed decrease in transmittance at 550°C may be due to increased
surface roughness of the films annealed at this temperature. This roughness can result in the
refraction of radiation at the film/air interface, causing the incident light to scatter in multiple
directions instead of being reflected. Similar experimental results observation have also been
reported by other works [24]

Band gap energy (Eg) and Urbach energy (Eu)
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Figure 111.16. Variation of (ahv)¥?as a function of hv to determine the energy gap of CuO

thin films.
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Table 111.11. Variation the energy gap of CuQO thin films.

Temperature (°C) 230 400

Eq (eV) 3.36 3.34 3.29 3.20 3.19

Figure 111.16. shows the optical band gap (Eg) of CuO thin films as a function of
annealing temperature, based on the data in Table 111.11. Revealing a decrease in the band gap
with increasing temperature. This reduction is due to two main factors: the increase in crystal
size and the reduction of defects. As annealing temperature rises, the crystal grains grow larger,
reducing quantum confinement effects and slightly narrowing the band gap. Additionally,
higher temperatures reduce grain boundaries and defects that contribute to localized states,
leading to a more uniform electronic structure and a narrower band gap. A similar decrease in
the optical bandgap with increasing annealing temperature has been reported in the literature
for copper oxide thin films prepared using chemical deposition and radio frequency magnetron
sputtering methods [19, 25].

Disorder (Urbach Energy):

The Urbach energy Eu is a key parameter that reflects the level of disorder in the
material. Using equations (11.10) and (I1.11) from the previous chapter, we obtained the

following curves:

In (A)
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Figure 111.17. Variation of Ln(A) as a function of hv for determining the Urbach energy
(Eu) of CuO thin films.

Table 111.12. Variation of Eu with annealing temperature.

Temperature (°C) 230
Eu (eV) 0.315 0.318 0.317 0.316 0.316

Figure 111.17. shows a reduction in disorder as annealing temperature increases, which
indicates improved crystallization. At higher annealing temperatures, crystal grains grow larger
and more ordered, leading to fewer structural defects. This enhanced grain formation results in

a more uniform and stable crystal structure, reducing the disorder within the material.
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111.3.2.3. Electrical Characterization
The table below summarizes the electrical properties of our samples annealed at various
temperatures. To measure the conductivity or resistivity of the CuO layers, the four-point

method was applied.

Table 111.13. Electrical properties of CuO films as function of annealing temperature.

Temperature (°C)

Resistivity * 102 (Q.cm) 0.0163 0.0135 0.0149 0.0067 0.0168

Conductivity *10? (Q.cm)™* 61.292 73.5510 66.8645 147.1020  59.3153

The increase in conductivity and corresponding decrease in resistivity of CuO thin films
with rising annealing temperatures (230°C to 600°C, peaking at 550°C) can be attributed to
enhanced crystallinity and reduced defects within the material. At 550°C, the conductivity
reaches its maximum, likely due to an optimal balance between grain growth and defect
reduction, where the crystal structure is well-ordered with minimal structural imperfections.
This temperature provides ideal conditions for maximizing grain size and minimizing defects,
allowing for efficient charge carrier movement. Beyond 550°C, further structural changes or
grain growth may have a diminishing effect on conductivity, and slight structural degradation

may even cause a slight increase in resistivity.
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I111.4. Conclusion

The structural, optical, and electrical properties of CuO thin films are significantly

influenced by solvent choice, film thickness, and annealing temperature.

Solvent Effects: The films exhibit a polycrystalline monoclinic structure, with solvents
like Isopropanol, 1-Propanol, ethanol, and 2-Methoxyethanol promoting growth along the c-
axis (002 plane), while Pentanol and Methanol favor growth along the (111) plane due to faster
evaporation. Isopropanol-based films show the largest crystallite size and improved optical
transmittance, while methanol leads to smaller crystallites with higher strain. Higher dielectric
constants in methanol and ethanol increase conductivity by enhancing ion mobility.

Annealing Temperature Effects: Annealing at temperatures above 300°C stabilizes the
CuO phase, improving crystallinity and increasing crystallite size. At higher temperatures, such
as 600°C, films exhibit a marked increase in crystallite size (from 20.05 nm to 55.98 nm),
reduced strain, and enhanced lattice stability. Optical properties improve with larger grains,
resulting in a decrease in band gap energy from 3.36 eV to 3.19 eV. The films show improved
conductivity at 550°C due to optimal grain size and minimal defects, though further temperature

increases beyond this point lead to slight conductivity degradation.

In summary, by optimizing the effects of thickness, solvent, and annealing temperature,
CuO thin films with ideal properties for various applications such as high optical transmittance,
low resistivity, and good crystallinity can be synthesized. Selecting the appropriate solvent
(ethanol) and annealing at 550°C with 9 layers, resulting in an approximate thickness of 400

nm, allows for an optimal balance between crystallite size, transparency, and conductivity.
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Chapter 1V Influence of alkali doping CuO thin film

IV.1. Introduction

In this chapter, we focus on presenting and analysing the findings from our research on
copper oxide (CuO) thin films, including both pure and doped variations. The chapter is
organized into two sections. In the first section, we investigate the structural, electrical, and
optical characteristics of CuO thin films. This includes pure CuO as well as CuO doped with
specific elements (Li, Na, and K), which we refer to as X-doped CuO. We explore the effect of
these dopants across various concentrations (3%, 6%, 9%, and 12%) to understand how each
dopant and concentration level impacts the properties of CuO. Multiple analytical techniques
are employed to characterize these materials, providing a comprehensive overview of their
behavior and properties. in the second section, we select the optimal doping concentration and
compare the thermoelectric properties to determine the most suitable candidate for

thermoelectric applications.

1V.2. Results and discussion
IVV.2.1. Lithium doped Copper oxide

1VV.2.1.1. Structural characterizations

XRD analysis

The impact of lithium doping on the structure of copper oxide thin films was examined using
X-ray diffraction (XRD). Lithium concentrations were set at 3%, 6%, 9%, and 12% for this
study. The resulting XRD patterns are shown in Figure 1V. 1. From the diffraction patterns,
peaks were observed at approximately 32.48°, 35.56°, 38.71°, 48.82°, and 61.60°,
corresponding to the crystallographic planes (110), (111), (200), (202), and (113) of the
monoclinic CuO structure, as referenced by standard JCPDS Data No. 98-004-3179. These
findings align with previous studies and confirm that the films exhibit a monoclinic CuO

structure, with no additional crystalline phases introduced by the lithium doping.

The XRD patterns demonstrate that the (111) and (200) peaks of the Li-doped CuO samples
have shifted slightly to lower angles compared to the undoped CuO[1]. This shift can be
explained by the difference in ionic radii between lithium (Li*) and copper (Cu?*). The ionic
radius of Li* (0.73 A) is slightly larger than that of Cu?* (0.71 A). When Li* ions replace Cu?*

ions in the CuO lattice during doping, the larger Li* ions leading to an increase in the d-spacing
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(the distance between atomic layers). This increase in d-spacing causes the diffraction peaks to

shift to lower angles, as observed in the XRD patterns.

At lower doping levels 3% Li* ions can smoothly integrate into the CuO lattice, causing a slight
expansion due to the larger ionic radius of Li* compared to Cu?". However, at 6% doping, the
CuO lattice may begin to experience saturation, where it can no longer easily accommodate
more Li* ions without inducing stress or strain. This stress could lead to lattice contraction.
Instead of continuing to expand like at lower concentrations, the excess strain may cause the
lattice to contract slightly, shifting the XRD peaks to higher angles. By 9% and 12%, the CuO
lattice may have reorganized or stabilized, reducing the strain and distortions. As a result, the

lattice expands again, causing a shift back to lower angles, as observed in the 9% and 12%

samples.
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Figure IV.1. X-ray diffraction patterns of pure and Cui-x Lix O (X=3%,6%, 9%, 12%).
The crystallite size D, Lattice parameters, strain and dislocation density

The crystallite size D is calculated using the Debye-Scherrer formula. As indicated in the table,

increasing the concentration of Li dopants beyond 6% results in a decrease in the crystallite size
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of CuO: Li. When Li* ions substitute Cu?* ions in the CuO lattice, the difference in ionic radii
introduces lattice distortion. While the lattice can manage the strain at lower doping levels (up
to 6%), exceeding this threshold causes the strain to intensify, leading to the formation of

defects in the crystal structure.

The dislocation density () and strain (€), as shown in Table IV.1, increase with higher doping
concentrations except at 6% of Li content. Bayansal et al., have reported that as the crystallite
size decreases, the number of grain boundaries increases, which results in a higher
concentration of defects such as dislocations, vacancies, and misalignments. This, in turn, leads
to the degradation of the crystalline quality of the films as the doping concentration rises [2].
Hence proved, 6%Li-doped CuO sample shows the lowest lattice distortion and defects density

values.

Table 1V.1. shows the cell parameters a, b, ¢, and volume V for both pure CuO and Na-doped
CuO. It is evident that the cell parameters for the doped samples are smaller compared to those
of pure CuO, when Li* ions substitute for Cu?* ions in the CuO lattice, the smaller charge of Li*
(1+ compared to 2+) creates changes in the bonding environment. This often leads to a
contraction of the lattice as the system accommodates the lower positive charge and rebalances
the forces between the ions [3] [4]. As a result, the lattice parameters and volume tend to
decrease with the introduction of Li*. However, the 6% Li-doped CuO behaves differently due
to a critical concentration effect, where the lattice undergoes structural changes that lead to an

increase in the cell parameters compared to other Li-doped samples.
Table 1V.1. values of lattice parameter, grain size, dislocation density and strain for

Cui.x Lix O thin films (x = 3%, 6%, 9%, and 12%) prepared by the spin-coating method,

compared to undoped CuO thin films.

Lattice parameter (A) Crystallite Dislocation Strain g *
size density (x10*  10-4
D (nm) lines) m2
3% Li-CuO 46829 34286 5.1307 81.4212 22.59 19.59 15.34
6% Li-CuO 46831 34291 5.1308 81.5612 23.32 18.38 14.86
9% Li-CuO 46826 3.4282 5.1376 81.4167 20.60 23.54 16.82
12% Li-CuO 4.6819 3.4236 5.1371 81.3865 19.53 26.20 17.74
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1V.2.1.2. Optical properties
Transmittance properties

The effect of lithium doping concentration on the optical characteristics of CuO thin
films was studied to understand how varying amounts of lithium influence the material's
transmittance, band gap, and overall optical behaviour. Lithium was introduced at different
concentrations (3%, 6%, 9%, 12%) to observe its impact on the film's microstructure, defect
states, and electronic properties. In fact, we remark, from Figure 1V.2. that a significant
decrease of transmittance in both visible region after Li doping. From the same figure, we can
note that the transmittance of the films increases only in infrared region. The variations in
transmittance for lithium-doped CuO thin films at different doping concentrations (3%, 6%,
9%, 12%) compared to pure CuO are attributed to how lithium doping influences the film's

microstructure, optical band gap, and defect states.

At 6%, 9%, and 12% L.i-doping, the transmittance decreases due to the introduction of
more defects, which act as centres for scattering and absorption. Additionally, increased free
carrier absorption and reduced film quality contribute to greater light scattering, resulting in
decreased transparency [5].
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Figure 1V.2. Optical transmittance spectra of spin-coating method made Cu1.x Lix O
(X=3%,6%, 9% and 12%) thin films compared to those of undoped CuO one.
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Band gap energy (Eg) and Urbach energy (Eu)

The variation in the band gap with different Lithium doping percentages is presented
in Table 1V.2. For Li doping, the band gap values are found to vary between 1.46 and 2.42
eV. The increase in the optical band gap can be explained by the introduction of Li, which
distorts the CuO matrix as the nanostructure size decreases, leading to the formation of
impurity energy levels (acceptor states) within the band gap. The combined effect of lithium

doping and reduced nanostructure size results in an overall expansion of the band gap [6].

Table 1V.2. Variation in optical parameters of undoped and Li-doped copper oxide thin films.

Samples Pure Li (3%)-CuO Li (6%)-CuO Li(9%)-CuO Li (12%)-CuO
CuO
Optical Band 1.42 1.75 2.42 1.86 1.37
gap Eg (eV)
Urbach energy 0.46 0.32 0.40 0.68 0.90
Eu (eV)
4504071 — PureCu0 16x10% 1 — 3% Li-Cu0

" X Intercept = 1.42017 eV
4.0x10" 4
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Figure 1V.3. Plots of (ahv)2 against 4v of spin-coating method made Cuix Lix O
(x=3%,6%, 9% and 12%) thin films compared to those of undoped CuO one.

The substitution of Cu** by Li* leads to the formation of impurity energy levels between
the conduction band (CB) and the valence band (VB). This increases the number of Cu?**
vacancies, which act as acceptor states. The marginal difference or decrease in band gap energy
(Eg) is due to the high concentration of these acceptor states (cation vacancies) near the top of
the valence band, associated with Cu* or Cu?* ions. The overlap between the upper-edge states
of the valence band and donor states from the conduction band, caused by doping, results in a
narrowing of the band gap. An increase in the band gap energy can be attributed to the rise in

Urbach energy, which reflects increased disorder and the loss of crystal structural organization.
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Figure I1V.4. Plots of In a against Av of spin-coating method made Cui-x Lix O (x=3%,6%,

9% and 12%) thin films compared to those of undoped CuO one.
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1V.2.1.3. Electrical properties

The electrical conductivity (o) and the resistivity (p)values of Li-doped CuO thin films are
presented in Table 1V.3. and their variation with Li doping concentration is shown in Figure
IVV.5. The conductivity initially increases, reaching a maximum of 0.272 at 6% Li doping, but
decreases as the Li content increases further, dropping to 0.0379 (Q.cm)? at 12% Li doping.
On contrast, the resistivity (p) is found to decrease slightly. Then, it starts to increase

significantly with further increase of Li content.

The initial rise in conductivity is attributed to an increase in hole concentration in the
valence band, caused by shifts in the conduction band and the creation of holes due to oxygen
non-stoichiometry in the p-type CuO grains. Additionally, as Li doping increases, grain size
reduction leads to the formation of discrete energy levels, which act as electronic defects. These

defects can behave like donor states, further enhancing conductivity.

However, at higher doping levels, the conductivity decreases. This reduction is
attributed to the decreased crystallization of the thin films, which reduces electron scattering
centers and increases the material’s resistance. The higher concentration of dopant ions disrupts

the crystal structure, leading to diminished electrical conductivity.
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Figure IV.5. Electrical conductivity and resistivity of the Cuix Lix O (x=3%,6%, 9% and

12%) and undoped CuO thin films as a function of doping concentration.
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Table.IV.3. Electrical conductivity and resistivity of the Cuix Lix O (x=3%,6%, 9% and 12%)
and undoped CuO thin films.

Samples Pure CuO 3% Li-CuO 6% Li-CuO 9% Li-CuO  12% Li-CuO
Resistivity 1.7 0.066 0.0367 0.083 0.202

*10? (Q.cm)

Conductivity 0.58 15.00 27.2 12.00 3.790

*102 (Q.cm)?

1V.2.2. Sodium doped copper oxide

1VV.2.2.1. Structural characterization
XRD analysis

The X-ray diffraction (XRD) patterns of the as-deposited thin films, each containing
varying percentages of sodium doping, consistently exhibit a monoclinic phase. This was
confirmed by comparison with the standard JCPDS Card No. 98-004-3179. Various diffraction
peaks were detected in CuO thin films at specific diffraction angles (20) of 32.48°, 35.56°,
38.71°, 48.82°, and 61.60°, corresponding to the crystallographic planes (110), (111), (200),
(202), and (113), respectively. It was observed that the preferred ("111) and (111) peaks,
orientation remains unchanged as the sodium concentration increases. The full width at half
maximum (FWHM) values, as shown in Table 1, increased by 3%, 9%, and 12% for Na-doped
CuO samples compared to pure CuO thin films. This increase suggests that sodium doping

inhibits crystallite growth, leading to reduced crystallinity.

The decrease in crystallization can be attributed to factors such as the type of chemical
bonds between the atoms in the film material, the specific heat of the solid, or the differences
in melting points of the material’s components. Similar effects were observed by A. Sobhani
et al., [7] where the FWHM values decreased due to crystal defects introduced by doping.
Notably, the peak intensities also diminished as sodium doping levels increased.

As sodium doping increases, the peak positions gradually shift towards lower 20 values,
indicating an increase in interplanar spacing according to Bragg’s Law, as the spacing increases,
the diffraction angle must decrease to satisfy the equation. This shift is due to the difference in
ionic radii between Na* (0.102 nm) and Cu?* (0.065 nm) ions. The formation of vacancies,
which leads to lattice contraction through electrostatic interactions, along with lattice expansion

caused by the change in cation radius (steric effect), increases the distance between atomic
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planes, as reported by Marrocchelli et al [8] . It is well known that CuO is prone to vacancy
defects, and in this work, the observed lattice contraction is attributed to the creation of
vacancies after sodium doping. However, the 6% Na-doped CuO sample exhibited a different

behavior, suggesting that this doped sample may have better crystallinity than the others.

The average crystallite size (D) for the nanostructured thin films was calculated using
the Scherrer equation (11.14) for the (111) preferred orientation. The average crystallite size
was found to range from 13.67 nm to 24.53 nm, with the size decreasing as sodium doping
concentration increased from 0% to 12%. The decrease in crystallite size can be explained by
the internal strain introduced when larger Na* ions (1.02 A) replace smaller Cu* ions (0.65 A)
in the CuO lattice. This size mismatch destabilizes the crystal structure, and to relieve the strain,
the system undergoes a spontaneous reduction in particle size, helping to stabilize the structure.
This phenomenon, where ion size differences lead to lattice distortions, is commonly observed

in doped or substituted crystal systems [9] [10].

The lattice parameters of the monoclinic unit cell were calculated using Debye-Scherrer
relationship, lattice parameter a, b and ¢ for monoclinic structure, and V volume of unit cell of
tenorite.

Table 1V.4 shows the cell parameters a, b, c, and volume V for both pure CuO and Na-
doped samples. It is evident that the cell parameters for the doped samples are smaller compared
to those of pure CuO, indicating that lattice compression has occurred in the doped material.
This compression is caused by the difference in ionic radii between Na and Cu, which
introduces lattice distortion. To accommodate the size mismatch and reduce strain, the unit cell
contracts, leading to a reduction in the lattice parameters.
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Figure 1V.6. X-ray diffraction patterns of pure and Cuix Na x O (x=3%,6%, 9%, 12%).

Together, dislocation density and micro-strain give a more complete understanding of a
material’s defect structure and how those defects impact its physical and mechanical properties.
have been calculated using equations. The dislocation density of CuO nanostructure thin films
exhibited an upward trend with increasing Na dopant levels, except at 6 mol% Li concentration.
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This anomaly could be linked to a rise in grain boundaries, likely caused by variations in
crystallite size, as demonstrated in Table.lIV.4. These observations align with the research of
F. Bayansal et al, [11] which noted a reduction in grain size alongside a rise in dislocation

density as the dopant concentration increased.
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Figure IV.7. Variation of grain size, strain and dislocation density of CuO thin films as

function of Na concentration
Table 1V.4. values of lattice parameter, grain size, dislocation density and strain for

Cuix Nax O thin films (x = 3%, 6%, 9%, and 12%) prepared by the spin-coating method,

compared to undoped CuO thin films.

Lattice parameter (A) Crystallite  Dislocation Strain ¢
size density *10*
D (nm) (x10%* lines)
Pure CuO 0.34 46972 3.4258 5.1380 81.5450 24.53 16.61 15.80
3% Na-CuO 0.61 46969 3.4251 5.1381 81.5222 13.67 53.51 25.34
6% Na-CuO 0.38 46979 3.4259 5.1382 81.5612 21.63 21.37 16.01
9% Na-CuO  0.46 46971 3.4254 51376 81.5274 1791 31.17 19.35
12% 0.40 46970 3.4256 5.1379 81.5441 20.68 23.38 16.75
Na-CuO
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1V.2.2.2. Optical properties

The optical characteristics of pristine and sodium-doped CuO thin films were examined
through UV-Visible spectroscopy. The transmittance spectra for the produced CuO thin films,
including those without doping and those doped with sodium at concentrations of 3%, 6%, 9%,
and 12%, are displayed in Figure 1V.8. It can be said that the change in transmittance values
did not follow a systematic trend, which may suggest that the impurity ions were not uniformly
incorporated into the CuO lattice. In the domain below 800 nm, there is generally low
transmission and consequently strong light absorption by both undoped and Na-doped CuO
layers. However, in this region, the average transmission increases as the percentage of Na
doping increases. Additionally, the 6% Na-doped CuO sample exhibited the highest
transmittance values compared to all other produced CuO samples. The increased transmittance
at 6% doping can be attributed to a reduction in defects, enhanced crystallinity, and decreased
scattering or absorption of incident light, indicating low surface roughness and improved
homogeneity. This is further supported by experimental results obtained through X-ray
analysis. The high transparency observed in the film with 6% Na doping in the visible region
suggests its potential for optoelectronic applications, including use in flat plate collectors and
photovoltaic devices, as a transparent conducting oxide material. Decreased transmittance is
attributed to surface roughness and higher defect density due to the incorporation of excess Na
in copper oxide lattice as well as the pores present in the thin films which increased the
scattering of photons.
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Figure 1V.8. Transmittance spectra of undoped and Na-doped CuO.
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Table 1V.5. Variation in optical parameters of undoped and Na-doped copper oxide thin films

Optical Band gap 142 1.85 1.70 1.52 1.39
Eg (e V)

Urbach energy Eu  0.46 0.32 0.40 0.68 0.90
(eV)

The variation in the band gap with different sodium doping percentages is presented in
Table IV.5. Pure copper oxide exhibited a band gap of 1.42 eV, while sodium-doped copper
oxide showed a range of band gaps from 1.85 eV to 1.39 eV, depending on the doping level.
The optical band gap energy increases with higher sodium dopant concentrations Figure 1V.9
This increase can be attributed to the increase in grain boundaries, resulting from the
reduction in crystallite size and the increase in film thickness. This behavior was also obtained
for copper oxide films deposited by spray pyrolysis [12], and chemical deposition [13].

11
4.5x10" 1 ‘ Pure CuO 5x10 3% Na-Cu0
4.0x10% X Intercept = 1.42017 eV
11
3.5x10'* ~ / o 4x10
L 2
% 3.0x10* 4 el
& £ 3xiot
S 2.5x10 4 N
= >
> 11 ]
3 200 5 2xiot
3 )
1.5x10**
Eg=1.85eV
1.0x10™ 4 1x10%
5.0x10%
T T T T O T T T T T
1.0 1.5 2.0 25 3.0 3.5 1.0 15 2.0 25 3.0 35 4.0
Energy (eV
V) Energy (eV)
7x101
6% Na-CuO x
2.0x10"2 -—— 9% Na-CuO|
/ 6x10M
N’>‘ 1.5x10"? o 5x10'
¥ B
s T 4xiot
&
2 10x10%4 e
-~ 11
e Eg=1.70 eV ;: 3x10
5.0x10 2x10t Eg=1.52 eV
J 1x101
0.0
1.0 15 20 25 30 35 4.0 0 J T T r
Energy (eV) 1.0 15 2.0 25 3.0 3.5
Energy (eV)

122



Chapter 1V Influence of alkali doping CuO thin film

1.0x10%

= 12% Na-CuO|

8.0x10% ~ /

6.0x10* ~

(xhv)? (cm™ eV)?

4.0x10'*

2.0x10™ 4 /
0.0
1.0 15 2.0 25 3.0 3.5
Energy (eV)

Eg=1.39eV

Figure 1V.9. Graphs of (ahv)? plotted against Av for Cuix Na O thin films (x = 3%, 6%, 9%,
and 12%) prepared by the spin-coating method, compared to undoped CuO thin films.

The introduction of impurities into a semiconductor typically leads to the formation of
band tailing within the band gap. Optical transitions from the occupied states in the valence
band tail to the unoccupied states at the conduction band edge result in an exponential

relationship between the absorption coefficient (o) and photon energy near the band edge.

This effect is represented by the band tail energy, or Urbach energy Eu, which
indicates the presence of local defects and follows the empirical Urbach law. As illustrated in
figure 1VV.10. with the calculated values summarized in Table 1V.5. The results show that the
Urbach energy of doped samples is higher than that of undoped ones. The findings indicate
that the Urbach energy in doped samples is higher compared to undoped ones. Where, a
reduction in grain size results in an increase in the number of grain boundaries, creating
regions of disorder that disturb the regular crystal lattice and introduce defects, dislocations,
and localized states. This heightened disorder leads to a rise in Urbach energy, which is

reflected in the widening of the absorption edge.
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1VV.2.2.3. Electrical properties

To examine the impact of Na doping on the electrical properties of CuO thin films, we
calculated the electrical resistivity (p) and conductivity (o) of CuO films at room temperature
using the equation from. Figure 1V.11. illustrates the variation in electrical conductivity and
resistivity for both pure and Na-doped CuO thin films.
As shown, increasing the Na dopant concentration up to 3% results in a rise in electrical
conductivity from 5.87 x1073 to 9.09 x107* (Q cm)!, followed by a further increase to 5.93
x1072 (2 cm) ' at 6% Na concentration. However, beyond this point, the conductivity decreases
to 5.49 x1072 and 4.74 x107 (Q.cm )" at 9% and 12% Na concentrations, respectively.
Conversely, the resistivity decreases from 170 Q cm to 110 Q cm at 6% Na concentration,
reaching 16.9 Q cm at 6%, but then increases slightly to 18.2 Q cm and 21.1 Q cm at 9% and

12% Na concentrations, respectively.
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Figure 1V.11. Electrical conductivity and resistivity of Cui-xNa.O thin films (x = 3%, 6%,
9%, and 12%) and undoped CuO thin films as a function of Na doping concentration.

In Na-doped copper oxide (CuO), the initial reduction in resistivity with increasing Na
concentration is due to an increase in charge carrier density and mobility introduced by the
doping process. When sodium (Na) atoms substitute for copper (Cu) atoms or integrate into the
CuO structure, they generate additional free charge carriers (mainly holes), which enhances

electrical conductivity and reduces resistivity. However, at higher Na concentrations, the
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resistivity begins to rise due to the increased structural disorder, defect formation, and reduced
carrier mobility. Where, these defects act as scattering centers for charge carriers, hindering
their mobility and reducing overall conductivity. This explains the higher resistivity observed

in the 9% and 12% Na-doped CuO samples compared to the 6% Na-doped sample.
IV.2.3. Potassium doped copper oxide

IVV.2.3.1. Structural characterizations

The structural properties play a pivotal role in elucidating the electrical and optical
characteristics of thin films. It's noteworthy that copper oxide (CuO) primarily exists in two
structural forms: orthorhombic and monoclinic structures. In Figure 1V.12. the characteristic
X-ray diffraction patterns of undoped and potassium-doped copper oxide with variable
potassium contents are depicted. First of all, VVarious diffraction peaks were detected in CuO
thin films at specific diffraction angles (20) of 32.48°, 35.56°, 38.71°, 48.82°, and 61.60°.
which belong to orientations at (110), (111),(200), (202),and (113),respectively, as per the
standard data from JCPDS Card No.: 98-004-3179, consistent with the monoclinic crystal
structure of the copper oxide phase. Furthermore, the addition of potassium (K) didn't alter the
structure of the copper oxide thin films. This is supported by the lack of additional impurity
peaks in the X-ray diffraction pattern, indicating the successful integration of the doped
elements into the CuO lattice without the formation of distinct compounds. Moreover, the
presence of K atoms is indicated by changes in peak position and intensity. When atoms
occupy lattice sites, the reflection intensity on specific planes varies. These variations reflect
slight alterations in crystal symmetry, likely due to the emergence of defects and vacancies at
lattice sites. It is evident that the diffraction peak position values monotonically increase
overall with higher K doping concentration, by comparing the diffraction peak position values
of major peaks the standard XRD pattern, it can be deduced due to Poisson’s effect that the
undoped CuO film had residual compressive stress. As K* ions substitute Cu?* at CuO lattice
sites or enter interstitial sites, the lattice constant of Cu1.x Kx O should expand with increasing
K doping concentration, attributed to the larger ionic radius of K* ions (1.38 A) compared to
Cu®* ions (0.72 A). Consequently, the diffraction peaks of CuixKxO films are anticipated to
shift to lower angles overall. The lattice parameters of the monoclinic unit cell were
calculated using Debye-Scherrer relationship (1), lattice parameter a, b and ¢ for monoclinic
structure (2), and V volume of unit cell of tenorite (3).
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as detailed in Table 1. The data reveal that the slight difference in the ionic sizes of

copper and zinc results in changes to the lattice parameters when zinc is added to copper
oxide.

All CuO samples exhibit prominent ("111) and (111) peaks, which are significantly
more intense than the other peaks. The ("111) plane is identified as the preferential growth
plane, corresponding to the crystal face perpendicular to the c-axis. This plane is known for its
relatively lower surface energy compared to other crystallographic directions. As a result,
atoms experience a higher thermodynamic driving force to attach to this face, facilitating the

formation of new layers and promoting faster growth in that direction.
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Figure 1V.12. X-ray diffraction patterns of pure and Cui.x Kx O (x=3%,6%, 9%, 12%).

The crystallite size of the as-prepared samples was determined using both the Debye-Scherrer
formula and the Williamson-Hall relation. Several microstructural parameters like crystallite

size (D), dislocation density (8), micro-strain (), have been calculated.
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Doped CuO samples exhibit a smaller crystallite size compared to pure CuO. where,
The crystallite size decreases for doping ratios of 3, 9 and 12 wt% and then increases for 6 wt%
when compared with pure CuO thin. film as the incorporation of dopants limits grain growth
by accumulating at the grain boundaries during nucleation, thereby increasing lattice distortion
and introducing more defects such as dislocations. However, when the K doping concentration
reaches 6%, the lattice parameter values of CuO films begin to increase, while dislocation
density and micro-strain values decrease. The larger crystallite size and lower dislocation
density at this concentration indicate an enhancement in crystallinity. Therefore, the minimal
values of micro-strain and dislocation density suggest that 6% K-doped CuO thin films have
reduced lattice defects and dislocations along the grain boundaries. The decrease in crystallite
size with higher doping concentrations may be attributed to an increase in nucleation sites
resulting from potassium doping or the saturation of potassium within the CuO samples. Similar

behavior has been reported in previous studies [14].

Table 1V.6. values of lattice parameter, grain size, dislocation density, strain and stacking fault
probability for Cui-x KO thin films (x = 3%, 6%, 9%, and 12%) prepared by the spin-coating

method, compared to undoped CuO thin films

Sample Lattice parameter (A) Crystallite  Dislocation Strain
size D (nm)  density £*10*
(x10* lines) m
Pure CuO  4.6972 3.4258 5.1380 81.5450 20.14 26.20 21.40
3% K-CuO 47131 3.4210 5.1028  81.1467 16.37 37.20 23.34
6% K-CuO  4.6880 3.4257 5.1301 81.2578 21.92 20.80 17.44
9% K-CuO  4.7025 3.4139 5.0120 81.0701 19.75 25.63 19.36
12% K- 4.6956 3.4134 5.1244  81.0073 20.42 21.61 17.77
CuO

1V.2.3.2. Morphological (SEM) and chemical composition (EDX) analysis

Scanning Electron Microscopy (SEM) provides clear insight into the morphology of
thin film surfaces, reflecting their internal structures. The morphology of as-synthesized pure
and K-doped CuO thin films was investigated using SEM. By comparing the micrographs, it
can be observed that the spin-coated layers exhibit distinct surface morphologies. where, the

undoped CuO film displays a nanofiber-like morphology, with interconnected nanofibers and
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no micropores, voids, or holes on the surface. However, this nanofiber-like morphology begins
to disappear when the film is doped with potassium (K).

With K doping, the morphology transitions to irregularly shaped grains dispersed across
the film surface. Thus, the concentration of K doping significantly influences the surface
morphology of the CuO thin film, resulting in round grains of various sizes distributed almost

uniformly across the film surfaces.
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Figure 1V.15. SEM images of undoped and K-doped CuO thin films.

EDX analysis is an analytical technique used for the elemental analysis or chemical
characterization of a sample. The energy dispersive X-ray spectroscopy examinations of all thin
films were performed at a lower magnification (500x), and the EDX spectrograph is presented
in Figure 1V.16. The analysis reveals that pure CuO films contain strong signals of Cu and O
peaks. Additionally, the doped samples with different concentrations (3, 6, 9, and 12 %) show
characteristic peaks of Cu, O, and K. confirming the incorporation of K into CuO thin films.
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Figure I1V.16. EDS spectra of undoped and K-doped CuO thin films.

1V.2.3.3. Optical properties

The optical properties of pure and potassium-doped CuO thin films were investigated
using UV-Visible spectroscopy. The optical transmittance spectra of the fabricated CuO thin
films, including undoped and potassium-doped samples with ratios of 3%, 6%, 9%, and 12%,
are presented in Figure 1V.18. The transmittance versus wavelength data revealed lower
transmission in the visible region of the light spectrum, accompanied by an increase in
transmittance in the near-infrared (NIR) region. This suggests that the prepared CuO thin films
are highly effective for light absorption up to the visible range. Additionally, the overall
transmittance increased with higher dopant concentrations. Besides, the highest transmittance
values were reached with the 6% K doped CuO sample among the all produced CuO. These
changes in optical transmittance can be attributed to the improved crystal structure resulting
from doping, which reduces light scattering within the material and enhances transmittance, as

corroborated by experimental results obtained using X-ray analysis [15].
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Figure IV.17. Transmittance spectra of undoped and K-doped CuO.
The absorption coefficient (a) and Extinction coefficient (k)

The figure indicates lower absorption and extinction coefficients in the UV-region.
However, an increasing trend is observed in the visible and NIR regions. In potassium-doped
copper oxide (CuO), a lower absorption coefficient means that the films absorb less light or
electromagnetic radiation than undoped CuO. This decrease in absorption may result from
changes in the electronic structure and morphology of CuO when potassium ions K* are
incorporated into its lattice. Potassium doping can shift the energy levels within the CuO lattice,
potentially altering how electrons interact with photons. If these shifts reduce the likelihood of
electronic transitions that absorb light at specific wavelengths, the film's overall absorption may
decrease, thus reducing the absorption coefficient. On the other hand, the diminished absorption
observed in potassium-doped CuO can be attributed to its lower extinction coefficient as
reported by A. Ansari et al., [16].
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Figure 1V.18. a) absorption coefficient («), b) Extinction coefficient (x) with wavelength of
undoped and K-doped CuO thin films.

Band gap energy (Eg) and Urbach energy (Eu)

The transition type in the pure and K-doped CuO is the direct transition. Therefore, the
optical band gaps were determined using Tauc's plot method. The Tauc plots were employed to
evaluate the band gap energy by plotting (ahv)?versus (hv)and extrapolating the linear
portion to find the intercept with the energy axis. This process is illustrated in Figure 1V.19.
and 1V.20. and the resulting band gap energy values
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Figure 1V.19. plot of (ahv)? plotted against Av for Cui— KO thin films (x = 3%, 6%, 9%, and
12%) prepared by the spin-coating method, compared to undoped CuO thin films.

It is clear that as the doping process happened, the band gap value varied. The change
in the band gap is the result of the existence of K levels within the CuO lattice. Concerning
band gap values for undoped CuO (1.42 eV) in close accord with the data presented. while it is
found that the band gap of 3% K-doped CuO (1.78 eV) which is decreased to (1.54 eV) for 6%
K- doped CuO. Later increased to (1.99 eV) and (2.31 eV) for 9% and 12% K- doped CuO
respectively. Our results are comparable by other experimental result [17]. In this case, the
broadening of Eg in K-doped CuO thin films may be due to the high oxygen content observed
in EDX analysis. Oxygen impacts the bandgap by modifying the electronic structure and
creating oxygen-related defects, like vacancies and interstitials, which introduce new energy

states and alter the crystal structure, affecting atomic spacing and bonding. Higher oxygen
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levels can also increase charge carrier density, collectively raising Eg by shifting energy levels
and influencing electron interactions. Notably, oxygen content peaks in the 12 at% K-doped
CuO film, which also has the highest Eg. Since Eg depends on the film's composition and
stoichiometry, its increase can be attributed to variations in elemental composition in K-doped

CuO. A similar behavior was reported in previous work by [18]
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Figure 1V.20. plot of Ln(a)plotted against v for Cui—KyO thin films (x = 3%, 6%, 9%, and
12%) prepared by the spin-coating method, compared to undoped CuO thin films.
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1VV.2.3.4. Electrical properties

This section describes how potassium (K) doping affects the resistivity of copper oxide
(CuO) thin films, as shown in Table 1. The table presents the measured resistivity values of
both undoped CuO and CuO doped with various potassium levels (3%, 6%, 9%, and 12%). As
potassium concentration increases, the resistivity of the material decreases significantly,
indicating that K-doped CuO films conduct electricity more efficiently. In fact, Pure CuO
exhibits p-type conductivity, meaning it primarily conducts through holes, which result from
its structural properties: copper vacancies and interstitial oxygen atoms [19]. These copper
vacancies create Cu?*ions, each of which introduces a hole in the valence band. When CuO is
doped with potassium, resistivity further decreases because potassium increases the
concentration of Cu?* ions. The presence of K* ions in the CuO lattice introduces additional

holes, thereby enhancing p-type conductivity [20].

Structural analysis suggests that defects, such as grain boundaries and dislocations, act as traps
for free carriers, reducing their mobility and thus increasing the resistivity of the thin film. This
may account for the observed reduction in resistivity of the 6% k-doped CuO compared to other
doping. This could explain the lower resistivity observed in the 6% K-doped CuO compared to
other doping levels[21].

Table IV.7. Electrical conductivity and resistivity of the Cui.x Kx O (x=3%,6%, 9% and 12%)
and undoped CuO thin films.

Samples Pure CuO 3% K-CuO 6% K-CuO 9% K-CuO 12% K-CuO
Resistivity 1.7 0.154 0.101 0.173 0.168

*10° (Q.cm)

Conductivity 0.58 6.49 9.92 5.79 5.97

*102 (Q.cm)?

1V.2.4. Thermoelectric properties

1V.2.4.1. Conductivity Type

In P-type thin films, the majority carriers, referred to as 'holes," migrate from the cold
probe to the hot probe. This movement of holes between the probes creates an electric field and
a potential gradient. The potential difference generated is measured by a voltmeter connected
in parallel. The hot probe indicates positive polarity (indicating an excess of holes), while the
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cold probe displays negative polarity (indicating a deficiency of holes), resulting in a negative
reading on the voltmeter. In contrast, for N-type thin films, the behavior is reversed, producing
a positive reading on the voltmeter. The negative reading observed in all samples confirms their

classification as P-type conductivity, aligning well with existing literature.

1V.2.4.2. The Seebeck coefficient

The Seebeck coefficient was determined experimentally by calculating the slope of the
graph of AV as a function of AT, as illustrated in the figure. The graph demonstrates that the
electromotive force increases linearly with the temperature difference between the cold and hot

ends of the sample.

Figure 1V.21. Graph showing the relationship between electric potential and
temperature difference (between 290 K and 383 K) for undoped and 6% X-doped (X = Li, Na,
K) CuO thin films. The Seebeck coefficient for the undoped films is approximately (736.83 £
10 uV/K), which is consistent with previous research on CuO. This value is significantly higher
than those observed for the doped samples. Specifically, the Li-doped CuO sample exhibited a
Seebeck coefficient of (599.5 + 10 uV/K), while the Na-doped CuO showed (528.67 + 10
uV/K), and the K-doped CuO sample had (172.17 + 10 wV/K). This variation in values can be
attributed to an increase in the number of defects, which is typically accompanied by enhanced
vibrations within the material's internal structure. These vibrations interact and impede the flow
of scattered phonons, leading to lower thermal conductivity. Consequently, these changes affect
the Seebeck coefficient, as concluded by the authors of this study[22]. Notably, the highest
Seebeck coefficient values were achieved with Li doping[23], a finding that aligns with similar
results reported by N. Yoshida et al,.[20] .
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Figure 1VV.21. Graph between electric potential and temperature difference (between 290 -
383K) of undoped and 6% X-doped (X= Li, Na, K) CuO thin films.

1V.2.4.3. The Power Factor (PF)

Figure 1VV.22. illustrates the magnitude of the power factor (PF), which is influenced by both
the electrical conductivity and the Seebeck coefficient of the copper oxide samples. The
maximum PF value observed in the Li-doped CuO samples is approximately (9.776x 101
W.m1.K2). In comparison, the Na-doped CuO shows a PF of (1.657x10** W.m™.K"?), while
the K-doped CuO has a PF of (2.944x 101t W.m™*.K"2). These values are comparable to that of
the undoped samples, which exhibit a PF of (3.186x101! W.m1.K?),
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One plausible explanation for this phenomenon could be linked to increased disorder in this

material system, improving the thermoelectric properties, as conclude by R. Mulla [24].
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Figure 1VV.22. Variation of the Seebeck coefficient of undoped and 6% X-doped (X= Li, Na,
K) CuO thin films between 290 -383K.

IV.2.5. Elastic constants and mechanical properties

IVV.2.5.1. Elastic constants of single crystal

Elastic constants are very crucial material parameters. The study of elastic constants

provides a link between the mechanical properties and dynamic information concerning the
nature of the forces operating in solids, especially for the stability and stiffness of materials.
The elastic constants relate to various fundamental solid-state phenomena such as stiffness,
stability, brittleness, ductility, anisotropy of material and propagation of elastic waves in normal
mode. The CASTEP calculates the elastic properties from the first-principles using the finite
strain theory, which gives the elastic constants as the proportionality coefficients relating the
applied strain to the computed stress, oi = Cjj ¢j.
The elastic properties of the monoclinic CuO crystal are characterized in terms of thirteen
independent elastic constants: Ci11, Co2, Cas, Cas, Css, Ces, C12, C13, C15, C23, C25, C35 and Cae.
In the present work, the predicted single-crystal elastic constants Cij of considered compounds

are determined using the stress-strain approach [25]. Our calculated elastic constants Cijand Sjj
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for CuO are presented in Table 1V.8. For a monoclinic crystal, the thirteen independent elastic

constants Cjjas shown below.

Cll C12 Cl3 O C15 O

ClZ C22 CZS O C25 O

Ci Cy Cy O Cp O (IV.1)
0 0 0 C, 0 C,

C15 C25 C35 O C55 O

0 0 0 Cg 0 Cg]

The requirement of mechanical stability in a monoclinic structure leads to the following

restrictions on the elastic constants [26]:

C,>0 Vie{l6}

(C,C, -C%)>0, (C,Cqx-CZ)>0, (C,+C,—-2C,)>0

(C,+C,, +C;+ 2C,+2C;+2C,;) >0

C,,(C4,Cy —C2) + 2C,,C,.Cy — CAC,— C2C,, >0 ,and (IV.2)

2[CsCss(C5Cr —CsCps) + CisCi(C,Ch3 —C1,C) +CsCis (C1iCoy —C1,Coi)]
- [C125 (C22C33 _C223) + C225 (C11C33 _C123) + C325 (C11C22 _Clzz)] + g C55 >0 ’

Where: g= ClchZCBS _CllC;_S _szclza _C33C122 +2C12C13CZB

It is clear that the elastic constants Cjj satisfy the mechanical stability criteria, indicating that
CuO crystal are mechanically stable. The calculated Cas values are larger than that of C11 and
C22, which indicate that the resistance to deformation along the [001] direction is higher than
that along the [100] and [010] directions. Additionally, it is observed that the value of the elastic
constants Cas, Css and Ces are smaller than the elastic constants Ci1, C22 and Css, implying that
the resistances of the studied materials to the compressional deformations, are stronger than
their resistances to shear deformations. The elastic constants C2s and Cass of the monoclinic CuO

are found to be negative.
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Table 1V.8. Calculated elastic constants Cij (in GPa) and Sij (in TPal) of
monoclinic CuO

Cu C2 Cs3 Cas Css Ces Cw C Cis Cas Cos Css Cas
235 120.79 347.6 2594 35.45 70.09 1275 142.6 -26.64 118.93 - -30.25 -6.56

9.4651 12.091 4.983 28.841 24500 18.692 - - 1.7720 - 2.169 - 2.2431
6 6 4 9 5.864 1.2231 2.6212 2.3241

IVV.2.5.2. Polycrystalline elastic constants

The mechanical properties of polycrystalline materials, bulk modulus B and shear modulus G
can be evaluated using the Voigt [27], Reuss [28]and Hill approximation [29] methods. For a
monoclinic crystal, the Voigt, Reuss, and Hill bulk (Bv, Br, Br) and shear (Gv, Gr, GH) moduli
are given by [26]: :

1 2
B, = 5(011 + Cy +Cy) +§ (C, +Ci3 +Cy) (IV.3)
1 1
G, = E(Cn + Cyp +C;—Cp, —C;3—Cy) +g (Cu +Cyss +Cy) (1V.4)
BR = [(811 + S22 +833 +2 (Slz + S13 + 823)]71 (IV-S)
Gp =15[4(Sy; + S5 +S5) =4 (Sip + Sis +S5) +3(Suy + S5 +Se)| (IV.6)
1
B=8, =1 (8, +B,) (v.7)
GG, =2 (G, +Gy) (IV.8)

Where the Sij (=Cij) are the elastic compliance constants. The Young’s modulus E and

Poisson’s ratio v can be given by

g, = BCG . g _9BG: . _E, =BG (IV.9)
3B, +G, 3B, +G, 3B, +G,

v = B2, . 3B,-2G, . _ =~ 3B,-2G, (IV.10)
2(3B, +G, ) 2(3B, +Gy) 2(3B,, +Gy,)
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Our calculated polycrystalline bulk modulus (By, Br, B4=B), shear modulus (G, Gr, GH=G),
Young’s modulus (Ev, Er, EH=B), Poisson’s ratio, B/G ratio of monoclinic CuO are presented
in Table 1V.9. and Table 1V.10. The bulk modulus and shear modulus that measure the
resistance to volume change under applied hydrostatic pressure, and the resistance to reversible
deformation upon shear stress, respectively. The Young’s modulus E which measures of the
stiffness of a solid material, it defines the relationship between stress and strain. A material with
a very large Young's modulus can be approximated as stiff. The B/G value indicates that the
material is ductile (or brittle). According to the criterion of Pugh [30], a material behaves in a
ductile manner if B/G ratios > 1.75, and it should be brittle if B/G is less than 1.75. Our obtained
values are 1.39 for CuO, indicating that CuO can be classified as ductile materials. The value
of Poisson's ratio is greater than 0.26 [31], indicating that a material behaves in a ductile
manner, otherwise, it shows a brittle manner. The Poisson's ratio value is 0.365, meaning that
the monoclinic CuO shows brittle nature. The result from Poisson's ratio is consistent with the

conclusion from B/G.

Table 1V.9. Computed values of bulk modulus B (in GPa), Young’s modulus E (in GPa), shear

modulus G (in GPa) and Poisson’s ratio (unitless) of CuO in monoclinic phase.

Average scheme  Bulk modulus Young's Shear modulus Poisson’'s ratio
B modulus E G (unitless)
(in GPa) (in GPa) (in GPa)
Voigt Bv = 166.84 Ev =132.88 Gv =48.592 w = 0.367
Reuss Br =113.32 Er =92.786 Gr =34.024 vr = 0.363
Hill Bn = 140.08 En=112.83 Gn =41.308 vy = 0.365

A universal measure of anisotropy which is applicable to all types of single crystal can
be obtained by accounting for both the bulk component and shear component and the formula
can be expressed as [32]:

pV o5& LB g (IV.11)
Gr Br

It is aware that By and Gy and are the upper bounds of bulk and shear modulus, so the
universal anisotropy should be larger than zero for the anisotropic single crystal and equal to
zero for isotropic materials. The calculated results in Table 1V.10. show that CuO is the
anisotropic equal AY (2.61).
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Using the polycrystalline shear modulus G and bulk modulus B, we can obtain the longitudinal

and transverse elastic wave velocity [30, 31],:

Vi = 3B+4G (IV.12)
3p
v, =8 (IV.13)
Y2,
So the average wave velocity Vi can be approximately given by
1
3
Vi, = 2,1 (1V.14)
3 VtS VI3
From the average wave velocity, the Debye temperature can be determined by the following
formula:
1
2
g, =" 3—”(M) A (IV.15)
kg | 47\ M

Where h is Planck’s constant, k is Boltzmann's constant, Na is Avogadro's number, n is the
number of atoms per formula unit, M is the molecular mass per formula unit, p=(M/V) is the
density.

As an important fundamental parameter of solids, Debye temperature has close relationships
with specific heat, bonding types and melting temperature.

The estimation results for CuO are 398 K. Since the vibrational excitation at 0 K contains
only the acoustic components, the Debye temperature determined by elastic constants should
have no difference from the measurement of specific heat method at low temperature [33].

The shear and longitudinal sound velocities V¢, Vi, average wave velocities Vi and Debye
temperatures 6p are determined and listed in Table 1V.10. According to our knowledge, there
are no data available in the literature concerning the shear, longitudinal sound velocities and
Debye temperatures dp of CuO in monoclinic phase. Our results are predictions and may serve

as a reference for future experimental investigations.

Table 1V.10. The calculated bulk modulus (B), shear modulus (G), Pugh's ratio (G/B), Young's
modulus (E), Poisson's ratio, longitudinal (V) ), shear (Vi ), average (Vm ) elastic wave velocities

and Debye temperature (ép ) of CuO in monoclinic phase.
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Mater B G B/ E AY  p(glc Vi Vi Vm 0o (K)
ial (GPa) (GPa) G (GPa) m?3) (m/s)  (m/s)  (m/s)
CuO  140.08 41.308 3,3 11283 0.36 26 6.31 2717 6038 3065 398

9 5 1

1VV.2.4.3. Anisotropy of elastic moduli

Materials whose physical properties vary according to direction are called anisotropic
materials. This is due to the different atomic densities in the crystal directions. The study of
elastic anisotropy is important as it influences a variety of physical processes including the
development of plastic deformation in crystals, microscale cracking in materials, and plastic
relaxation in thin-film metallic. In the isotropic case elastic properties are easily represented,
but for anisotropic (non-isotropic) materials, even in the simple cubic symmetry, it can be
difficult to visualize how properties such as linear compressibility, Young’s modulus, Shear
modulus or Poisson’s ratio vary with stress/strain orientation.

For a monoclinic crystal system, the directional dependence of Young’s modulus (E) and
shear modulus (G) can be expressed as [34-37]:

For a monoclinic system, the direction-dependent linear compressibility can be described as:

IB = (Sll + S12 + Sl?:)'l + (812 + S22 + S23)'2 + (813 + S23 + S33)'3 + (815 + S25 + S35)|3 I1 (IV16)

Young’s modulus (E)
1 :
———— =8, =S L1 L =4S, + 21215 S, + 21717 S+ 2171, S+, S, +
E(I) 1111 jkt j okt 1> 172 Y12 1'3 Y13 173 Y15 ""2 v¥22 (lVl?)

2|2 2 4 2 212 2 212 212
21515 Syp+ 2105 1S, +13 S+ 2115 1,Soe + 15 15S,,+ 2115 1,S o +1715 S +1715S

Shear modulus (G)

G =12m2S, +2L 1, mm, S, + 2l l;mm, Sz +12m2S,,+ 21, I, m,m; S, +12 m2S,, +
(Ifm1 m, + | 1;m? )515 + (Il,mymg + L, lmm, )S +(I32m1 m, + | l;m? )835 + (IV.18)
1 212 2.2 1 2 2
Z(|2|3 + 21 lmm, +12m2)S,, +E(I1I2m2m3 F12mmg + Llm2 + Ll mm, )6 +
1 2.2 22 1 2.2 2.2
1
4G

The Poisson ratio can be expressed as [38]
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$.(6, 9. 7) (V19

In these equations, Sij are the components of the compliance elastic constant matrix, which have

v (0. 0. 1)=-

been determined in last section. l; and m; are two groups of direction cosines are the directions
between the loading direction and three Ili coordinate axials, while m; determines a vector
perpendicular to the loading direction, which plays important roles in calculations of Shear
modulus, representing the shear planes. The relationships between the two groups of direction
cosines and the Euler angles are as follows:

|, =sin@ cosg m, =C0S# cose cos y —sindsin y
I=|1,=sin@ sing , M=|m,=cosdsingcosy+cosdsin y (1V.20)
I, =cosd m, = —Sin & cos y

Using the above equations, some representation surfaces can be constructed in 3D space to give
a straight visualization of the direction-dependent mechanical properties for arbitrary
directions. Each point on the surface of 3D plot corresponds to a loading direction and the
distance between this point and the origin is equal to the value of modulus in this direction. For
the isotropic material, its mechanical properties are of independence of direction and the 3D
curved surface will exhibit a shape of sphere. But the sphere will deviate if the material is
anisotropic and a large deviation corresponds to strong anisotropic characters.

The maximum and minimum values of Young’s modulus (E), linear compressibility (),

shear modulus (G) and Poisson’s ratio (v) for these alloys are also listed in Table 1V.11.

Table 1V.11. The maximum and minimum values of Young’s modulus (E, in GPa), linear
compressibility (B, in TPal), shear modulus (G, in GPa) and Poisson’s ratio (v) of monoclinic
CuO.

CuO 230.75 48.58 8.66 1.954 79.03 20.98 9.64 0.105

The linear compressibility is defined as a relative change in length when a material is subjected
to hydrostatic pressure. For most known materials, such as metals, alloys and ceramics, their
linear compressibility are around 5TPa, which means that each 1GPa increase in pressure will
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cause a 5% reduction in length. Using the elastic constants calculated above, we can give a
quantitatively description of the linear compressibility of CuO as a function of direction. As
shown in Figure 1V.23, their representation surfaces are constructed according to equation
(IV.17), together with planar projections for some specific crystal planes. The 3D plot of linear
compressibility of CuO in different directions show big differences, implying their obvious
anisotropy in linear compressibility. It is also noted that the linear compressibility of CuO
become negative in some directions in our present calculation. From the planar projections
through (010) crystal planes of CuO in Figure 1V.23, we can clearly see that the CuO possesses
the maximum linear compressibility and the linear compressibility of CuO is unchanged on
(010) crystal plane but its value is relatively small.

The representation surfaces of Young’s modulus for CuO are illustrated in Figure 1V.24. in
3D space. CuO possesses the most pronounced anisotropy because the shape of its
representation surface is strongly curved and almost collapses in several directions as shown in
Figure 1V.24. The relative elastic anisotropy exhibited by Coop can be simply measured by the
ratio of maximum to minimum orientation-dependent moduli. The maximum modulus occurs
in the diagonal direction of crystal structure. A high Young’s modulus in a specific direction
usually corresponds to high strength of chemical bonds in that direction. The extreme moduli
for CuO are determined numerically from the representation surface as 230.75. GPa / 48.58
GPa.

The surface contours of the shear modulus as well as the projections in different planes for
CuO are shown in Figure 1V.25. Because in one loading direction there are plenty of shear
planes and different shear modulus, so we give the minimum and maximum shear modulus in
every loading direction (Figure 1V.25). One can see from Figure 1V.25. that the minimum
shear modulus for CuO are not equal in every crystalline direction, which shows the obvious
anisotropy in shear modulus. In Figure 1V.25., the maximum shear modulus also shows
significant anisotropy.

We have shown 3D plots of directional dependence of Poisson’s ratio for monoclinic CuO in
Figure 1V.26. above. The 3D plot of Poisson’s ratio exhibits high level of anisotropy. This is
originating from the character of the monoclinic structure of CuO. The deviations from the
spherical shape in the figures of these physical properties show the degree of anisotropy. In
Figure 1V.23, 1V.24, 1V.25, and 1V.26. the blue curves represent the maximum values and the

green curves represent the minimum values for the (B, E, G and v).
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Figure 1V.23. Orientation dependence of linear compressibility for monoclinic CuO.
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monoclinic CuO , (The unites are in GPa).
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Shear modulus
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Figure I'V.25. Directional dependence of shear modulus G and planar projections of monoclinic CuO, (The
unites are in GPa).
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Poisson's ratio
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Figure IV.26. Directional dependence of Poisson’s ratio v, and planar projections of monoclinic CuO, (The
unites are in GPa).
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IV.3. Conclusion:

In summary, doping copper oxide (CuO) with sodium (Na), potassium (K), and lithium

(Li) leads to distinct yet comparable effects on its structural, optical, electrical, and
thermoelectric properties. Across all doping levels, the monoclinic phase is preserved, with
sodium and potassium doping inducing peak shifts due to the ionic radius differences, while
lithium doping shows a shift corresponding to larger ions, particularly at 6% doping. Sodium
and potassium doping lead to lattice compression, while lithium causes a decrease in lattice
volume at higher concentrations.
At 6% doping, sodium and potassium reduce crystallite size and enhance crystallinity, while
lithium doping results in a decrease at higher concentrations. Strain is minimal in potassium-
doped CuO, particularly at 6%, but increases with sodium and lithium doping at higher
concentrations.

In optical properties, sodium and potassium doping result in higher transmittance, with
potassium doping providing the best optical clarity at 6%. Lithium doping generally leads to a
decrease in transmittance, while the band gap increases in sodium and potassium-doped films.
Urbach energy is higher in all doped films, indicating increased disorder, with potassium
showing the least disorder at 6%.

Electrical conductivity is enhanced with sodium and potassium doping, peaking at 6%,
with sodium achieving a conductivity of 5.93 X102 (Q cm)™ and potassium exhibiting the
lowest resistivity. Lithium doping improves conductivity up to 6%, but further doping reduces
it due to crystallization issues. Charge carrier density increases with doping, though excessive
doping introduces defects that hinder mobility.

In thermoelectric properties, the Seebeck coefficient decreases in all doped films, with
potassium doping showing the lowest value. The power factor is highest for lithium-doped
CuO, followed by potassium and sodium doped films, indicating that lithium doping is more
favorable for thermoelectric performance.

Regarding mechanical and elastic properties, CuO is mechanically stable based on elastic

constants.
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Conclusion

The development of CuO thin films on glass substrates was achieved using the spin-
coating technique, utilizing copper acetate monohydrate (Cu (CHsCOO):'H:0) as the
precursor and monoethanolamine (MEA) as the stabilizing agent. Optimal experimental
conditions, informed by prior research, were refined by adjusting parameters such as solvent-
to-metal ion molar ratio, stirring, aging, substrate preparation, spinning speed, preheating, and
annealing to ensure ideal crystallization. The choice of precursor materials was found to
significantly impact film crystallinity and overall performance.

This thesis also focused on producing pure, alkali-doped, and alkali-co-doped NiO
thin films with doping concentrations of 3%, 6%, 9%, and 12% using the sol-gel method.
Characterization methods included X-ray diffraction (XRD), UV-visible (UV-Vis)
spectrophotometry, and the four-point probe technique.

The primary findings are summarized as follows:

e XRD Analysis: Results showed polycrystalline structure with a strong peak at (11-1)
and no impurities, indicating film purity. Peak intensity was affected by deposition
conditions.

e Impact of Solvent and Temperature: Increasing the carbon chain length of alcoholic
solvents led to a decrease in film quality, with ethanol providing the best properties.
Higher temperatures improved film crystallinity, reaching an optimum at 500°C, and
nine layers yielded the best results.

Li-Doped NiO

e Crystallite size in Li-doped NiO films initially decreased then increased with higher
Li concentrations, ranging from 24.53 to 26.20 nm. Higher Li concentrations reduced
transmittance, while the bandgap decreased to 1.37 eV at 12% Li doping but
increased to 2.42 eV for 6% Li.

Na-Doped CuO:

e The average crystallite size for pure CuQ, initially 31.56 nm, decreased with Na
doping, reaching 24.53, 13.67, 21.63, 17.91, and 20.68 nm at 3%, 6%, 9%, and 12%
Na concentrations.

e Na-doped CuO samples exhibited lower transmittance compared to undoped and L.i-
doped CuO at similar concentrations. The bandgap decreased with higher Na
concentration, from 1.85 eV to 1.39 eV.
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Conclusion

Resistivity declined as Na concentration increased, reaching a minimum at the highest
doping level.

K-Doped NiO:

At low K concentrations, the (111) peak was the preferred orientation, shifting to the
(200) peak at higher concentrations. Lattice parameter increased with K doping,
while dislocation density dropped from 26.20 x10 to 21.61 10 4,

The highest transmittance among K-doped samples was observed at 6% K. The
bandgap for undoped CuO (1.42 eV) increased with 3% K doping (1.78 eV), slightly
decreased at 6% K doping (1.54 eV), and then rose to 1.99 eV and 2.31 eV at 9%
and 12% K doping, respectively.

K doping initially enhanced electrical conductivity, peaking at 6% but decreasing
thereafter. Resistivity declined sharply to 16.9 Q cm at 6% Na, then slightly
increased at 9% and 12%.

Doping also improved the power factor (PF), with Li-doped CuO reaching a maximum PF of
(9.776 x 1071 W m™! K?). Compared to an initial value of (3.186 x 10 W m™ K?)

In conclusion, this class of materials shows significant potential for enhancement, as
thermoelectric properties can be precisely tailored.

Elastic Constants of Single Crystal:

For monoclinic CuO, there are 13 independent elastic constants (C11, C22, C33, etc.)
calculated using the stress-strain approach.

The mechanical stability of CuO is confirmed, with elastic constants satisfying
stability criteria.

CuO shows higher resistance to deformation along the [001] direction compared to
[100] and [010].

Smaller values for C44, C55, and C66 indicate stronger resistance to compressional
deformations than shear deformations.

Negative values were observed for C25 and C46.

Polycrystalline Elastic Constants:

The Voigt, Reuss, and Hill methods were used to calculate the bulk modulus (B),
shear modulus (G), Young's modulus (E), and Poisson's ratio (v) for CuO.

CuO has a B/G ratio of 1.39, indicating ductile behavior, but the Poisson’s ratio of
0.365 suggests a brittle nature.

The Debye temperature was estimated at 398 K, providing insights into the material's
vibrational properties.

Anisotropy of Elastic Moduli:
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Conclusion

e CuO exhibits strong anisotropy, meaning its mechanical properties vary with direction
due to different atomic densities in crystal directions.

¢ Young’s modulus, shear modulus, and Poisson's ratio show significant directional
dependence, as seen in 3D plots.

e CuOr's linear compressibility and moduli vary across directions, highlighting its
anisotropic behavior.

¢ The maximum and minimum values of Young’s modulus, shear modulus, and
Poisson’s ratio demonstrate the degree of anisotropy in CuO.
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Abstract

Study of mechanical and physical properties of thermoelectric materials for energy
conversion.

This study investigates the fabrication and characterization of CuO thin films on glass
substrates using the spin coating technique. Key experimental parameters, including solvent
type, annealing temperature, film thickness, and alkali metal (Li, Na, K) doping at
concentrations of 3%, 6%, 9%, and 12%, were optimized to enhance the structural, optical,
electrical, and thermoelectric properties of the films. X-ray diffraction (XRD) analysis
confirmed the polycrystalline monoclinic structure of CuO, with variations in crystalline
peaks and lattice structure influenced by different solvents. Isopropanol, 1-propanol, ethanol,
and 2-methoxyethanol promoted growth along the c-axis (002 plane), whereas pentanol and
methanol favored (111) plane growth. Isopropanol-based films exhibited the largest crystallite
size and improved optical transmittance, while crystallinity improved with annealing up to
500°C. Optimized film deposition with nine layers resulted in an approximate thickness of
400 nm, leading to smaller crystallites with higher strain. Other hand, across all doping levels,
the monoclinic phase was preserved. Sodium and potassium doping led to lattice
compression, whereas lithium reduced lattice volume at higher concentrations. Optically,
sodium and potassium doping enhanced transmittance, with potassium providing the best
optical clarity at 6%, while lithium reduced transmittance and increased the band gap. Urbach
energy increased in all doped films, indicating higher disorder, with potassium-doped films
showing the least disorder at 6%. For the electrical properties, electrical conductivity was
improved with sodium and potassium doping, peaking at 6%, with sodium achieving a
conductivity of 5.93 x 1072 (Q cm) ~* and potassium exhibiting the lowest resistivity. Lithium
doping enhanced conductivity up to 6%, but further doping led to a decline. The best
thermoelectric performance was observed in Li-doped CuO, which exhibited the highest
power factor (9.776 x 1071 W. m*.K2). Additionally, the study of mechanical and elastic
properties confirmed CuQ's strong anisotropy and mechanical stability. These findings
highlight the potential of doped CuO thin films for applications in optoelectronics,
thermoelectric, and flexible electronics, demonstrating the ability to fine-tune their properties
through controlled doping and processing techniques.

Key word: Alkali doped CuO, spin coating, solvent, structural properties, thermoelectric
properties
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