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Abstract

Nanostructured copper disulfide (CuS,) thin films have generated significant interest in energy
conversion applications due to their unique properties. This study focuses on the fabrication and
characterization of CuS; thin films using chemical bath deposition (CBD) and thermal evaporation
techniques. XRD analysis confirmed the formation of CuS; by detecting the presence of Cu-S bonds.
SEM imaging revealed an elongated cubic morphology in the films. Additional characterization
techniques were employing to obtain a comprehensive overview of the properties relevant to this
study. The findings provide valuable insights into the structure and morphology of CuS; thin films.
This research contributes to the advancement of nanostructured materials for energy conversion and

establishes a foundation for further investigations in this domain.

Résumé

Les films minces de disulfure de cuivre nanostructurés (CuS;) ont suscité un intérét significatif
dans les applications de conversion d'énergie en raison de leurs propriétés uniques. Cette étude se
concentre sur la fabrication et la caractérisation des films minces de CuS; en utilisant les techniques de
dép6t par bain chimique (CBD) et d'évaporation thermique. L'analyse par diffraction des rayons X
(DRX) a confirmé la formation de CuS; en détectant la présence de liaisons Cu-S. L'imagerie par
microscopie électronique a balayage (MEB) a révélé une morphologie cubique allongée dans les films.
Des techniques de caractérisation supplémentaires ont été utilisées pour obtenir un apergu complet des
propriétés pertinentes a cette étude. Les résultats fournissent des informations précieuses sur la
structure et la morphologie des films minces de CuS,. Cette recherche contribue a l'avancement des
matériaux nanostructurés pour la conversion d'énergie et établit une base pour de futures investigations

dans ce domaine.
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General Introduction:

Air pollution is a major threat to public health worldwide, due to its prevalence
and emissions from a variety of sources. Among these sources are industrial
activities, mining, the transport sector and human activities in general. Certain other
volatile organic compounds (VOCSs), from farmers or poultry farming, are a major
problem because of their toxicity, even at low concentrations. In addition, VOCs, as
well as inorganic oxides, can been transported over long distances and produce
secondary air pollutants, and may be responsible for acid rain and global warming
2. Against this backdrop, there is a strong demand for an effective, low-cost and
environmentally friendly technology that can implement for air purification, even at
low levels of pollutant concentration. The application of sunlight-induced photo
catalysis could be one of the technologies to solve these problems 2.
Heterogeneous photo catalysis using nano semiconductors is an efficient method
that facilitates air pollutant degradation, bacterial inactivation, hydrogen production
and photo concentration.

For this issue, a gas separation filter, which is a screen between two adjacent
thin layers acting as a selective barrier for molecules according to their size, shape
and/or chemical properties? The membrane acts as a barrier that lets certain gas
molecules through and blocks others, depending on their material affinity and the
driving force behind the molecules mobility. The membrane market, now worth over
$1.5 billion a year, began in 1979, when Permea, then a division of Monsanto,
launched the very first membrane plant based on hollow polysulfide fibers to purge
hydrogen in the Bosh-Haber process. This technology has extended to refining
applications, such as the separation of nitrogen and light hydrocarbons, and to
syngas applications for H2/CO I,

Membrane gas separation at high temperatures and in the presence of
aggressive species such as H2S, NHs, SOx and above all NOx, is becoming
increasingly important and will be a relevant area of research in the future. In this
respect, the incorporation of copper sulfide nanopatrticles, into the structure of certain
types of ceramics, improves their properties, which is particularly useful for
performance under such harsh conditions [¥l. Copper sulfide, as a member of the
chalcogenide nano crystallized semiconductor, is a significant element with
multifunctional utilization in industry through the solar cells, optical filters, sensors,

photo catalysts, and lithium ion batteries, and other devices are inexpensive due to



the high absorption coefficient (10* cm™) and small band gap “. Depending on
various growth conditions such as molar concentration, temperature, capping agents,
surfactants, and precursor solution composition, nanostructured copper sulfide
exhibits intriguing structural and optical properties. It occurred that in the 3¢ series as
the known mineral or synthetic compounds MnS: (hauerite), MnSez, MnTez, FeS:
(pyrite), CoS2, CoSe2, NiS2, and NiSez. The use of high-pressure syntheses to
extend this range to include the compounds CuS2, CuSe2, CuTez, NiTez, CoTez,
FeSez, and FeTe:z has been reported 5.

Recent advances in gas separation technology have been highlighted by the
development of increasingly sophisticated new techniques and the availability of
correlations between properties and structure. Permeability is a property of the
material on which the membrane has been manufactured, so modifications to its
structure always produce changes linked mainly to the size and shape of its pores, as
well as to the chemical nature of the material used. Selectivity, on the other hand, is
influenced by factors such as operating pressure and temperature, the composition of
the feed mixture and the presence of impurities. As a result, while permeability
provides good performance, it needs to be optimized by careful material selection
and catalyst design. Nevertheless, permeability and selectivity are essential
parameters in determining the overall efficiency of a dense filter for various industrial

and environmental applications .

In this work, we will be elaborating thin layers based on copper sulfide and
then analyzing them using structural, such as X-ray diffraction (XRD), morphological
(SEM, AFM), photoluminescence, and photo-electrochemical characterization
techniques, chemical composition, and spectrophotometer spectroscopy.

This thesis is dividing into three chapters with a general conclusion. The first
chapter provides a general overview of all possible properties of the CuS2 such as
structural, morphology, chemical composition and optical. The second chapter
focuses on the various thin layer deposition techniques employed for synthesizing
the substrate, accompanied by an in-depth examination of the characterization
procedures; and in the third chapter, presents the characterization results obtained
and discusses the observations and findings of this material study.

Finally, a general conclusion summarizes the main results obtained and future

perspectives.
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1. Introduction:

In this chapter, we present the general overview of copper sulfide-based thin

films, followed by a discussion of their structure, morphology and various properties.

2. Copper sulfide CuS::
2.1.Introduction

Copper sulfide is one of the chalcogenide semiconductors and is an important
element with multifunctional uses in industry through solar cells, optical filters,
sensors, photo catalysts, lithium ion batteries, and other devices. Nanoscale
transition metal sulfides, such as PbS, HgS, CdS and CuS, exhibit remarkable
chemical and physical properties compared to their bulk state . While the 3d
transition-metal dichalcogenides MXz, those with M = Fe, Co, Ni, Cu, and Zn, and X =
S and Se, are known to crystallize in the so-called pyrite structure. It is contains
interpenetrating face-centered-cubic arrays of metal cations and anion dimers, as in
the rock salt structure, see Fig.1.1. Each cation is in the center of an anion
octahedron, and each anion atom has a tetrahedral coordination consisting of one
anion atom and three cations. Because of the strong p-p hybridization within the
chalcogen anion dimer, each anion dimer can accommodate two electrons in its
bonding po orbital but not in the antibonding pc* orbital, serving as divalent X3~ in a
native ionic picture. Transition-metal cations, therefore, are formally divalent, M?*,

and take a low spin electronic configuration tg$ , eg3 L.

WM

Fig.1.1. Crystal structure of pyrite MXz (M: transition-metal elements; X:
chalcogen elements).
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Depending on that question, the electronic and magnetic properties of
transition metal pyrite dichalcogenides have been attracting considerable interest for
many decades. CuSz, which was supposed to have three eg electrons, was reported
to be a p-type semi-conductor 156l It consisting of copper cation Cu?* and disulfide
anion S%, which can be obtained by reacting copper sulfide CuS with elemental sulfur
following the equation [":

CuS + S - CuS, 11

Thus, copper sulfide has been discovered since 1920, when the study of
copper deposits at the Providencia mine in the municipality of Carmenes, Ledn
(Spain) 8. Although its crystalline structure has only elucidated in the 20" century, it
has a black color, and it is a water-insoluble solid used in a variety of industrial
applications. However, it does not exist in nature, but it can be synthesized at high

extreme conditions [,

2.2.Structure of copper sulfide

CuSz has a cubic crystal structure that is of interest for two reasons. Firstly, its
crystal chemistry has uniquely determined by X-ray diffraction. Secondly, optical
evidence of non-cubic symmetry has been reported, but has not been explained in
terms of crystal structure. However, ab-initio calculations of CuS:z's pyrite structure
have considered it to belong to the non-symmorphic group. The crystal structure can
be described by the space group of 205 Pa3 and is designated by the notation
Strukturbericht C2 with lattice parameters a=b=c= 5.7891A [10],

Within a unit cell, the Cu?* cations occupy the face centers of the cubic cell,
while the Sz dimers are centering near the anion positions, as shown in upper left
panel of Fig.1.2. For the closest-packed (111) plane and as shown in right panel of
Fig.1.2, the surface exhibits a hexagonal structure with an in-plane lattice constant of
8.19 A for which each primitive unit cell (shown as a green rhombus) consists of four
Cu?* cations and four S~ dimers. As schematically illustrated in bottom panel of
Figure.1.2, along the (111) direction, three of the four S5~ dimers are tilted with
respect to the (111) orientation, while the remaining S5~ dimer is along the (111)
direction. Therefore, the eight S atoms, separated into four different planes, are
sandwiched between the two adjacent Cu layers with a distance of 3.34 A. That is,

the pyrite CuSz forms a quasi-layered structure along the (111) direction. For



Chapter | biblisgraphbic synthests

convenience, we hereafter introduce a reduced unit cell (including one Cu atom)

marked by the red rhombus in upper right panel of the Figure.1.2 [09 10,

(a)
© Cu S o
° {
o
; {
°
©
[111]
[111] P o N *\ PN *r_ P o PR K PP—
31 Y P U9 P 09 p Uo P oo

Fig.1.2. Crystal structure of pyrite CuS, 9

In CuSz, two types of coordination polyhedra are illustrating in Fig.1.3. Six
sulfur atoms are forming a trigonally distorted octahedron, whereas one other sulfur
atom and three copper atoms form distorted tetrahedron coordinate sulfur, encircle
copper atom. The corner sharing of CuS octahedra is responsible for the linkage.
Additionally, the sulfur-sulfur distance in pyrite structures is similar to that in sulfur

dimer [09],
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Fig.1.3. First coordination polyhedral for Cu and S in CuS2 with the interatomic
distances and angles calculated from the final model. [

Table 1 and Figure.1.4 illustrate some significant interatomic distances and
angles for the pyrite structures of first-row transition elements. The CuS:z parameters
follow the trends established by the pyrite structures found in nature, indicating that
copper has the same oxidation state (2+) as the other metals in this group.
Consequently, the discussions regarding bonding in these materials (Bither et al.,
1968!8l; Brostigen and Kjekshus, 19701'%; Goodenough, 1972[16)) are also applicable
to CuSz. These models purpose that the increase in metal-sulfur bond length, as
shown in Fig.1.4, is due to an increase in the number of antibonding electrons, three
of them share to copper in CuS». (Additionally, Kjekshus and Nicholson, 1971[17])
suggest that these electrons cause a redistribution of electron density, leading to a

decrease in the sulfur-sulfur bond length (as shown in Figure.1.4) (09,

Table 1. Selected interatomic distances, interatomic angles, and quadratic elongations
for several transition element disulfides in the pyrite structure are presented 9.
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MnS FeS? CoS3 NiS$ CuS$
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2.3.Morphology

Based on morphology, nanostructured materials can be classified into different
types according to their dimensions. There are zero-dimensional (OD), one-
dimensional (1D), two-dimensional (2D) and three-dimensional (3D) nanomaterials.
Zero-dimensional materials consist of isolated nanoparticles, while one-dimensional
materials are nanofibers or nanotubes. Two-dimensional materials are thin films or
coatings in the nanometer range. In these materials, the structural elements can be
dispersed in a matrix or applied to a substrate. Three-dimensional nanomaterials
include powders, fibrous structures, multilayers and polycrystalline materials. They
made up of tightly packed structural elements forming interfaces. Compact or
consolidated (bulk) polycrystals with nanometric grains represent an important type of
three-dimensional nanostructured materials. In these materials, the entire volume is
filled with nano-sized grains, and the surface area of individual grains is negligible.
This distinguishes them from agglomerated nanocrystalline powders, in which
particles of the same size make up the material. There are some illustrations shown
in Figure 1.5[18-20],

Clusters Nanotubes, fibers and rods Films and coats Polycrystals
0D 1D D 3D

Fig.1.5.Types of nanocrystalline materials by size of their structural elements:
0D (zero-dimensional) clusters; 1D (one-dimensional) nanotubes, fibers and rods; 2D

(two-dimensional) films and coats; 3D (three-dimensional) polycrystals.

Therefore, we can say that the morphology of CuS: can depend on the
method of synthesis, temperature, pressure, and other factors. Generally, CuS: can
exist in different forms including crystals, powders, and thin films.

Taking TEM images of CuS2 nanoparticles synthesized at 220°C and 180°C

as an example, the particles are ranging in size from 31.28 to 43.98 nm, as shown in

9
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Fig.1.6. Nanoparticles are semi-spherical in shape and increase in size with

temperature 21,
PN N A

Cub2

39.97 n

28 nm
43.98 nm

100 nm

Fig.1.6.TEM images of CuS2 nanoparticles. 2

Figure.1.7. shows the SEM micrographs and EDX chemical analysis of copper
sulfides nanoparticles. They displayed different morphologies at different
temperatures. The EDX spectra confirmed the presence of copper and sulfur in the
particles. Carbon and oxygen peaks are present in analyzed spectra due to the
capping agent used for nanoparticles preparation 24, Series of typical topographic
STM images of CuS: at different coverages are showing in Fig.1.8, however, the
topographic image of 1 ML of CuS: after annealing at 200°C is shown in Fig.1.9.
Thus, to further modulate and explore the properties of CuS: films at the 2D limit, in-
situ post-annealing is performing of the as-grown 1 ML CuS: films, as shown in
figures1.7-9 19,

Fig.1.7.SEM micrographs and EDX spectra of CuS2 nanoparticles. [°

10



Fig.1.8. (b)—(e) STM topographic images of CuS: at various nominal coverages:
(b)0.7ML (Ws=5V,I1=50pA), (c)1ML (Vs=4.5V,1=40pA), and (d)—(e) 7 ML ((d) Vs
=6V, I=50pAand (e) Vs =0.4V,1=100 pA). The inset in (e) is the corresponding FFT

images with the yellow circles marking the 1x1 Bragg points. [*¥

Fig.1.9. (a)- (b) Topographic image of 1 ML CuS: after being annealed at 200-C

(@) Vs =2.5V,1=50pA; (b) Vs =1.3V,I=200pA). In (b), the yellow rhombus labels

the unit cell. The inset is the corresponding FFT images showing reconstruction, as
labelled by the yellow circles. [*

11
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2.4.Physical Copper disulfide properties
2.4.1. Introduction

Copper disulfide CuS:z is a semiconductor material with intriguing physical
properties. Its cleavage described as pseudocubic, meaning that it breaks into two
new cells. The cleavage refers to how a crystal breaks when subjected to stress. In
contrast, the crystal breaks irregularly and non-uniformly when not subjected to
stress. Its hardness measured at 4.5 on the VHN scale, with a range of 535-710 for
spherical aggregates and 440-520 for euhedral crystals under a 20g load. The

measured density is 4.4-4.5, while the calculated density ranges from 4.41 to 4.61[?2],

2.4.2. Electronic properties

Extensive experimental and theoretical studies carried out on the fundamental
electronic structure of pyrite. It establishes that pyrite layers contain various elements
in varying concentrations, which can potentially influence the electronic properties of
the films 23, Among them, CuS: can be synthesized at very high pressures 24,
having a direct band gap ®®, a high absorption coefficient (10°cm™?) within a
superconducting performances [6: 28],

All electronic properties of CuSz, in cubic phases at equilibrium lattice
parameters such as density of states and energy bands, have been calculated.
Therefore, Figure.1.10 shows the electronic band structure of the CuS2 along the

high-symmetry points of the Brillouin zone 27,

E—Efermi (V)

RO 20 40 60 80
Wave Vector Density of States

Fig.1.10. Band structure of CuS; along symmetry direction in Cubic phase. [2®

Many studies reveal that the energy levels of 3d metal orbitals have an effect

on the electronic properties of different metal disulfides.This effect is significant in

12



Chapter | biblisgraphbic synthests

CuS2. Specifically, the energy of the 3d metal orbitals is lower than that of the m*

orbital. As a result, the filled bonding band (e.g. 1) is now predominantly composed
of metal bands, while the partially filled non-bonding band has a predominant anionic
character. This implies that Cu currently has a d*° configuration, while the Fermi level
is in an anionic band. The asymmetry of the Szp signal confirms this, and the XPS
Cuzp signals show only a rudimentary satellite and slight asymmetry, indicating that
the anti-bonding band (11*, eg) still exhibits 3d metal character, but not much. As a
result, the oxidation state of Cu in CuS: is +1, while the oxidation state of the S2

anion is -1. [29

We can take the figure 1.13 as an example of the electronic band because of
the common electronic properties between CuS:2 and FeS: arise from their similarities
in crystal structures and overall chemical composition. Both compounds contain
sulfur (S) and share some fundamental electronic characteristics. The electronic
band characteristics depend on the interactions of sulfur and copper and the

formation of chemical bonds within the crystal structure. [20]

@ |
“ N (b) _ -
Fe(ND-34 é%’l AN
e(Ni)-
. < |
> » 2
2 ! Se—
&
5 I
m S-3p ‘ o ——
1\
\ - -p
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. i ; \ W
R r iy X r S-S bonding — :

Fig.1.13. Band structure of FeS; pyrite obtained 9,
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2.4.3. Magnetic properties

CuS:2 is a metal compound, has been reported to have a wide range of
magnetic properties. Recent studies have shown that it exhibits periodic modulation
of the charge density wave (CDW) structure, manifested by distortion of the lattice
parameter. The electron-phonon coupling induces CDW structure, with changes in
electron temperature activating phonon modes that promote lattice distortion. The
transition between high- and low-symmetry structures in CuS:z and the absence of
CDW in its monolayer form make it an ideal system, which let to study the interplay
between CDW and superconductivity. Further researches are needed to explore the
dynamic stability of CuSz and to better understand its properties with potential

applications [31-331,

According to the studies, the bulk susceptibility of CuS2 gradually decreases
below Tq = 160K, as shown in Fig.1.14. Consequently, the Cu®® spectra linewidth
significantly increases below Tq (figure 1.14), and the copper quadrupolar spectrum
is no longer distinguished, see Fig.1.15. Additionally, the curve of lattice parameter
against temperature (figure.1.16) demonstrates a change in Aa/AT near Tq. Other
measurements of electrical resistivity are also sensitive to this second-order transition
and agree with the previous study conducted by Bither et al. (1968) [, indicating a
change in Ap/AT for T ~ Tq. Moreover, a first-order transition occurs close to Tr =
47K, characterized by a sharp jump of the lattice parameter (figurel.16) with Aa (T=
Tr) = 0.0012A and a peak in the magnetic susceptibility, see Fig.1.16 (311,

4300

4200

AHIG)

100

[s] SC 100 150. 200

Fig.1.14. Temperature dependence of the bulk susceptibility (+) and %Cu NMR
linewidth (x) in CuS,. 3!
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Fig.1.15. NMR spectra for copper in CuS», at various temperatures.
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Fig.1.16. Temperature dependence of the lattice parameter in CuSz, Aa (T=Tr) =
0.0012A. 31

2.4.4. Optical properties:

The synthesis and study of the optical properties of nanomaterials,

15

in

particular metal chalcogenides, have received considerable attention in recent



Chapter | biblisgraphbic synthests

decades due to the quantum confinement effects associated with their small

crystallite size, which confer new properties and make them useful in light-emitting
diodes [34. CuS> has unique optical properties characterized by its opaque, iron-black
color, with a pale blue-gray to violet-gray in reflected light. Its appearance is sooty
black with a dull metallic sheen. CuS:z has a relatively high reflectance, with R-values
ranging from 30.1 at 400 nm to 30.1 at 700 nm. At shorter wavelengths, reflectance
decreases, reaching a minimum of 25.9 at 580 nm, before increasing again towards

longer wavelengths 231,

2.4 5. Electrical properties:

The electrical properties of CuS:2 films are demonstrating by an electroless
deposition method and subsequent iodination to form highly transparent and
conductive Cul films. The electrical conductivity of CuS: is enhanced by the
introduction of iodine atoms, which act as donors, and by promoting carrier
concentration. The electrical properties of the films were characterized by current-
voltage measurements I(V), which showed a linear relationship between current and
voltage, indicating ohmic behavior. The resistivity of the films is estimated to be at
around 2 x 10° Q cm, which corresponds to the range of semiconductor materials.
The films also exhibit high optical transmittance in the visible range, making them
suitable for transparent conductive applications such as touch screens, solar cells
and displays. Overall, the iodination process, which gives a highly conductive and
transparent Cul films, is suitable for practical applications % and has improved the
electrical properties of CuS: films.

Furthermore, the conductance of CuS: follows Jonscher's universal power law,
which describes the frequency-dependent conductivity of disordered systems. The
exponent "s" in this power law decreases with increases of the temperature,
indicating that the conduction phenomena in CuS: are linked to Correlated Barrier
Hopping (CBH), as shown in Fig.1.17 [3%],

16
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Fig.1.17.Plot of exponent‘s’ versus temperature of CuS: film. [3%

2.4.6. photoconductive properties

Photoconductivity refers to the ability of a material to conduct an electric
current when exposed to light. In the case of CuS:2, photoconductivity studies have
shown that photocurrent as a function of light intensity follows a power law, while
polarization follows a linear trend. This suggests that the material is capable of
generating photocurrent in response to incident light, and that the direction of the

current depends on the polarization of the light 361,

Furthermore, the prepared CuS: film exhibits excellent stability and its
alternating current conductivity (Gac) reveals semiconductor behavior with estimated
activation energy of 0.5 eV. It shown that the conduction phenomenon in CuS: is
related to Correlated Barrier Hopping (CBH), which is a hopping mechanism of
electrons movement in correlation in the material. The high absorbance of CuS: in
the UV range, as shown by UV absorbance and reflectance spectra, with a gap
energy of 1.87 eV estimated by the Tauc model, makes it a promising material for
optoelectronic applications such as solar cells and photodetectors. Overall, the
photoconductive properties of CuS2 make it a promising candidate for optoelectronic

devices [381,

The photoconductive properties of the films depend on the intensity of the
incident light, and the films show a good response to visible light. AS shown in

17
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Fig.1.18, the photocurrent increases linearly with increasing light intensity, indicating

a linear relationship between photocurrent and light intensity.

10
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Fig.1.18.Variation of photocurrent versus light intensity. [36

2.4.7. Electrochemical properties

For over fifty years, electrochemical mechanisms have been employed to
explain certain phenomena observed in flotation processes. It has been determined

that the absorption of collectors onto sulfide minerals takes place through an
electrochemical mechanism [37],

The electrochemical properties of CuS2 were studied using galvanostat and
XPS (X-ray photoelectron spectroscopy) techniques. The dissolution/passivation
products formed during electrochemical oxidation of chalcopyrite in 1 mol/L perchloric
acid were identified as Fe?* and metastable CuS: at lower potentials (~0.74 V) and
elemental sulfur at higher potentials (> 1.24 V) [07],

CuS:2 has been observed to have a monovalent (d'°) oxidation state of copper,
which is different from its expected divalent (d°) oxidation state. The formation of a
passive film according to the anodic reaction:

(Cu™)(Fe3*)(S27) = CuS, + Fe?* + 2e~ (1.2)

18
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Can be considered, with a possible change in oxidation states (Cu*) (S%)

proposed by Yin et al. (1995) 39, Another possibility for the formation of CuS: is
through redox or precipitation reactions to produce CuS:2 on the surface from ions in

solution.
Cu?* + S2~ = Cu* + 5%~ (1.3)

Where the disulfide S5~ can be formed by the oxidation of H2S formed by non-

oxidative dissolution.
2H,S = 4H* + S5~ + 2e~ (1.4)

Overall, we can say that the electrochemical properties of CuS: are related to
its oxidation states and its ability to form passive films or undergo redox/precipitation

reactions under certain conditions 071,

In other hand, the electrochemical properties of NizsS4/CuS2 were studied in a
2M KOH solution using a CHI660D (Chenhua, shanghai, China) which is a
electrochemical reactor. The working electrode was made of Ni foam coated with a
mixture of active materials, acetylene black and Polyvinylidene Fluoride (PVDF). The
specific capacitance of the electrode is calculating by the Eq.1.5 [49],

_ IxAt
T mxAV

(1.5)

Where | is the charge and discharge current, At is the discharge time, m is the
mass of the active electrode material, and AV is the potential window. The
NisS4/CuS2 material is used as the positive electrode in an asymmetric
supercapacitor (ASC), while reduced graphene oxide (RGO) is used as the negative
electrode. The specific capacitance of the RGO is 48.8 Fg! at 1 Ag? according to

equation (1) in the three-electrode system.

The optimal weight ratio of the two electrodes was determined using the
Eq.1.6

m* _ C”x AV~

m-  C*txAvV+

(1.6)
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Where m™* is the mass, AV* presents the potential window, and C* presents

the specific capacity of the positive electrode, respectively; and m~,AV~,and C~ are

the corresponding negative one, respectively.

The energy density (E, Whkg') and power density (P, Wkg?) of the ASC are
calculating by the Eq.1.7-8.

E = Ct >7<l§v2 (1.7)
p — 3600xE (1.8)

At

Where Ct (fgl) is the specific capacitance of the ASC, AV (V) is the voltage

window, and At(s) is the discharge time [0,

The study showed that the obtained nanocomposite exhibits excellent
electrochemical performance, with a specific capacitance of 888 Fg* at 1 Ag*' and
high cycling stability of 83.33% retention after 2000 cycles in a three-electrode
system, as shown in Fig.1.19-20.
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Fig.1.19. Electrochemical performance of the NizS4/CuS; at Specific

capacitances changing with vulcanization time. 40
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Fig.1.20. Electrochemical performance of the NizS4/CuSz at cycling
performance. Inset: SEM image of NizS4/CuS; (12 h) after 2000 cycles. 49

Moreover, the asymmetric supercapacitor (ASC) based on NisS4/CuS:
demonstrated to have a high energy density of 49.68 Wh kg at a power density of
400 W kg, which stabilize at 25.67 Wh kg when the power density increases to
3200 W kgt. Additionally, the ASC device displayed excellent cycling stability of
95.83% retention after 2000 cycles, as shown in Fig.1.21-22 41,
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Fig.1.21.The electrochemical performance of the NizS4/CuS; (12 h)//RGO:

cycling performance. [0
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Fig.1.22.The electrochemical performance of the NizS4/CuS; (12 h)//RGO:
Ragone plot.

2.4.8. Superconducting properties

CuS:z is a material that exhibits superconductivity performance at low
temperatures when it synthesized under high pressures. These properties are
studying through specific heat, magnetization, and nuclear magnetic resonance
measurements. The first measurements of specific heat for CuS2 showed a
superconducting transition temperature of Ts = 1.5 °K, which is relatively low
compared to other superconductors. The broad nuclear magnetic resonance spectra
observed in CuS2, at low temperatures, can be explained by assuming an
incommensurate charge-density wave transition occurs at 150 K. Based on these
results, it can be said that CuS:z is a promising candidate for further research in the

field of low-temperature superconductivity. (32

In addition, the Haas-van Alphen effect has first observed in the
superconducting copper dichalcogenides CuSz, CuSe2 and CuTe2, which have a
pyrite-type crystal structure. The metallic properties of these compounds are
attributed to the 3d electrons of eg symmetry associated with the copper atom, which
partially fills the conduction band. The study used crude crystals synthesized at a
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pressure of 65 kbar in a tetrahedral anvil apparatus, the crystals measuring

approximately 1 mm square. The characteristics of these crystals are detailed in
Table 1411,

Tabel.2. Physical characteristics of measured compounds, cubic cell
dimension, a(A), room temperature resistivity, p (rm); resistivity ratio of sample

measured, p(rm)/p(4.2°K), superconducting transition temperature, Tc (°K). [41]

a(A) p (rm) p (rm) Tc

(ohm-cm) (4.2°K) (°k)
CuS; 5.790 1.5 x 10* 650 148 -1.53
CuSe; 6.117 7.5x10° 110 2.30-2.43
CuTe; 6.605 1.2 x10* 130 1.25-13
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1. Introduction:

Climate change and all its consequences on the planet are essentially linking
to the issue of energy, since the problem stems from the use of fossil fuels; these
generate greenhouse gases, the most polluting gases, and carbon dioxide (CO2)
emissions. Sunlight is recognized as a clean and abundant source of energy that can
meet our planet's energy demands and avoid the environmental problems associated
with fossil fuels. Today, nanoscience and nanotechnology aim to study, create or
apply materials, devices and systems that can control matter on a nanometric or
even atomic scale. One of the interesting features of nanotechnology research is
that, at the nanoscale, certain materials can have unique properties that differ from
those of solid crystalline materials. These properties could make these materials very
interesting for many technological applications such as optoelectronics, optical
communications, solar control devices and solar cell manufacturing. Copper sulfide-
based semiconductor thin films hold great promise for a wide range of applications. In
addition to their abundance and low cost, they also exhibit optical and electrical
properties dependent on CuxSy stoichiometry 42,

2. Thin film deposition techniques

2.1.Chemical vapor deposition (CVD) process

CVD is a thin-film deposition process that involves the deposition of a solid
material from a vapor through a chemical reaction occurring on or near the surface of
a substrate. These processes vary in how the chemical reactions are initiated. During
CVD, there can be volatile by-products and unused precursor species, some of which
are highly hazardous, like Hz, Cl2, HCI, HF, or water vapor. Therefore, proper safety
measures are crucial, including vent flushing, removing by-products, and unreacted
compounds. CVD can be classified based on the energy source used for the
chemical reaction, such as photons, lasers, or heat (temperature) 138 43 There are
several CVD processes, including metal-organic CVD, low-pressure CVD,
atmospheric pressure CVD and plasma-enhanced CVD, which can vary in their

implementation.

a. Metal organic CVD

Metal Organic Chemical Vapor Deposition (MOCVD) is a chemical vapor

deposition technique using organometallic precursors 4. MOCVD basically follows
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the same process as CVD, but volatile organometallic compounds are used as

precursors instead of inorganic compounds. This technique enables the deposition of
a wide range of materials with amorphous, polycrystalline and epitaxial
microstructures. Metal-organic compounds are decomposed by low-temperature
pyrolysis reactions, enabling film deposition to be carried out at lower temperatures
than in the case of thermal CVD 3], Block diagram of typical metal organic chemical
vapor deposition system is shown in Fig.2.1, which consists of following sub-units 47,

REACTOR

Fig.2.1. Metal organic chemical vapor deposition system. [47]

b. Low pressure CVD

LPCVD deposition systems are used to deposit thin films at low pressure in a
high vacuum environment 71, The systems typically operate at pressures ranging
from 0.1 to 10 Torr, which considering a medium vacuum application. LPCVD
reactors come in different configurations, including resistance heated tubular hot-wall
reactors, vertical flow batch reactors, and single-wafer reactors. Throughout the latter
part of the 20th century, horizontal hot-wall tube reactors were widely used for
LPCVD processing. These reactors use precursor solution adsorption and
subsequent surface reactions to deposit thin films. A schematic of a horizontal hot-
wall tube reactor is shown in Fig.2.2 [48],
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Fig.2.2 A horizontal hot-wall LPCVD reactor. 48

c. Atmospheric pressure CVD

Atmospheric Pressure Chemical Vapor Deposition (APCVD) is a chemical
vapor deposition reactor that operates at atmospheric pressure with a simple design
and high deposition rates. It is the first of chemical vapor deposition used in the
semiconductor industry; there are two-different types of continuous-processing
APCVD system, the Gas-injection type and Plenum type 49,

APCVD is characterized by its low cost, scalability, high productivity, and
mostly it is fine-tuning from monolayers to bilayers and low diffusivity coefficient [50,

d. Plasma enhanced CVD

Plasma enhanced chemical vapor deposition uses plasma to provide the
energy required to facilitate the chemical reaction that drives the deposition. Electrical
energy is used to create this neutral gas plasma. PECVD is performed at 2 — 10 Torr
and relatively low temperatures from 200 — 400°C B, PECVD is a widely used

technique to obtain device quality thin films at low substrate temperatures 52,

2.2.Physical vapor deposition PVD process

Physical vapor deposition (PVD) is a process used to create thin films or coatings
on a substrate using vapors of the material to be deposited. This technique is widely
used to deposit a range of materials, including alloys, refractory compounds, and

polymers, onto a various range of substrates, as it illustrated in the bellow diagram.
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Fig.2.3 Physical vapor deposition process.

a. Pulsed laser deposition:

Pulsed-laser deposition (PLD) is a relatively new physical vapor deposition
technique that has been widely employed for depositing a wide range of materials.
This method utilizes a laser as a source to vaporize the desired material, making it a
type of physical vapor deposition (PVD) 53, In this method, a high-power density
laser with a narrow frequency bandwidth is used to evaporate the target material,
resulting in the ablation of atoms that are subsequently collected on the substrate.
PLD is a popular technique used for the deposition of thin films in many fields such
as electronics, optics, and material science. The advantage of PLD is that it allows for
stoichiometric removal of the target material due to the fast, transient nature of the
ablation process and the high laser fluence. PLD is used for the deposition of
complex ceramic films that are difficult or impossible to deposit with other methods.
However, stoichiometric removal does not always imply stoichiometric deposition.
PLD also allows the user to tune the energy of the species arriving at the substrate
by introducing an inert gas atmosphere such as argon, and it can be used to create
nanoparticle deposition 4. Figure2.4 shows a schematic diagram of a typical PLD

process 5%,

27



Chapter 2 Tecknigues and (haracterization

Rotatable
substrate holder

Focusing lens

Ablation
_ plume

Pulsed
laser beam

‘ To vacuum
pumps

Fig.2.4 Schematic diagram of PLD process. 5

b. Thermal evaporation:

Thermal evaporation involves heating a solid material inside a high-vacuum
chamber, taking it to a temperature that produces some vapor cloud inside the
vacuum, see Fig.2.5. This evaporated material constitutes a vapor stream, which
traverses the chamber and hits the substrate, sticking to it as a coating or film.
Thermal evaporation deposition has the advantages of being able to deposit thin film
with low contamination at a controlled deposition rate. Moreover, larger charges
(source materials) can be loaded per deposition run. However, it requires large and
costly RF power supplies, step coverage is poor and control of film composition is

more difficult than with sputtering 1561,

28



Chapter 2 Tecknigues and (haracterization

‘ Substrate Holder ‘

: : Deposited
Substrate «— S Thin Eilm
A Va porized
Material
Target
Material w EVaporator

Fig.2.5 Scheme of thermal evaporation deposition. [

c. Sputtering deposition process:

The process of sputtering is a commonly used physical vapor deposition
(PVD) technique that involves bombarding a target material with energetic particles,
causing the ejection of atoms from the surface of the target. This vaporization
process is achieving through ion bombardment, which results in a vapor that can then
be deposited as a thin film onto a substrate. Thus, sputter deposition is a popular
technique used to deposit thin films on substrates. By using ion bombardment,
sputtering enables the physical vaporization of atoms from the surface of the target
material, making it one of the most important PVD techniques available 57-581,

The sputtering process can be performed in either a DC (direct current) or RF
(radio frequency) mode. In the DC mode, a high voltage is applied between the target
and the substrate, while in the RF mode, a radio frequency is used to generate a

plasma between the target and the substrate.AS shown in Figure2.6-7 [45],
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2.3.Solution based chemistry (SBC) process

a. Chemical Bath Deposition Technigue

Chemical Bath Deposition (CBD) is a simple and inexpensive technique, as it
does not require elaborate conditions. All you need is a beaker containing the
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reaction bath, into which glass slides are immersed, onto which the layer will be

deposited. It should be noted that deposition generally takes place at atmospheric
pressure and relatively low temperature, and has therefore been known since 1835,
when Liebeg reported the first mirror by silver deposition in a chemical bath 9. Since
nearly 140 years ago, chemical bath deposition (CBD) has been used to deposit thin
films of metal sulfides, selenides and oxides, as well as a number of different
compounds. Although it is a well-known technology in some specific areas (notably
photoconductive lead-salt detectors, photoelectrodes, and more recently thin-film
solar cells), it is generally underappreciated technology. The development of CBD
has been fuelled by recent interest in all things "nano”, as it is a low-temperature
agueous solution technology where crystal size is often very small. This is
demonstrated by the quantification of common magnitude in semiconductor thin films
produced by CBD 9],

Haute
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Fig.2.8 Diagram of the assembly of the deposition of CuxSy by chemical bath. €1

b. Sol-gel (solution-gelling)

The sol-gel method is a traditional method used for a wide range of materials,
including inorganic membranes, monolithic glasses and ceramics, thin films, and
ultra-fine powders. Today, it is even used to synthesize 1D nanomaterial. The
advantage of this method, which has made it very popular, is the possibility of doing it

at room temperature and the possibility of easy chemical doping [¢2.

31



Chapter 2 Tecknigues and (haracterization

The process of sol-gel, as shown in Figure 2.9, involves chemical solution

deposition in a sequential manner that includes hydrolysis and condensation, gel
formation, aging, removal of solvents via evaporation or calcination, and, finally,
crystallization. However, because of its effectiveness, this precursor approach can be

expensive, result in lower production, and pose risks to the safety of the process [,
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Fig.2.9 the basic process of the sol-gel method. 63

c. Spin coating

Spin-coating (SC) is a solution-based process developed for low-cost
deposition of thin films of materials ranging from polymers (as organic photoresists)
to functional inorganic films including amorphous (Chern and Lauks, 1982) ¢4 and
crystalline chalcogenides [531,

Spin coating is performed in four steps, deposition, spin up, spin off, and
evaporation, as shown in Figure 2.10. In the first stage the material is deposited on
the turntable, then spin up, and spin off occur in sequence while the evaporation
stage occurs throughout the process. The applied solution on the turntable is
distributed via centrifugal force. High spinning speed results in thinning of the layer.
This stage is followed by drying of the applied layer. Uniform evaporation of the
solvent is possible because of rapid rotation. High volatile components are removed
from the substrate because of the evaporation or simply drying and the low volatile
components of the solution remain on the surface of the substrate. The viscosity of
the coating solution and the speed of rotation control the thickness of the deposited
layer [65],
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(i)

SpTup

Deposition

(iii) (iv)

s

Spin off Evaporation

Fig.2.10 Stages of spin coating on substrate. [¢°

d. Dip coating

Dip coating, also known as impregnation or saturation, is a commonly used
method for applying a thin, uniform layer of coating to flat or cylindrical substrates (661,
The immersion coating technique for producing thin and thick films comprises several
consecutive steps. First, the substrate is immersed in a solution containing the
coating material at a constant speed. After a certain time, the substrate coated with a
thin layer of material is removed from the solution at a constant speed. Excess liquid
is evacuated from the substrate and the solvent in the coating material evaporates,
forming the thin film. The properties and thickness of the film obtained depend on
various factors, such as immersion time, withdrawal speed, number of dipping cycles,
solution composition, concentration and temperature, environmental humidity, and

others [67],
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Fig.2.11. Representation of dip-coating technique. ¢
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e. Spray pyrolysis

Spray pyrolysis is a process in which a precursor solution is atomized in a
droplet generating apparatus, is evaporated in a heated reactor, and then is
decomposed into particles and films [69],

Spray pyrolysis is very efficient, cost effective, and utilizes simple equipment.
The thin films produced have large surface area of substrate coverage and potential
and homogeneity of mass synthesis. However, spray pyrolysis seems not useful due
to poor quality of thin film, thermal decomposition, and vapor convection. The vapors
are generated due to temperature difference, which restricts the source from binding
with the substrate. The spray pyrolysis process is shown in Fig. 2.12 [/,
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Fig.2.12. Mechanism of spray pyrolysis. [7%]

f. The method of electrochemical deposition (electrodeposition)

Electro-deposition is a non-vacuum electrochemical technique highly
preferable for thin film deposition owing to its ability to deposit multicomponent alloys
at low temperature. In this method deposition of thin metallic films is done onto the
substrate by the reduction of cations without any unwanted reactions "1,  The
process of electro-deposition involves the electrolytic reduction of a metal (M) that
deposits onto a metallic substrate: M* + e — M. Both electrodes are immersed in a
solution called an "electrolyte" containing one or more dissolved metal salts whose

ions allow the circulation of electricity. At the cathode, the metal ions are reduced and
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deposited as a thin layer. The ions in the electrolyte bath are constantly replenished

by the anode, which is oxidized by the power supply providing a continuous current.
Electroplating is therefore an effective method of depositing thin metal layers on a
substrate without undesirable reactions, and it enables low-temperature deposition of

multicomponent alloys, see Fig.2.13 [,
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Fig.2.13. Experimental setup of electrodeposition. 72

3. Characterization techniques

Characterization techniques are a set of experimental methods and tools used
to study and analyze the properties and characteristics of materials or systems.
These techniques are essential to scientific research and engineering to understand
the behavior and properties of materials, and how they interact with their
environment.

Functional characterization techniques focus on the performance and behavior
of a material or system under specific conditions. These techniques provide
information on physical, chemical, mechanical, electrical, and other properties of the
material. Examples of functional characterization techniques include thermal
analysis, rheology, tensile testing, corrosion testing, and surface analysis.

Overall, characterization techniques play a critical role in advancing scientific
knowledge and technological development, allowing researchers to gain a deeper
understanding of materials and their properties and enabling the design and

optimization of new materials and systems for various applications 31,
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a. AFM atomic force microscope

Atomic force microscopy (AFM) is a powerful and versatile observation
method that uses the atomic force between the probe and the sample surface. This
technique can image a wide range of surfaces, including polymers, ceramics,
composites, glasses and biological samples. In addition to imaging capabilities, AFM
is used to accurately measure and locate various forces, such as adhesion strength,
magnetic forces and mechanical properties. The AFM configuration comprises a
sharp tip, typically 10 to 20 nm in diameter, which firmly attached to a cantilever,
enabling precise scanning and analysis of the sample surface [74.75],

With AFM, the sample is prepared by immobilizing it on a substrate and
ensuring that the surface is clean. A pointed probe with a nanometric tip is selected
to interact with the sample surface. The probe gently contacts the surface using
different imaging modes such as contact, tap or non-contact. The probe
systematically scans the surface, controlled by piezoelectric elements. The
interaction between the probe and the sample generates a signal, which is converted
into a three-dimensional image or topographical map of the surface. The acquired
data is then analyzed using specialized software to extract information on surface

morphology, height variations and other properties [76,

Figure 2.14 illustrates the principle of atomic force microscopy; the cantilever
is mounted on a piezoelectric scanner, which allows either movement in the
horizontal (x, y) or vertical (z) dimension. The tip is brought close and scanned

across the sample surface while moving vertically [/7]:
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Cantilever High resolution video microscope

Direct drive Z motor stage
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XYZ linearized piezo scanner
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b

Fig.2.14. Schematics of atomic force microscopy principle. [’
(b) Atomic force microscopy. 774
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b. X-Ray diffraction (XRD)

Wilhelm Roéntgen discovered X-rays in 1895. X-ray diffraction (XRD) is used in
many applications, including medical imaging and crystal characterization, which is a
non-destructive structural analysis technique for identifying the crystalline phases
present in a sample, as well as determining lattice parameters and average crystallite
size [78.79],

Bragg’s law governs x-ray diffraction. Therefore, x-rays are producing by the
braking of high-speed electrons near the anode in X-ray tubes. When these electrons
strike the anode, they undergo rapid deceleration, resulting in the emission of X-ray
photons. The energy of these photons is of the order of KeV characteristic of the
nature of the anode material 2%,

Once X-rays are generated, they can be applied to crystal lattices, where
Bragg's law comes into play. According to Bragg's law, when X-rays interact with a
crystal lattice, they undergo constructive interference if the difference in trajectory
between the rays scattered by successive atomic planes satisfies a specific condition
as follows:
nA = 2dsin® (2.1)

Where: n is an integer (1, 2, 3...n), A is the X-ray wavelength, d is the distance
between the atomic planes, and 6 is the angle of incidence of the X-ray beams. An
X-ray beam takes a longer (but parallel) path because if 'reflects' off an adjacent
atomic plane. This path length difference must equal an integer value of the 1 of the
incident X-ray beams for the constructive interference to occur such that a reinforced
diffracted beam is produced. By satisfying Bragg's law, X-ray diffraction patterns are
observed, providing valuable information about crystal structures, interatomic
distances, and lattice parameters. Therefore, the generation of X-rays and the
application of Bragg's law are interconnected, playing essential roles in X-ray
diffraction analysis and its wide-ranging applications in various scientific fields.
Figure.2.15 illustrates the principle of Bragg's law 89811,
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Fig.2.15.Schematic representation of X-ray diffraction by a crystal (Bragg's

law). [81]

The diffractogram is a recording of the diffracted intensity as a function of the
20 angle formed with the direct beam Figure2.16. The study of the diffractogram
provides a wealth of information about the structural characteristics of the sample.
The angular positions of the diffraction peaks are indicative of the parameters of the
crystal lattice. By analyzing the positions of the diffraction peaks, it is possible to
determine the crystal lattice of each crystalline phase present in the sample. Once
the lattice is determined, the angular positions of the peaks can be used to calculate
the interplanar distances of the diffracting atomic planes and access the parameters
of the unit cell. [82
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(b).Schematic diagram of a diffractometer system. (80
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c. Gas chromatography (GC)

James and Martin have traditionally introduced the Gas Chromatography for
the first time in 1952 [8l  Analytical gas chromatography (GC), as depicted in
Fig.2.17, is a technique of separation of components of mixtures (samples) with the
purpose of obtaining information about their molecular composition. The information
obtained from a chromatographic analysis can include a chromatogram (a graphical
image of a detector output), information regarding the heights and the areas of

resolved (adequately separated) peaks in a chromatogram, their molecular identity,

etc.... B4,
Chromatograph
Inlet Column C/)utlet
Sample}y introduction | ™+ " |Detector | Detector signal Analvsi Information
device X — — nalysis
\ Gas flow /
Connecting
assemblies

Fig.2.17.Block diagram of a chromatographic system. (84

Gas chromatography comprises two main types: gas-liquid chromatography
(GLC) and gas-solid chromatography (GSC). In gas-liquid chromatography, a sample
of a volatile compound is mixed with a gaseous mobile phase and passed through a
stationary phase consisting of a non-volatile liquid. In contrast, gas-solid
chromatography uses a solid stationary phase, and separation of compounds is by
adsorption, resulting in significantly longer retention times than gas chromatography.
Gas chromatography, also known as gas-liquid chromatography (GLC), is a specific
chromatographic method that uses an inert gas mobile phase and a liquid stationary
phase. Although advances have been made in instrumentation, the fundamental
principles of gas chromatography - the instruments used to perform GC - have

remained relatively simple and constant over time [83],

This technique has many applications, both quantitative and qualitative. These

include:

a. Environmental analysis: pesticides’ analysis in water/vegetables, vehicle
emissions

b. Clinical medicine: blood alcohol, drugs (nicotine, opioids)

39



Chapter 2 Tecknigues and (haracterization

c. Forensic medicine: explosives

d. Consumer goods quality control
e. Food analysis: fatty acid composition, flavor components of edible products
f. Petrochemicals, petrol composition, solvent purity, gas refineries [,

d. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a powerful imaging technique that
uses a focused beam of electrons to examine the surface of solid materials. It
provides high-resolution, three-dimensional images of the sample's surface
morphology at the micro and nanoscale. SEM allows for the visualization of surface
features, such as texture, shape, and composition, and offers versatile capabilities
beyond traditional topographic imaging in the magnification range 10-10,000x. With
its broad applications in various scientific fields, SEM plays a crucial role in materials
science, nanotechnology, biology, geology, and other disciplines for detailed surface
characterization and analysis 871,

The SEM captures images by utilizing a focused electron beam that scans a
rectangular area of the specimen in a raster pattern. The electron beam originates
from a filament, typically made of various materials, with tungsten being the most
common choice as the cathode. When the metallic filament is heated, it generates a
beam of electrons at the top of the microscope. This electron beam passes through
the microscope's column, guided by electromagnetic lenses that focus and direct it
onto the sample.

As the electrons in the beam interact with the atoms of the sample material,
they are scattered back, resulting in the formation of either backscattered electrons or
secondary electrons. These scattered electrons are collected by a detector, which
converts them into a signal that is transmitted to a viewing screen, similar to a
television screen. This process generates an image (Figure.2.17) that contains
detailed information about the surface topography, composition, and other properties
of the sample, such as electrical conductivity.

Vacuum is an essential requisite for SEM. If the sample is in a gas filled
environment, the beam is unstable as gases could react with the electron source,
causing it to burn out or result in ionization of beam. Alternatively, other molecules,

which come from the sample or the microscope itself, may form compounds,
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condense on the sample, and thereby reduce contrast and obscure details in the

image. [88]
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Fig.2.18.Schematic flow diagram of a Scanning Electron
Microscope. [88-11

e. Raman spectroscopy

Raman spectroscopy, which emerged from the discovery of the Raman Effect
in 1928 by Indian physicist C. V. Raman, is experiencing a renaissance that has
opened up a series of advanced techniques. Exciting developments in the optical,
guantum mechanical and spectroscopic fields during the past few decades have
provided new insights into research on nanomaterials. This analytical technique uses
scattered light to measure the vibrational energy modes of a sample, providing both
chemical and structural information. By detecting Raman scattering from the sample,
Raman spectroscopy can identify substances through their characteristic Raman
fingerprint’, extracting valuable information about the sample's composition and
structure. 89 Figure.2.19 shows the process involved in collection of Raman spectra.
When the sample is illuminated by an incident monochromatic light, the majority of
the scattered light is of the same wavelength elastically scattered (green arrow). A
notch filter is therefore used to block the elastically scattered light, which would
otherwise overwhelm the weak signal of the Raman, or inelastically scattered light

(orange arrow). Scattered Raman light disperses on wavelength-dependently across
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a grating and detected by a charge-coupled device (CCD) detector. A Raman

spectrum is finally displayed during software analysis [°9.
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Fig.2.19. (a) Schematic showing the process involved in Raman
spectra collection.® (b) Raman spectrometer from S & N lab. [90-1]

f. Fourier transforms infrared spectroscopy (FTIR)

The origins of infrared spectroscopy date back to 1800, when William Herschel
discovered the infrared region of the electromagnetic spectrum. In the 1930s and
1940s, advances in electronics led to the introduction of infrared thermocouples. The
appearance of the first Fourier transform infrared (FTIR) spectrometers in the early
1970s transformed infrared spectroscopy from a research tool into a dominant
analytical technique, giving rise to modern infrared spectroscopy.

Infrared spectroscopy is a powerful and widely used analytical technique
based on the absorption of infrared radiation by a material. It can be used to
characterize the chemical functionalities of organic and inorganic substances,
whether crystalline or amorphous, by comparing their infrared absorption spectra with
those of reference substances. It also provides information on the nature of chemical
bonds. This technique is particularly sensitive to the vibrations of chemical bonds with
a dipole moment. Modern infrared spectroscopy is used in many fields, including
polymers, agriculture and food science, geological samples, the pharmaceutical
industry and biological and medical analysis [®1.

e Principal of FTIR

The IR spectrum is dividing into three wave-number regions: the far-IR
spectrum (<400 cm?), the mid-IR spectrum (400-4000 cm?) and the near-IR
spectrum (4000-13000 cm?). The infrared region between 4000 and 400 cm
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corresponds to the range of all molecular vibrations. The infrared spectrum of a

sample is obtained by introducing infrared light beam through the sample. When the
wavelength of the emitted beam is close to the vibration energy of the molecule, the
molecule absorbs the radiation, resulting in a decrease in the intensity reflected or
transmitted. As a result, the energy of the IR radiation is reduced after the interaction.
This technique detects the characteristic vibrations of chemical bonds between two
atoms, enabling chemical composition analysis and direct access to the molecular
structure of the materials analyzed 2.
e The equipment of FTIR

Modern spectrometers use source that emits the entire infrared (IR)
wavenumber range in a single beam, see Fig.2.20. The splitter separates the emitted
beam into two; however, a mirror reflects each part, in which one of the mirrors is
fixed, while the second is movable. This combination of mirrors and beam splitters
forms the interferometer.

By changing the position of the moving mirror, a step difference is created
between the two separated beams, resulting in the formation of interferograms.
These interferograms are then converted, using the Fourier transform, into what
corresponds to a point in the IR spectrum. The complete spectrum is obtained by
changing the position of the moving mirror to scan the desired range 31,
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Fig.2.20. (a) Principles of the Fourier-Transform Infrared Spectroscopy (FTIR)
93] (b) FTIR Analysis — Infrared Spectroscopy.

g. Ultraviolet-visible-Infrared spectrophotometer:
UV and visible absorption spectroscopy is a widely used characterization

method in laboratories, which is a preferred technique for both qualitative and, more

importantly, quantitative analysis of numerous species (thin films and powders). This
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technique provides information about the optical properties of the sample being

analyzed, such as light transmission and absorption.

An atom can react with incoming light. It can either scatter the light or absorb
it.  During scattering, light may be redirected or alter the direction. In case of
absorption, the atom makes a quantum jump to one of its higher energy level
after absorbing light. Absorption coefficient a is the property of material which gives
the amount of light absorbed by it. The inverse of absorption coefficient is the
average distance travelled by a photon before it gets absorbed. The absorbance is
given by:

A= a.C.L (2.2)

Where, a: Absorption coefficient, c: concentration, L: path length .The ratio of
intensity of transmitted light and intensity of incident light (I/lo) are called the
transmittance (T). Relation between absorbance (A) and transmittance (T) is:

A= logqg (170) = log (%) (2.3)

Absorbance and absorbance coefficient are calculated by using
Spectrophotometer. If E is the energy of the incident light and Eg is the band gap
energy of the semiconductor, then we have Tauc’s formula:
ahv = A(hv — Eg )" (2.4)

Where “n” depends on nature of transition and can have values 1/2(allowed)
and 3/2(forbidden) for direct transition; 2(allowed) and 3(forbidden) for indirect
transition. The principle of this characterization technique is shown in Fig.2.21. It
involves a double-beam configuration, where a UV-visible light beam is directed
towards a monochromator composed of a prism or grating. With using mirrors, the
beam is then directed towards a beam splitter, which simultaneously sends a
reference beam and a beam that passes through the sample. The two beams are

subsequently collected and converge towards the detector. (94
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Fig.2.21. Schematic representation of UV-Vis-IR spectroscopy. [°4

h. Thermoluminescence Spectroscopy (TL)

Thermally stimulated luminescence (TSL) involves generating light when a
solid is heated. Light becomes visible after the solid has been exposed to radiation,
with heat triggering this effect. TSL is primarily employed for measuring radiation
doses, as it exhibits a proportional relationship between emitted light and the
absorbed radiation dose in certain materials. However, in the 1950s, it was
recognized that TSL could be used not only for dosimetry and dating, but also for
other purposes such as measuring the efficiency of surface catalysts and measuring
impurities in rocks. Thermoluminescence is also very sensitive to defects in the
material under investigation and can also be used to investigate these defects. %],

Over the last two decades, computerized deconvolution of
thermoluminescence glow curves has become the method of choice for TL glow-
curve analysis. This method is used to evaluate TL kinetics parameters for a given
peak in the glow-curve, but it is also applied nowadays in routine radiation
dosimeters. Several models, approximations and minimisation procedures have been
investigated and a number of computer programs have been developed for TL glow-
curve analysis. [°]

As shown in Figure.2.22, the light emission occurs when the sample is heated
above 200°C. Initially, a blue range of light is observed, but as the temperature
increases, the emitted light shifts to a red glow. However, during a second heating,
only the red glow is observed, and the blue light emission is absent. The origin of
thermoluminescence lies in the release of energy stored within the crystal lattice
structure of the material. This energy accumulation happens over time due to

exposure to nuclear radiation from natural sources, both internal and external.

45



Chapter 2 Tecknigues and (haracterization

10,000

{counts per second)

first heatin R I
/f II\‘ IIllI |II |
|I.lII

\ [
\
I|

(]

5,000

f \i

/ )

f . f

{ /
/  second heating’
S T

— P
100 200 300 400
Temperature (°C)

hermoluminescence

C

Fig.2.22.Thermoluminescence as the function of temperature. ¥

The amount of thermoluminescence accumulated in a material is directly
proportional to its radiation exposure. Upon heating, this accumulated energy is
released, resulting in light emission. In the context of dating, the clock starts ticking at
the initial firing of the material, when the previously accumulated
thermoluminescence is driven out. [°7]

In summary, thermoluminescence is a characteristic property displayed by
certain materials. The heating of these materials causes the release of stored energy,
resulting in light emission. This energy accumulation and release have implications in
various fields, including dating techniques based on thermoluminescent properties.

i. X-Ray Fluorescence Spectroscopy (XRF)

X-ray fluorescence spectrometry (XRF) is an analytical technique widely used
for elemental determination in industrial and R&D laboratories. It belongs to the
family of atomic spectrometry techniques, but offers certain analytical advantages
over competing techniques such as atomic absorption spectrometry (AAS) and
inductively coupled plasma atomic emission spectrometry (ICP-AES). XRF
spectrometry is capable of determining almost all elements of the periodic table,
conventionally between sodium and uranium (including electronegative elements
such as chlorine, phosphorus, sulfur, bromine and iodine) at detection limits, often of
the order of 1 to 10 mg kg-l. Determinations can be extended to uranium.
Determinations can be extended to boron, albeit with reduced sensitivity and
significant limitations in terms of the very low critical penetration depth of the

corresponding fluorescence X-rays [°8 Figure2-23 shows An XRF spectrometer, with
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the sample port on top, and a set of samples in silver metallic holders in the sample

changer in front.

Fig.2-23.X-ray spectrometer. 1981

XRF is used in some laboratories in forensic investigations of concrete to
determine the elemental composition of samples. The electromagnetic radiation of
wavelengths of x-rays ranges between 0.1 A and 20 A. The necessary wavelengths
are produced by an x-ray tube in which the electrons are accelerated from an
emitting source toward the target material. Under radiation from an x-ray source, a
sample will emit characteristic X-ray intensities depending on characteristics of the
beam, sample elemental concentration, powder particle size distribution, degree of
compaction, and the compounds in the matrix. A detector that collects and reports
the intensities of the emitted x-rays, which in turn can be used in a calibrated system
to determine the relative proportions of elements in the sample, is shown in Figure
2.23 [99],
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Fig.2-24.X-ray fluorescence principale. [
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Chapter 5 Results and, discusdion

1. Introduction:

Gas separation plays a crucial role in various industries 1% such as
petrochemicals, natural gas processing, and air purification. Efficient and selective
separation of different gases is essential for optimizing industrial processes and
reducing environmental impacts 191, A gas separation filter is a screen between two
adjacent thin layers acting as a selective barrier. It uses membranes to selectively
separate gas molecules according to their size, shape and/or chemical properties,
making it a potential alternative to conventional gas separation processes [l
Membrane separation processes offer several advantages over conventional gas
separation techniques. They require no additional chemicals or solvents, and
eliminate the need for energy-intensive phase transformation processes 190,

In recent years, researchers have been exploring novel materials with superior
gas separation properties, and one such material that has gained significant attention
is a copper sulfide (CuSz). The compound is a composed of copper and sulfur atoms,
and its unique properties make it a promising candidate for gas separation
applications 1231, CuS:2 exhibits excellent thermal and chemical stability, which is
vital for withstanding harsh operating conditions. Additionally, its low cost and
abundance make it an attractive alternative to expensive and scarce materials

currently used in gas separation processes [1-13],

The purpose of this chapter is to present the experimental part and the results
obtained in this work regarding the elaboration and characterization of copper
disulfide (CuS2) thin films. The first part of the chapter discusses the elaboration
method used for the deposition of thin fiims based on CuS2, while the second part
focuses on the characterization techniques employed to determine the different
properties of these thin films. Detailed discussion and interpretation of the obtained
results will be providing.

2. Experimental part:

2.1. Preparation of substrate and the deposit solution

First, all substrates are immersed in a concentrated 4:1 H2SO4/H20:2 solution
at 80°C, followed by immersion in a 1:1 HCI/H202 solution at room temperature.
Finally, the substrates are immersed in a 10% HF solution at room temperature for 1

minute. All chemical processes are completed by rinsing with demineralized and
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deionized water, followed by drying with pure nitrogen gas (N2). Next, in the first part,

electroless bath deposition is carried out to deposit CuS:z films with the aid of a bias
current. First, the aqueous medium is Cu(S0O4)sH20 copper sulfate pentahydrate as a
cation source. Next, sodium thiosulfate Na.SO4 was used as a source of anions.
Next, citric acid (C¢HgO,) was used as a complexing agent, and thioacetamide, an
organo-sulfur compound of formula C2HsNS, was also included. All precursors were
prepared, with fixed molarities, using standard techniques. A quantity of powdered
copper sulfide clusters was added to ensure compliance with chemical compound
requirements. The pH of the solution was adjusted to 3 by adding citric acid (C¢HgO-)
and a few drops of hydrochloric acid. The bath was maintained with a potential
generator set at 5V, and the solution vigorously stirred. The temperature was set at
35°C. We then prepared four series of samples, varying the deposition time to 30, 60,
120 and 180 minutes.

In the second part, we proceeded to deposit the copper sulfide powder
generated by the crystallization through the preparation of the deposition solution. By
using a vacuum evaporation technique, we elaborate three samples (Annealing of
CuxSy was performed at temperatures of 450°C, 500°C, and 550°C). We then

elaborate an addition sample of a thin film based on pure Cu, as reference.

3. Results part
3.1. X-ray Diffraction (XRD) spectra:

In this study, X-ray diffraction (XRD) was employed to analyze the structural
properties of both powdered samples and thin films. XRD is a powerful technique that
provides valuable information about the crystal structure, phase composition, and
preferred orientation of materials. The obtained diffraction patterns, we analyze

results using the High score Plus software.

Fig.3.1 (A-B) presents the X-ray diffraction Pattern of CuS powder and CuS:

powder in an angle range 15<26<50°, respectively.

In the first one, the result reveals the formation of two phases: Cu2S (black
asterisk) and CuS (red diamond), with CuS being the majority phase. We observe the
presence of CuS main peaks (JCPDS, Ref code: 01-078-0877) located at 26 angles
of around 22.5°, 24°, 27.5°, 28°, 29.5°, 32.5°, 34.5° and 48.5°. In addition, a series of
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peaks,

CuzS,

peaks

other than those of the target phase, attributed to the hexagonal structure of
are of lower intensity but sufficiently visible to be taken into account. These
are located at 20 angles of around 26.5°, 33°, 37°, 38°, 41.5°, 46° and 48.5°,

determined by comparison with JCPDS, Ref Code: 01-073-1138.

XRD intensity (arb. units)

4600 % CugS.Ref Code:01-073-1138 *
¢ CuS, Ref Code : 01-078-0877
4000 —
A) CuS powder synthesis
3500
3000 ¢
2500 —
2000 —
1500 — >
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500 . r v . v . v . - T - T -
< Sulfur-S8 + CuS m CuS2 Powder sv :
owder svnthesis
5000 4 01-083-2285 o - ‘
4000 )
3000 4 <
2000
1000
0 T T T T L2 I ]

1 . T r . v
15 20 25 30 35 40 45 50
Angle 26 (degree)

Figure3.1 XRD Pattern of A) CuS powder, B) CuS: powder.

The observed diffraction angles in our sample's diffractogramme are close to

those reported in the literature 2% 491, This confirms the presence of compounds with
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the chemical formula CuxS, where (x=1, 2) each has a corresponding crystallographic

phase. Chemical synthesis of this powder reveals the formation of clusters based on
unsaturated Cu-S bonds, meaning that the degree of copper ionization is stopped at

+1 following the 3d° electronic configuration [2°],

On the contrary, the X-ray diffractogramme pattern of CuS2 shown in Figure
3.1 (B) exhibits diffraction peaks at 26 = 27.5°, 31°, 35°, and 37°. These peaks have
been indexed and attributed to the presence of CuS:, according to the reference
code (01-083-1619) provided in the datasheet. Moreover, there are additional peaks
indicating the presence of two other phases. The peaks corresponding to CuS are
located at 20 angles of approximately 27.5°, 29°, 32°, 32.5°, 34.5°, and 49°. These
results are consistent with the hexagonal covellite copper sulfide (JCPDS card no.
01-078-0877) and are in good agreement with previous studies 190, Additionally, the
third phase observed is sulfur-S8,which constitutes the major phase, as determined
by comparison with the JCPDS reference file (01-083-2285).

Let's turn to Figure 3.2, which shows the XRD pattern of a CuS:z in the angle
range 30° < 20 < 75°. The thin film is heated to an annealing temperature of 500°C.
Analyzing the obtained spectrum, we observe the presence of several well-defined
peaks, indicating the crystalline nature of the sample. The most intense peak at 20 =
43° is attributed to the cubic phase of CuS2. This phase belongs to the 3Pa space
group, as determined by comparison with the JCPDS reference file (01-083-1619).
However, relying solely on the indexing of a single peak is not sufficient to identify the
corresponding phase. We therefore extended the indexing to other peaks in the
diffraction pattern. Five further peaks were found to correspond to the cubic phase of

CuSz, in agreement with the aforementioned PDF file.

Furthermore, we observed the presence of secondary diffraction peaks in this
sample. The main peaks of CuS2 (JCPDS card no. 01-078-0877) were detected at
approximate 26 angles of 30.5°, 45°, 47°, 65°, and 70.5°. Additionally, peaks located
at 26 = 31°, 36°, 37°, 39.5°, and 61° correspond to Cu2S. Furthermore, two peaks
indicating CuS were observed at approximately 20 angles of 37° and 74.5°.
Moreover, we noticed a peak at 26 = 50°, which corresponds to diffraction on the
(200) reticular planes. This peak is attributed to the cubic phase of copper wich is one

of the phases present in our sample because of evaporative deposition.
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In conclusion, the XRD of this analysis confirms the presence of four different

phases in our sample.
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Angle 26 (degree)
Figure3.2 XRD Pattern of C) Copper sulfide /500°C.

As an important note, we can say that the X-ray Diffraction (XRD)
characterization of the chemically prepared sample did not provide conclusive results
due to the very thin layer, which does not exhibit a distinct substrate profile on the
silicon substrate. However, in the case of the evaporation method, where the layer
thickness is significantly greater, XRD analysis becomes more relevant and enables

obtaining more accurate structural information.

3.2.Scanning Electron Microscopy (SEM) Micrographs:

Scanning Electron Microscopy (SEM) is a powerful imaging technique that
provides us detailed information about the topography, morphology, and elemental

composition of samples.

Figure3.3 shows the SEM images of our CuS: layers for different annealing
temperatures: 450°C, 500°C, and 550°C, respectively. Indicating that the annealing
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temperature affects the morphology of the layers. Based on the SEM image obtained

at a temperature of 450°C, the CuS: layer exhibits a homogeneous and regular
shape. The particles appear to be uniformly distributed on the substrate, indicating a
consistent nucleation and growth process. However, in terms of size, there is some
irregularity observed. The particle sizes vary, with some particles appearing larger or
smaller than others. This size variation may be attributed to different factors, such as

variations in the deposition process or the presence of impurities.

At a temperature of 500°C, the SEM image of the CuS: layer reveals the
presence of nanorods with a regular shape and size. The nanorods exhibit a square
cross-sectional morphology, indicating a well-defined crystallographic orientation.
The nanorods are not densely connected to each other, suggesting that they are not
forming a continuous structure. This observation implies that the CuS2 nanorods may
have a cubic crystal structure, as opposed to individual nanocrystals. The formation
of nanorods instead of isolated nanocrystals could be attributed to specific growth
conditions or the preferential crystallographic orientation of the CuS2 material at this

temperature.

At 550°C, the SEM image of the CuS: layer shows that the nanopatrticles have
agglomerated, forming larger clusters. The individual nanoparticles appear to be
smaller and more densely packed compared to the image obtained at 500°C. The
increased temperature may have induced higher diffusion rates, leading to the
agglomeration of the CuS: nanoparticles. This aggregation can result in a smaller
average particle size and a more condensed arrangement. The observed changes in
particle size and aggregation behavior at 550°C indicate the temperature-dependent

evolution of the CuS: structure during the deposition process.

Based on the three images, it appears that the second image taken at 500°C
shows the most desirable characteristics for the CuS: layer. The nanoparticles in this
image exhibit a regular shape and size, and they are arranged in a well-connected
manner. This indicates that the deposition process at 500°C resulted in the formation
of CuS:z nanoparticles with a more uniform and controlled morphology. Therefore,
500°C can be considered as the preferable temperature for the synthesis of CuSz, as

it yields nanopatrticles with the desired properties for potential applications.
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Fig. 3.3 SEM image of CuSzthin film at different deposition temperature (a) 450° (b)
500° (c) 550°.

54



Chapter 5 Results and, discusdion

In contrast, the as-prepared copper sulfide in the other study showed large

grains and smaller particles with a spherical morphology at lower temperatures.
However, at higher temperatures (500°C and 750°C), the morphology of the copper
sulfide underwent drastic changes, with the formation of nanoparticles exhibiting
higher anisotropy. Additionally, the grain size increased with temperature in the
samples. Overall, the studies highlight the significant impact of temperature on the

morphology and characteristics of copper sulfide nanopatrticles 1931,

3.3. Atomic force microscope (AFM) characterization

Atomic force microscopy (AFM) was utilized to analyze the surface
morphology and roughness of the nanocrystals. The application of AFM techniques
enabled the observation of microscopic features and the determination of

topographical information regarding the surface relief of the nanocrystals 1941,

Figure 3.4 shows the AFM images of four samples (pure Cu, CuxSy at 450°C,
CuxSy at 500°C and CuxSy at 550°C). The AFM images of the pure Cu sample show
a surface with visible roughness and variations in morphology. The surface appears
textured, with irregularities and variations in height observed. The roughness
parameters, such as Ra and Rq, indicate the average roughness of the surface were
found to be 101nm, 128nm respectively. Overall, the AFM images suggest that the

pure Cu sample has a rough and textured surface with distinct irregularities.

For the CuxSy sample at 450°C, the AFM image reveals a surface with lower
levels of roughness compared to other sample. Minor variations in surface
characteristics can be observed, along with the presence of large surface
irregularities. The image depicts the typical height of surface features and provides
insights into the spacing between these features.

The AFM analysis of the CuxSy sample synthesized at 500°C reveals an
increase in surface roughness, as indicated by the Ra and Rq values of 120 nm and
158 nm, respectively. This higher level of roughness is accompanied by noticeable
variations in surface characteristics, as evidenced by the calculated surface area
difference of 1.51%. The presence of significant surface irregularities further confirms
the relatively rough surface texture observed in the AFM images. Additionally, the

typical height of the surface features provides insights into the magnitude of surface
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variations across the sample. The line density of 0.083/um suggests the spacing

between surface structures, highlighting the overall surface morphology of the
sample.

Cu/Si(100) 420.7 nm CuS,/Si(100)/450°C 373.7 nm
Xy

-397.1 nm -249.1 nm

S./Si 0 689.6 nm
P——— 706.0 nm Cu,S,/Si(100)/550°C

5075 m 4129 m

Fig.3.4 AFM image of samples.

Lastly, for the CuxSy sample synthesized at 550°C, the AFM analysis reveals a
relatively higher level of surface roughness. The room mean square roughness (Rq)

and the average roughness (Ra) were found to be 141 nm and 180 nm, respectively,
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indicating a significant roughness. The surface area difference is calculated to be

0.22%, suggesting minor variations in surface characteristics. The AFM images
clearly depict the presence of larger surface irregularities, contributing to the overall
roughness observed. Furthermore, the images provide insights into the typical height

of the surface features, highlighting the magnitude of surface variations across the

sample.

3.4. ATR-FTIR Spectrometer:

Figure 3.5 presents the ATR-FTIR spectra analysis results of three samples
synthesized at different deposition temperatures (a) 450°C, (b) 500°C, and (c) 550°C.
The FTIR measurements reveal distinct peaks corresponding to specific molecular

vibrations in each sample.
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Fig. 3.5 ATR-FTIR spcetra of samples.
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In the case of the sample N° 2, three distinct peaks were observed. The peak

at 534.90 cm corresponds to the symmetrical stretching vibration of Cu-S bonds
(1051 On the other hand, we can mention another bond, which is the metal-sulfur bond
that is present in the compound and is evident in the peak at 475 cm™ due to the
antisymmetric stretching of the S-Cu-S bonds 1%, The peak at 2016.83 cm? is
attributed to the N=C=S vibrational mode, indicating the presence of isothiocyanate
functional groups %I, In addition, the peak at 2335.36 cm™! represents the vibrational
mode of O=C=0, suggesting the presence of carbon dioxide [1°7l. For samples
deposited at 450°C and 550°C, two peaks were observed. The peak at 573.84 cm™
is associated with a vibration mode involving the copper (Cu) center in the material
(107 The peak at 2172.90 cm™ corresponds to the vibrational mode of S-C=N,
indicating the presence of thiocyanate groups %81, These interpretations of the FTIR
spectra highlight the characteristic vibrations and molecular signatures of Cu-S
bonds, isothiocyanate groups, carbon dioxide and thiocyanate functional groups

present in the respective samples at different deposition temperatures.

cpsfeV

’ | 1,00 * CuS2-2

300-
250
200-
150

100-

T T T l T T I T I 5 1 1 T I T T T 1 [ T {} T 1
0,5 1,0 1,5 2,0 2,5 3,0 35 4,0 4,5 5,0
Energy [keV]

Fig. 3.6 EDXS Analysis Sample elaborated at 500 °C.
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In order to conduct a more comprehensive verification of the composition and

purity of the synthesized deposits, an EDS analysis was performed on the sample
elaborated at 500°C.

The table below illustrates the atomic percentage proportions of Copper (Cu)

and Sulfur (S), confirming the values of x and y in the CuxSy formulation.

Table3.1The atomic ratio of Cu/S

CuS2-2

Mass. Mass, norm.Atom, erreur abs, (%]erreur abs, [%)erreur abs, [%]erreur rel
%) [%] (%) (1sigma)  (2sigma)  (3sigma)  (Lsigma)
cuivre  29L-Serie 1122998348 7028 50,88 9,37 18,74 2811 1122
soufre 16K-Serie24634 2287 1925 2762 115 2,31 3,46 5,05
silicium 14K-Serie9790 9,79 824 13,50 0,50 1,00 150 512
carbone6 K-Serie2246 197 1,65 6,34 039 0,77 1,16 1971
oxygene8 K-Serie1277 0,68 0,57 165 017 0,34 0,51 24,86

Total : 118,79100,00 100,00

ElementA Raie Net

The EDX analysis of the Sample elaborated at 500 °C’is represented in Figure
3.6 and Table 3.1. The EDX spectrum of CuS:z in Figure 3.6 shows the presence of
copper (Cu) and sulfur (S), as well as other elements such as silicon (Si) from the
substrate and nitrogen (N) and oxygen (O) corresponding to the reactants used in the
CBD solution preparation. According to Table 3.1, the atomic percentages of Cu and

S are approximately 50.88% and 27.62%, respectively.

In conclusion, the combined analysis of FTIR and EDX provided valuable
insights into the composition and structural characteristics of the CuS2 sample
synthesized at 500°C. The FTIR analysis revealed specific vibrational modes and
functional groups present in the sample, confirming the presence of Cu-S, S-Cu-S,
N=C=S, and O=C=0 bonds. EDX analysis confirmed the presence of copper (Cu)
and sulfur (S) as the main elements, with atomic percentages compatible with the
existence of CuS:z stoichiometry. This indicates that the synthesized CuS2 sample is

chemically pure and has the expected composition. The complementary nature of
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FTIR and EDX analyses enhances our understanding of the sample's chemical and

structural properties, contributing to a comprehensive characterization of the CuS:

material.

Optical properties

3.4.1. Photoluminescence spectroscopy

The observed photoluminescence (PL) spectrum of the three samples at
different temperatures (550°C, 500°C, and 450°C), as shown in Figure 3.7, indicates
the existence of two distinct peaks at 442 nm and 533 nm. These peaks indicate the
recombination of electrons and holes within the material, resulting in the emission of
light at specific wavelengths. PL peak is observed when electrons and holes
recombine within a material. Electrons are negatively charged patrticles, while holes
represent the absence of electrons in the valence band of the material. When an
electron recombines with a hole, it releases energy in the form of light, resulting in a
peak in the photoluminescence spectrum. The energy and intensity of the PL peak

can provide insights into the recombination efficiency and properties of the material
[109]

Notably, the PL peak at 500°C exhibits a higher intensity compared to the
peaks observed at 550°C and 450°C. This suggests a more efficient recombination
process and a higher rate of electron-hole recombination at 500°C. On the other
hand, the lower intensity of the PL peak at 550°C indicates a relatively weaker

recombination process at this temperature.

Overall, the PL spectrum provides valuable information about the optical
properties and efficiency of electron-hole recombination in the studied samples. The
observed differences in peak intensity at different temperatures offer insights into the
variations in luminescent behavior and the impact of deposition temperature on the

recombination processes within the material.
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Fig. 3.7 Photoluminescence spectroscopy of samples.

3.4.2. Gas analysis under area and under COx environment :

Gas treatment was employed in our study to investigate the response of CuS:2
under different concentrations of COx gas. The concentrations used were denoted as
C1, C2, and C3, corresponding to flow rates of 50sccm, 100sccm, and 150sccm,
respectively. The primary objective was to assess the sensitivity of the samples to
specific gas concentrations. To determine the sensitivity, we calculated it using the

formula:

s=| R(;{‘OR| (3.1)
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14
I

R= (3.2)

Where Ro represents the initial resistance and R is the resistance calculated
from the measured voltage (V) and current (I) values (Equation 3.2). By quantifying
the sensitivity, we aimed to identify which sample displayed the highest sensitivity to
the specified gas concentration. This approach allowed us to gain insights into the

reactivity and responsiveness of the samples under different gas conditions.

The figure3.8 show The I(V) characteristic of the three samples, measured
within the voltage range of [0-2V], reveals their electrical behavior under biased
current conditions. The intensity of the current in all three samples increases with an
increase in voltage, indicating a positive correlation between voltage and current. The
I(V) curves for the samples exhibit a linear relationship, with a straight line connecting
the data points. This suggests that the samples follow Ohm's law, where the current
is directly proportional to the applied voltage. To calculate the resistance, a specific
point on the line corresponding to a voltage of 1.6V was chosen. By reading the
coordinates of this point, the current values for each sample were obtained: 0.0271
for sample 1, 0.0411 for sample 2, and 0.0157 for sample 3. These current values

can be used to calculate the resistance using Ohm's law, Equation (3.2):

The resistance calculated for sample 1 Ri1= 59.04 Q, sample 2 R2= 101.91 Q
and for the sample3 R3=38.92Q. The obtained resistance values provide information

about the conductivity and electrical properties of the samples.

It can conclude that all three samples exhibit a linear electrical behavior and
follow Ohm's law. The increase in current intensity with voltage indicates a positive
correlation between the two variables. The calculated resistance values for each
sample provide insights into their conductivity and electrical properties. The higher
resistance values for sample 2 compared to sample 1 and sample 3, suggest that
sample 2 has a lower conductivity. These findings contribute to our understanding of

the electrical characteristics of the samples under biased current conditions.
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Fig. 3.8 I(V) samples under normal conditions and under COx gas.

a) I(V) measure with CO»

The presented graphs illustrates in the figures 3.9,3.10 and 3.11 the
relationship between current and voltage for the three samplesin the CO:
environment within a voltage range of 0-2 volts. Notably, graphs exhibit a nearly
linear trend, indicating a proportional relationship between voltage and current. As
the voltage increases, the current also increases, reaching its maximum value for all
three concentrations. This observation implies that changes in voltage directly

influence the corresponding changes in current, suggesting a consistent and

proportional behavior between these two variables.

I-V measurements offer valuable insights into the contact type and formation
of particle-to-particle and electrode-particle interactions. To assess the CO:2 sensing

capability of CuS:2 nanostructured films, samples annealed at 450 °C were subjected
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to testing within a homemade gas chamber. The characteristic |-V curves of the

sample were measured at room temperature in both air and CO2 environments with a
concentration range of [0-150] sccm, as shown in Figure 3.9. Notably, the figure
depicts a consistent linear Ohmic behavior across all films. When transitioning from a
CO:2 to an air environment, there was an observable increase in the current tracking
rate at the same voltage. This effect can be attributed to the oxidizing nature of CO2
gas, resulting in an increase in material resistance. Conversely, the gas composition

of air led to a decrease in Ohmic resistance.

0,040
| I(V) of Sample N° 1 m CO, environment
0,035 o [e===nse
1= (50 sccm) -CO2
M50 — (100 scem)- €O,
_ omsd — (130 scem)- CO,
< )
S’
20020+
& .
O 0015
0,010 =
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Voltage (volt)

Fig. 3.9 I(V) of sample N°1 in COz environment.
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While the table 3.2 presents the resistance values of the samples, indicating a

consistent increase that demonstrates an Ohmic behavior.

Table 3.2 calculation of resistance and sensitivity for sample 1

V=14v
lo (A) l1(A) 12 (A) I3 (A)
0.024x103 0.017 0.013 0.010
x10° | x10°% x10°3
Ro (Q) R1(Q) R2(Q) Rs(Q)
58.33 x10% | 82.4 x10® | 107 x10% | 140 x10°3
So S S, S3
0 0.15 0.7 0.75

The figure 3.10 represent the I(V) analysis of sample 2 under different
concentrations of CO2 gas reveals interesting trends. The concentrations used were
labeled as C1, C2, and C3, corresponding to flow rates of 50sccm, 100sccm, and
150sccm, respectively. Notably, the curve obtained at 50sccm exhibits the highest
current intensity within the voltage range of 0 to 2 volts. As the concentration
increases to 100sccm, the curve shows a slightly lower current intensity compared to
the first curve. Lastly, at 150sccm, the curve demonstrates the lowest current

intensity among the three concentrations.

It is worth noting that the current values obtained for all three curves reached
relatively large magnitudes, ranging from O to 0.06A. Additionally, the I(V) curves for
all concentrations display a straight-line behavior, indicating a linear relationship
between the applied voltage and resulting current. This linear behavior suggests a
consistent and predictable response of sample 2 to the varying CO: gas
concentrations within the specified voltage range.
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Fig. 3.10 I(V) of sample N°2 in CO. environment.

Table 3.3 calculation of resistance and sensitivity for sample 2.

V=14v
lo (A) 11 (A) 12 (A) I3 (A)
0.036x103 0.025 0.02 x10 0.013
x103 3 x103
Ro (Q) R1(Q) R2(Q) R3(Q)
39 x108 56 x10° 70 x10% | 107 x10°
So S1 S, Ss3
0 0.43 0.79 1.74
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In the final figure, which represents the (V) characteristics of sample number

3 in a CO2 environment, it is observed that the curves for 50sccm, 100sccm, and
150sccm concentrations are closely grouped together. This suggests that the
response of sample 3 to different CO2 concentrations within the specified range is

similar.

Furthermore, the current values for all three curves range from 0 to 0.020A,
indicating a relatively low current intensity. This suggests that sample 3 exhibits a
consistent and limited current response across the different CO2 concentrations. The
close proximity of the curves and the relatively small current range indicate that
sample 3 has a relatively low sensitivity to changes in CO2 concentration within the
tested range.
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Fig. 3.11 I(V) of sample N°3 in CO2 environment.
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Table 3.4 calculation of resistance and sensitivity for sample 3.

V=1.4v
lo (A) l1 (A) I2 (A) I3 (A)
0.014x10°3 0.012 0.010 0.008
x103 x1073 x103
Ro (Q) R1(Q) R2 (Q) R3(Q)
100 x10° 116.7 140 x10% | 175 x103
x103
So Sy S, Ss3
0 0.167 0.4 0.75

3.4.3. Total reflectance measurement

In figure 3.12, the curve represents the total reflectance (Rf%) as a function of
wavelength within the range of 350nm to 2450nm. The reflectance values (Rf%) span
from 0% to 80%. The figure displays the reflectance characteristics of two samples,
one annealed at 450°C and the other at 500°C.
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Fig. 3.12 Total reflectance measurement.
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For the sample annealed at 450°C, the reflectance curve starts at 5% and

gradually increases as the wavelength increases. This indicates that the material
exhibits a relatively low reflectance at shorter wavelengths and becomes more

reflective as the wavelength becomes longer.

In contrast, the reflectance curve for the sample annealed at 500°C starts at a
higher value of 20%. As the wavelength increases, there is a noticeable decrease in
reflectance, reaching a minimum of 10% at around 700nm. However, beyond 700nm,

the reflectance increases rapidly, reaching a peak value of 77% at 2450nm.

3.4.4. Diffuse reflectance measurement

The diffuse reflectance figure who shown in figure 3.13 provides valuable
information about the reflectivity of the samples in the UV-Vis range. In the plot, we
observe a significant peak in the diffuse reflectance at approximately 600 nm for both
samples. Sample 1 exhibits a higher peak with approximately 7.5% reflectance, while
sample 2 shows a slightly lower peak with approximately 3.5% reflectance at the
same wavelength. This peak can be attributed to the absorption threshold of the

materials.

Additionally, the figure indicates that the diffuse reflectance gradually
decreases with increasing wavelength. This behavior suggests that the samples have
a higher tendency to absorb light at shorter wavelengths and scatter it in various

directions, resulting in lower diffuse reflectance at longer wavelengths.

The observed behavior of decreasing diffuse reflectance with time until it
becomes negligible could be attributed to various factors, including the formation of
nanostructures within the samples. These nanostructures may affect the scattering
and absorption properties of the materials, leading to changes in the diffuse
reflectance characteristics. The absorbance never reaches zero, which is

characteristic of the formation of copper sulfide 19,
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Conclusion

Our study focused on the development and characterization of copper
disulfide (CuSy) thin films prepared by the chemical bath deposition (CBD) technique
and the thermal evaporation method. Our characterization efforts employed a variety
of analytical techniques to investigate the structural, morphological, compositional
and optical properties of the synthesized CuS2 samples.

XRD analysis revealed distinct crystallographic phases in the CuS and CuS:
samples. The CuS powder showed clusters with unsaturated Cu-S bonds, indicating
Cu ions in the +1 oxidation state. The CuS: thin film showed four different phases,
with the cubic phase (space group 3Pa) being the most prominent, as confirmed by
comparison with the JCPDS reference file (01-083-1619).

With regard to morphology, SEM analysis revealed that the sample annealed
at 500°C exhibited nanoparticles of regular shape and size, indicating well-controlled

morphology and preferred characteristics for potential catalyst applications.

AFM analysis showed that the pure Cu sample presented a rough surface,
while the CuxSy samples presented smoother surfaces with reduced roughness,
indicating the beneficial effect of sulfur incorporation on surface morphology. The
combined analysis of FTIR and EDX techniques enabled us to better understand the
composition and structure of CuS2 synthesized at 500°C, confirming the presence of
specific bonds and elements, including copper and sulfide, and validating its

chemical and structural properties.

Photoluminescence studies of CuS: thin films showed a higher intensity of the
PL peak at 500°C, indicating more efficient electron-hole recombination than at other
temperatures as also for the gas treatment, which enabled that the sample 2 reacts
better with COx gas.

Finally, our study exhibit a successful elaboration method giving better
characterization results of copper disulfide (CuS2) thin films using the CBD technique
and the thermal evaporation method. The combination of various characterization
techniques has enabled us to gain a comprehensive understanding of the structure,

morphology, composition and structure of thin films.
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