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ABSTARCT

In this study, we explored the physical properties of undoped NiS films produced using
spray pyrolysis. X-ray diffraction revealed that all films have a fundamental hexagonal
structure with a preferred (010) orientation, and the optimal crystal size was about 22.148
nm. FTIR analysis supported these findings, highlighting the Ni-S bond at 626 cm™. Optical
measurements indicated band gap energies from 0.87 to 0.92 eV. The electrical conductivity
results were promising, indicating that NiS thin films are suitable for supercapacitor

applications.

This study investigated magnesium (Mg) doping effects on nickel sulfide thin films at
levels ranging from 2% to 8%. Key findings include a hexagonal polycrystalline structure
with smaller crystallite sizes at higher Mg concentrations, notably 14.015 nm at 6%. FTIR
analysis confirmed Ni-S bond at 632 cm™, and band gap energy was observed to vary
between 0.882 and 0.994 eV. The lowest electrical resistance measured was 5.569 ohms,

also at 6% Mg concentration.

Mg-doped NiS thin films annealed in oxygen at 300°C for 3 hours and 30 minutes, and
at 350°C for 3 hours, primarily exhibited a NiS structure with a NiO phase. A significant
increase in crystallite size was observed, especially at 300°C. This indicates improved
crystalline structure, and the films showed good optical band gap properties and favorable
sheet resistance (1.87 to 8.30 Q/sheet). Optimal annealing for supercapacitor applications

was found to be 300°C for 3 hours and 30 minutes.

Keyword; NiS Thin Films, spray pyrolysis, Electrical conductivity, Mg level, Annealing

atmosphere.
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RESUME

Dans cette étude, nous avons exploré les propriétés physiques des couches non dopées
de sulfure de nickel produits par pyrolyse par pulvérisation. La diffraction des rayons X a
révélé que tous les couches possedent une structure hexagonale fondamentale avec une
orientation préférée (010), et la taille cristalline optimale était d'environ 22,148 nm.
L'analyse par spectroscopie infrarouge transformée de Fourier (FTIR) a soutenu ces
résultats, mettant en évidence la liaison Ni-S & 626 cm™. Les mesures optiques ont indiqué
des énergies de bande interdite allant de 0,87 a 0,92 eV. Les résultats de conductivité
électrique étaient prometteurs, indiquant que les couches minces de NiS sont adaptés pour

des applications dans les supercondensateurs.

Cette étude a investigué les effets du dopage au magnésium (Mg) sur les films minces
de sulfure de nickel a des niveaux allant de 2% a 8%. Les principales découvertes incluent
une structure polycristalline hexagonale avec des tailles de cristallites plus petites a des
concentrations plus élevées de Mg, notamment 14,015 nm a 6%. L'analyse FTIR a confirmeé
les liaison Ni-S a 632 cm™, et I'énergie de bande interdite a été observée varier entre 0,882
et 0,994 eV. La résistance électrique la plus basse mesurée était de 5,569 ohms, également a

une concentration de 6% de Mg.

Les couches minces de NiS dopés au Mg, recuits dans I'oxygéne a 300°C pendant 3 heures
et 30 minutes, et a 350°C pendant 3 heures, ont principalement montré une structure NiS
avec une phase de NiO. Une augmentation significative de la taille des cristallites a été
observée, en particulier a 300°C. Ceci indique une amélioration de la structure cristalline, et
les films ont montré de bonnes propriétés de bande interdite optique et une résistance en
feuille favorable (de 1,87 a 8,30 Q/feuille). Le recuit optimal pour des applications dans les

supercondensateurs a été trouvé a 300°C pendant 3 heures et 30 minutes.

Mots clés : couches minces de NiS, Pyrolyse par pulvérisation, Conductivité électrique,

Niveau de Mg (Magnésium), Atmosphére de recuit.
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General Introduction

Advanced electrode materials in electrochemical supercapacitors have increasingly
focused on nanostructured transition metal sulfides (TMSs) due to their many advantages.
These include high electrical conductivity, large specific capacity, low electronegativity,
distinct crystalline structures, and strong redox activity. All of these qualities have led recent
studies to focus on nickel sulfide (NiS) electrode materials primarily for use in supercapacitors.
This interest is due to its rich chemical composition, high specific capacity, excellent
electrochemical activity, and environmental friendliness. These properties make NiS-based

materials promising candidates for supercapacitors [1], [2].

Nickel sulfide (NiS) is an inorganic compound belonging to the family of metal sulfides,
notable for its distinctive properties and various phases, each with unique crystal structures and
properties. In nature, nickel sulfide occurs in certain types of meteorites and as a rare mineral
known as millerite, characterized by its needle-like crystal form, it is synthesized through
several chemical processes, including the reaction of nickel salts with hydrogen sulfide (H2S)
and high-temperature reactions between nickel and sulfur. This compound exists in two
polymorphic forms: the alpha (o) phase, which features a hexagonal unit cell and is stable at
high temperatures, and the beta (B) phase, which has a rhombohedral cell at lower temperatures.
Studies have demonstrated that NiS structures, such as hierarchical microflowers composed of
layered nanoplates, show high specific capacitance and excellent electrochemical stability.
These advances indicate significant potential for NiS in the development of high-performance

supercapacitors [3].

Nickel-based substances are promising in the fields of energy storage and conversion,
largely due to their abundance, accessibility, and cost-effectiveness. Nickel chalcogenides, in
particular, are notable for their varied valence states, which lead to the formation of distinct
phases with unique electronic structures. Importantly, certain phases, such as NisS2, have shown
exceptional performance in both the hydrogen evolution reaction (HER)[4],[5] and the oxygen
evolution reaction (OER) [6].

A superconductor is distinct from semiconductor-based components. It relies on optical

and electrical energy, which can be manifested as photocurrent, playing a crucial role in optical
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transmission and measurement systems. In this thesis, we will explore the synthesis and
characterization of NiS nanostructures and Mg-doped NiS heterostructures for potential use in

superconductors.

To address this problem, we have deposited thin semiconducting films based on NiS thin
films doped with magnesium to enhance their electrical conductivity, power, and transmission.
These films are applied using a single technique: spray pyrolysis. This method offers several
benefits, including straightforward and inexpensive equipment, high efficiency in choosing
deposition parameters, a wide range of precursor materials, and the ability to operate in an
ambient atmosphere. Additionally, it facilitates easy control over the morphology of thin film,
ranging from dense to porous, or even fractal types.

The title of the thesis is represented by " Enhancement of superconducting properties of
MgNiS by using oxygen annealing atmosphere ' where it is divided into five chapters, each
of which is briefly presented below: The first chapter offers a comprehensive overview of

nickel sulfide, including a description of its thin film forms :

The second chapter describes the methods and characterization techniques used in
synthesizing nickel sulfide thin films and their electrochemical testing, with a discussion on the

most important principles involved.

The third chapter discusses the synthesis of nanostructured films from nickel
sulfide using the spray pyrolysis deposition technique, focusing on how the sources

concentration used affect the electrical conductivity of nickel sulfide.

The fourth chapter focuses on the impact of magnesium doping on the structural,

optical, and electrical properties of nickel sulfide thin films.

The fifth chapter discusses the impact of the oxygen annealing process on the

structural, optical, and electrical properties of nickel sulfide thin films.

Finally, a summary of the chapters is provided, outlining the results of this

research work and suggesting avenues for future research.
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h this Chapter, ah overview Of the literature on the Vvarious physical
properties Oof nickel sulfide thin films is presented. AspecCts such as
structural, optiCal, anhd eleCtriCal properties are first discussed,

Followed by a brief presentation about the appliCations of these films.

I. 1. Introduction

The electrochemical characteristics of electrode materials are significantly influenced
by their shape and structure, affecting aspects such as available surface areas, diffusion
pathways of electrolyte ions, and structural stability [1]. Typically, nanostructured TMS
(transition metal sulfides) systems exhibit a variety of shapes, including 0D (zero-
dimensional) particles [2], 1D (one-dimensional) structures such as nanowires, nanorods [ 3],
and nanotubes [4]. In the 2D (two-dimensional) category, there are thin films [5], nanosheets
[6], and nanoplates [7]. Additionally, 3D (three-dimensional) formations like flowers and
urchin-like shapes are also present|8].

Transition metal sulfides, including copper sulfide (CuS), molybdenum sulfide (MoS),
nickel sulfide (NiS), and cobalt sulfide (CoS), are known for their impressive electronic,
optical, and photoelectric characteristics. These materials find significant use in various
advanced scientific and technological fields. Notably, nickel sulfide (NiS) stands out within
this broad group due to its unique phase transition from an antiferromagnetic semiconductor
at low temperatures to a paramagnetic metal at high temperatures [9].

I. 2. Presentation of Nickel sulfide

The nickel sulfide family comprises various chemical compounds with different
proportions of sulfur (S) and nickel (Ni), such as NisSz, NigSs, NizSe, NigSg, NiS, NisS4, and
NiS2. This last element is characterized by its rich chemistry [10], It boasts a very
considerable theoretical capacity of (1060 Fg™?) [11],[7], minimal toxicity, remarkable
electronic conduction, cost-effectiveness, a variety of valence states and ease of fabrication
[12]. Table (1.1) provides a brief overview of the semiconducting properties of nickel sulfide,

with the chemical formula NixSy, including its melting and boiling points.
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C Table (1.1): Properties of Nickel sulfide. )

Parameter Value
Chemical formula NixSy
Density (Volumic mass) 5500 kg/m?

Melting point 797°C

Boiling point 1388°C

Type of conductivity P-type
Aspect black solid
Designation inorganic

Figure (1.1) displays the crystal structures of NiS, NiS2, Ni3Sz, and NisSs. These materials
exhibit considerable stability in highly alkaline conditions due to the automatic formation of

an oxide/hydroxide layer on the sulfide surfaces [13].

NiyS

%

Figure (1.1): depicts the crystal structures of different polymorphic forms of nickel
sulfides.
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I. 3. Deposition Method of Nickel sulfides thin films

The schematic offers a concise classification of thin film deposition techniques as
referenced in the literature. It categorizes various methods according to specific criteria and
characteristics, providing a clear overview of the techniques employed in the field of thin
film deposition [14].

Evaporation

Sputtering
1. Vacuum evaporation
Physical

. 1. Magnetron sputtering
deposition 2. Electron beam evaporation

techniques X X 2. Reactive Sputtering
3. Laser evaporation evaporation

(pulse laser deposition- PLD) 3. Ion beam sputtering

4. Arc beam evaporation

5. Ion beam evaporation

. J

1. Sol-Gel

2. Electrodeposition

3. Successive ionic-layer adsorption and reaction (SILAR)
4. Atomic Layer Deposition (ALD)

(Dt it 5. Chemical Vapor Deposition (CVD)
deposition 6. Chemical Bath Deposition (CBD)
techniques 7. Hydrothermal

/) 8. Spray Pyrolysis technique (SPT)

. J

CFigure (1.2) : Categorization of thin film deposition methods. )
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I. 3. 1. Sol-gel method:

This technique is a straightforward and pure method for producing thin films on metal
or glass substrates. The creation of a thin film via the sol-gel process encompasses three
stages: (a) creating a precursor solution, (b) applying the sol onto the substrate through a
suitable method and (c) applying thermal treatment to the film that has been deposited
[14],[15]. Buchmaier et al. [16] They prepared nickel sulfide thin films and stabilized
nanocrystals using spin-coating methods. Their findings revealed that the nanoparticles
comprised primarily hexagonal NiS, with cubic NisSs forming as a secondary phase.
Additionally, TEM-EDX analysis revealed that these nickel sulfide nanocrystals had a

composition rich in sulfur.

I. 3. 2. Chemical Bath Deposition (CBD):

The chemical bath deposition (CBD) method is known for its low-temperature process
of creating thin films, yielding semiconductors that compete with those from more advanced
methods. The principle behind CBD is supersaturation, which leads to precipitation when
ionic concentrations surpass the solubility threshold in solutions of sparingly soluble salts.
Advantages of CBD include simultaneous multiple film deposits, suitability for complex
compounds, protection against substrate damage, and enhanced crystal growth due to
extended reaction times. Its effectiveness is influenced by factors such as bath temperature,
pH levels, complexing agents, ion concentrations, duration of deposition, and the freshness
of the stock solution [17],[18]. Pramanik et al. [19] They conducted the chemical deposition
of nickel sulphide on glass in an alkaline medium using thioacetamide. Their results showed
that the films are polycrystalline, with an identified optical band gap of 0.35 eV for NiS.

I. 3. 3. Electrodeposition:

Electrodeposition is a cost-effective and efficient option compared to more costly
vacuum-based methods for applying surface coatings. It is particularly useful for preventing
corrosion and creating nanostructures. This technique can be performed using different
modes, including potentiostatic, galvanostatic, and pulsed potential settings. By varying
parameters such as time, current density, potential, pH and electrolyte composition, the thin

Enhancement of superconducting properties of MgNiS by using oxygen annealing atmosphere
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film's structure and properties can be finely tuned. Benefits include precision, low cost,
scalability, minimal equipment expense, absence of vacuum necessity, high deposition rates,
and controlled composition. The effectiveness of electrodeposition is primarily determined
by the dynamics of mass transfer and the kinetics of the reactions involved [20],[21],[22].
Arun et al. [23] They employed an electrochemical method for precipitating nickel sulfide,
aiming to assess the effectiveness of electrocatalysts in hydrogen evolution within acidic
environments. This technique is distinguished for its energy efficiency and the ease with
which it can be scaled up for larger substrates. A significant feature of their fabrication
method is the avoidance of extra heat treatments, making use of Ni, Mo, and S as the

precursors for deposition.

I. 3. 4. Atomic Layer Deposition (ALD):

Initially employed by Suntola and Antson for synthesizing compound thin films, it has
found extensive use in fields such as catalysis, energy, and the environment. This method

presents numerous advantages:

a) It generates films with outstanding uniformity and precision.

b) The parameters of its system are customizable for consecutive thin film deposits.

c) It facilitates the creation of extremely thin films.

d) ALD provides the ability to precisely regulate film thickness and particle
dimensions.

e) It produces films that are both dense and free of pinholes.

f) ALD is characterized by its rapid deposition rates.

Variants of ALD include Plasma Enhanced ALD (PEALD) and particle ALD. On the
downside, ALD can be slower in deposition and require expensive equipment and
precursors, especially for large-scale operations [24],[25],[26],[27]. Yasemin et al. [28]
Explored the growth of NiSx films on silicon using ALD technology, utilizing Ni(amd)? and
H>S as precursors. They observed self-limiting film growth across a temperature range of
125-225 °C. The team noted that the film growth rate was not affected by the reactor

temperature, but it varied with the thickness of the film. Initially, over the first 50 AB cycles,
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an ellipsometrically measured growth rate of 0.50 = 0.04 A/cycle was observed, which

subsequently reduced to 0.20 + 0.07 A/cycle after 50 cycles.
I. 3. 5. Successive ionic-layer adsorption and reaction (SILAR):

The SILAR method, pioneered by Nicolau in 1984 for depositing CdS and ZnS thin films
at room temperature, is a notable technique involving the alternate immersion of substrates
in anion and cation solutions, with rinsing in between. Its advantages include simplicity and
versatility, enabling direct growth and simultaneous deposition of doped and multilayer
compounds. The process is quick and reproducible, reduces material waste due to a lack of
precipitate formation, and is effective for depositing films on more delicate materials
[29],[30],[31],/32]. Ubale et al. [33] Successfully deposited high-quality (NiSx CdS1x)
composite thin films using the SILAR method. The results revealed that these deposited and
annealed (NiSx CdS1.x) films exhibit a polycrystalline nature, comprising a mix of rhombic
and hexagonal crystal structures attributed to NiS and CdS, respectively. The band gap
values were identified as 0.92 eV for NiS and 2.3 eV for CdS.

I. 3. 6. Spray deposition method:

Synthesis methods play a crucial role in determining the structure and properties of
films. To date, spray pyrolysis is one of the most important methods for preparing thin
nickel sulfide films and their composites. This method has gained widespread use due to
its simplicity, versatility in processing, and the ability to precisely control production. To
achieve nickel sulfides with the desired morphology and manageable size, we will utilize
the spray pyrolysis technique to deposit nickel sulfide thin films. This process will be
elaborated upon in the subsequent chapter.

Note: In general, both nickel and sulfur sources should be carefully selected for the
preparation of precursors in nickel sulfide synthesis. Common sulfur sources include
thioacetamide (TAA), thiourea (TU), sodium sulfide, and carbon disulfide. These sources
significantly influence the shape and size of the films. Among these sources, thiourea was
particularly notable for its use in the manufacture of nickel sulfide (NiS) thin films. For

nickel, key chemical compounds used in preparing the spray solutions are nickel nitrate,
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nickel chloride, and nickel acetate. For further illustration, refer to figures (1.3-1.4) and
table (1.2).

C Table (1.2): information of Nickel & sulfur types. )

Sample Synthesis Source (Ni) Source (S) Condition Ref
Method

NiS thin SPT (NiCl2,5H20) (SC(NH2)2) T=250°C, [NiClz, 5H20]=10 [34]
film 2M +[S=C(NH2)2]=2.102M

NiS thin SPT (Ni(NOs3)2.6H20) (SC(NH2)2) T=1325°C, (Ni (NO3)2.6H20 [35]
film 10"'M) + (SC(NH2)22.10"t M)

NiS thin SPT (CaHs04Ni.4H20)  (SC(NH2)2) T=300°C, [36]
film [CsH60sNi.4H20]= 0.07M +

[CS(NH2)z]= 0.21M,

Thiourea

Molecular Weight: 76.12 g/mol
Densit: 1.4 g/cm?
Boiling Point :150 — 160°C

k Melting Point: 176 — 178°C /

( Figure (1.3): An image showing the source of sulfur S. )

CH,N,S
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o C,H,O0,Ni.4H,0

Nickel Acetate

Density=1.79 g/cm?
Molecular Weight =248.84 g/mol

(0]
Solubility= soluble in water W H
(0)
" W N

/N-+2
o Cf c:{ o NiCL.6H,0 /O
W "
H
0

~ PO
H 0
Molecular Weight =237.69 g/mol -

Density=1.92 g/cm?

Solubility= soluble in water

H/O\H Ni(NOQﬂ:Ij(N
o 0 o / /,
H/O\ Ni* H/O\H .@ N L laag
. " O\
Density=2.05 g/cm’ ]-1/ H

Molecular Weight =290.08 g/mol

Nickel Nitrate

Solubility= soluble in water

C Figure (1.4): An image showing the source of Nickel Ni. )

1.4 Nickel Sulfides thin films

l. 4. 1. Structural characteristics Nickel sulfide:

Nickel sulfide undergoes crystallization in two distinct stoichiometric phases. The first,
the a-NiS phase, has a hexagonal structure and is prominent at high temperatures. This phase
is considered significant in the field of transition metal chemistry. The second phase, B-NiS,
features a rhombohedral structure and forms at lower temperatures [37], It is known as

millerite. Millerite, a naturally occurring and odorless mineral, possesses a ternary crystal
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system with the R3m space group. This characteristic makes nickel sulfide a suitable and
stable candidate for the electrocatalytic splitting of water, including in neutral, near-neutral,
and alkaline environments . Jeffrey et al. [38] Measured the intensity of the X-ray diffraction
peak in hexagonal nickel sulfide metal at high and low temperatures during the metal-
semiconductor transition. Their goal was to study the atomic positions in both phases. They
observed a change in the unit cell symmetry from P63/mmc to P63mc in the semiconducting

phase.

The lattice parameter refers to the physical dimensions of unit cells in a crystal lattice.
Typically, lattices in three dimensions have three lattice constants, known as a, b, and c.
However, in hexagonal phase crystal structures, a special case arises where the a and b
constants are equal, leading to only the a and ¢ constants being referenced. Similarly, in
rhombohedral phase crystal structures, all a, b, and ¢ constants are equal, and only the a
constant is referred to. Nevertheless, the full set of lattice parameters includes not only the
three lattice constants but also the three angles between them. For the hexagonal crystal
system, the crystallographic parameters are: a = b = 3.420 A, ¢ = 5.300 A, with Alpha (°) =
Beta (°) = 90°, and Gamma (°) = 120°, as recorded in the ICSD 98-060-2488 card.

According to the Chemical Vapor Deposition (CVD) method, Boughalmi et al. [34]
and  Gahtar et al. [35] Prepared thin films of nickel sulfide on glass substrates at various
temperatures using the spray pyrolysis technique, as shown in Table 1.2. Through X-ray
diffraction (XRD) analysis, it was determined that the nickel sulfide thin film possesses a
polycrystalline nature with a hexagonal structure.

Gahtar et al [39]. Deposited thin films of nickel sulfide on glass substrates at a
temperature of 325°C using the spray pyrolysis technique (SPT), varying the concentrations
at 0.03, 0.05, and 0.07 M. Their results from X-ray diffraction analysis revealed that all
polycrystalline samples exhibited a hexagonal structure. Furthermore, they found that the
most prominent peak, corresponding to the (111) plane, was higher than all other diffraction
peaks, indicating it as the preferred orientation. It was concluded that the nickel sulfide thin
films prepared at a concentration of 0.03 M possessed a highly crystalline structure. On the
other hand, he explored the impact of substrate temperature on the physical properties of
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membranes using the same technique. In his research, (NiS) thin films were deposited at
various temperatures: 523, 573, and 623 K. It was discovered that the (NiS) thin films
exhibited orthogonal, hexagonal, and hexagonal structures, corresponding to NizSz, Ni17S1s
and NiSz, respectively. Additionally, these films demonstrated preferential orientations
along the (110), (015), and (010) planes, respectively [40]. Gahtar et al. [36] Also explored
the effect of annealing time on the physical and chemical properties in another study. In this
research, the prepared layers were heated in a conventional oven at a temperature of 300°C
for different durations: 1 hour, 2 hours, and 3 hours. Noticeable changes were observed in
the structural properties of the NiS films due to varying annealing times. X-ray diffraction
analysis revealed that all the polycrystalline samples had a hexagonal structure. The results
indicated that both partial stress and dislocation density decreased as the annealing time
increased. Additionally, the grain size grew with longer annealing times, suggesting the
formation of high-quality, densely structured NiS thin films.

The table (1.3) below reviews various works and research studies focusing on the

crystallite size and structural phases of nickel sulfide prepared using different methods.

Table (1.3): The preferred orientation, Structure and Crystallite size_of various
deposited NiS thin films.

Phase Condition Preferred orientation Structure The Crystallite size  Method  Ref

NiS T=250°C, [NiCl;,2H,0] =10 (100) Hexagonal 29.997 nm (SPT)  [34]
2M [S=C(NH2)2]=2.102M

NiS [C4Hs04Ni.4H20]=0.07M (012) Hexagonal 19.573 nm (SPT) [39]
[CS(NH2)2]=0.21M,T=30 16.796 nm
0°C, Annealing time (Oh, 23.500 nm
1h, 2h &3h at 300°C 16.795 nm
NiS [Ni(NO4)2.6H.01/ (010) Hexagonal 23.903 nm (SPT)  [39]
[CS(NH,),]=1/3, lonized 27.519 nm
water=150ml, [C;=0.03M, 42.678 nm
C,=0.05M, C3;=0.07 M],
T=300°C
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NisS2 [NiCI2, 2H20]=107% M, (110) Hexagonal 49.8 nm (SPT)  [40]
_ [S=C(NH2)2]=2.102M, (015) 459 nm
NizSie o osoec, 3-00°c,  350°C
- i ' (010) 84.6 nm
Ni1S2
B-NiS Ni(acac),] as nickel & H,S (300) Rhombo- / (ALD)  [41]
gas as sulfur precursors. hedral
T=200-240 °C
B-NiS bis (2.2, 6.6 without any Rhombo- / (ALD)  [42]
tetramethylheptane-3.5 hedral
dionate) nickel(l1) [Ni(thd).]
& hydrogen sulfide (H.S)
NiS T=80°C, 0.162 g (NiCl2), (002) Hexagonal / Electrod  [43]
9.515 g (Naz2S203), The ep-
deposition time (10 60min). osition
NiS T=80°C, 20ml of 0.8 M (010) Hexagonal 90min=07nm (CBD) [44]
(NiSO, 6H,0), 20 ml of 0.8
M (C2HsNS), Deposition 120min=19nm
Time (60, 90, 120, 150min)
150min=11nm
NiS / / Rhombo- 30 nm Electro-  [45]
hedral epositio
n
Znx :Nx-  20ml of 15 M / Orthorh- 8.92 nm (CBD)  [46]
1iS (NaS203.6H20), 20 ml of ombic 8.94 nm
15 M (Ni(NO)s. 6H-0), 8.99 nm
20 ml of 15 M EDTA, 10.15nm
[x(Zn*?)=0, 0.2, 0.4, 0.6, 9.52 nm
0.8, 1] 10.20 nm
NiS 25ml of (0.05M) / Hexagonal 39.73 nm (CBD) [47]

NiCl..6H20 +25ml of
(0.2M) CH4N2S + 30ml
of NH40H, T=60°C
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I. 4. 2. Optical properties Nickel sulfide:

The analysis of the optical observation spectrum is one of the most effective methods
for understanding and advancing knowledge of the band structure and the energy band gap
(Eg). For optical characterization, a UV-Vis-NIR spectrophotometer was employed. The
optical absorbance spectrum measurement of NiS was conducted over a wavelength range
of 200 nm to 900 nm. This range was divided into three regions: the UV region (A = 280—
380 nm), the visible region (A = 380—740 nm), and the near-IR region (A = 740-900 nm).

In their study, Yang et al. [48] Analyzed the photoluminescence (PL) properties of NiS
nanoparticles embedded in a silica gel matrix. Their results revealed two distinct emission
peaks in the PL spectrum: the first peak appeared at 440 nm when excited at 380 nm, and
the second peak occurred at 610 nm with excitation at 490 nm. This unique emission
behavior is attributed to the NiS nanoparticles within the porous structure of the silica gel
However, in their study, Sartale et al. [49] Investigated the synthesis of NiS thin films by
employing the SILAR method for deposition on both glass and FTO-coated glass substrates.
Their optical measurements revealed that the activation energy and optical band gap of the
films were 0.15 eV and 0.45 eV, respectively. Based on the results summarized in Table
(1.4), the optical band gap values for NiS thin films are reported to range from approximately
0.9to2.7eV.

Table (1.4): The transmittance /absorbance and the optical band gap (Eg) of various
deposited NiS thin films.

Phase Condition Transmittance The optical band method Ref
/absorbance gap (EQ)
NiS  T=250°C, [NiClz, 2H.0]=10?M T=20% 0.55 eV (SPT) [34]

[S=C(NH2)2]=2.10M

NiS T=325°C, (Ni (NO3)2.6H20 10 T=0.62% 1.03 eV (SPT) [39]
IM), (SC(NH2)22.101 M)

NiS2  T=55°C (Annealed at / 1.8eV (CBD) [50]
temperatures of 100°C, 200°C, 3.1leV
300°C and 400°C) NiCly, 2.0eV

Na,S,03.5H,0, NH3 2.6 eV
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NiS / T=0.62% 1.03 eV (SILAR) [51]
NiS T=80°C, 20ml of 0.8 M / 2.06 eV (CBD) [44]
(NiSO46H20), 20 ml of 0.8 M 1.97 eV
(C2HsNS), Deposition Time (60, 1.93eV
90, 120, 150min) 2.03 eV
NiS2  T=40°C, (NiSO4.6H20), / 1.22eV Electrod-  [52]
(Na2S203.5H20), Deposition Time 1.20 eV eposition
(10, 15 ,20, 25min) 117 eV P
1.15eV
NiS T=35°C, 25ml of 0.1M A~2.5 0.72 eV (CBD) [53]
(NiS0O4.6(H20)), 25ml of 0.1M
(Na2S203), 3ml of (CsH1sNO3)
NiS T= room temperature / 2.8eV (CBD) [54]
(NiSO4.6(H20)), 10ml of 0.8M
(C2HsNS), 15ml of
7.4M(CeH15NOs), 35ml of 14M
(NOs)
NiS T=80°C, 0.162 g (NiCl2), 9.515 g A~2.0 0.72eV Electrod-  [43]
(NazS203), The deposition time (10- ..
i eposition
60min).
NiS T=27°C, 0.1M (NiSQO4.6(H-0)), A~2.5 24eV (CBD) [55]
0.5M (Na28203).
NiS T=27°C, 0.1M (NiSQO4.6(H-0)), / 0.45 eV (SILAR) [49]
0.1M (N8.28203).
NiS T=room temperature, 10ml of A~15 0.4eVv (CBD) [56]
(NiSO4), 15ml of (CzH15N03)&
(CoHsNS3).
Cu: 1 Metal diethyl-dithiocarbamate A~ (1-2) 0%Cu=2.1eV (PVD) [57]
complex, 2.Nickel Nitrate (Ni 6% Cu=1.89 eV
NisS2  (NOs)2.6H20) complex / Bis (N, N- 10% Cu=1.63 eV
diethyldithiocarbamate) nickel (I1)
complex, 3.Copper Nitrate
(CuNOs3.5H20) complex or Bis (N,
N-diethyl-dithiocarbamato) copper
(I1) complex.
NiS T=70°C, [NiClz, 2H20]=10"M A~ (9-14) 1.39eV (CBD) [58]

[S=C(NH2)2]=2.102M
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Znx:  20ml of 15 M (NaS;03.6H:0), 20 A~ (0-7) 2.54 eV (CBD)  [46]
Ny1iS  mlof 15 M (Ni(NO)s. 6H20), 20 ml 2.53 eV
of 15 M EDTA, [x(Zn*?)=0, 0.2, 2.52 eV
0.4,0.6,0.8, 1] 2.50 eV
2.40 eV
2.25eV

I. 4. 3. Electrical properties Nickel sulfide:

The study of the electrical properties of nickel sulfide thin films is crucial due to their
potential use in various electronic devices. Properties like conductivity, resistance, and
dielectric behavior can vary based on the method of synthesis and the specific conditions
under which the films are prepared. However, Basha et al. [44] Successfully created NiS
thin films on glass substrates using chemical bath deposition at 80 °C for durations ranging
from 60 minutes. Their electrical measurement findings indicated that the conductivity of
these films varied from 1.35 to 48.3 S/cm. This conductivity range demonstrates their
potential effectiveness in solar cell applications, showcasing their suitability for such use, in
their research, Boughalmi et al. [59] Focused on the metallic behavior of nickel sulfide thin
films fabricated via the spray pyrolysis technique at 250 °C. Their findings revealed that the
direct current conductivity displayed metallic behavior. Additionally, Hall effect
measurements at 24 °C resulted in a negative Hall coefficient, indicative of electronic
conductivity, with a charge carrier density of around 3.67x10%% cm™ and an electron mobility
of approximately 0.6 cm?/Vs. Furthermore, their theoretical framework, aligned with
experimental results, showed that the structural parameters and density of states of NiS

confirm the metallic behavior.

Table (1.5): The Conductivity electrical /resistivity and the Film thickness of various
deposited NiS thin films.

Sample Condition Film thickness The Conductivity Method Ref
(e) (o)/resistivity(p)
NiS T=250°C, [NiCl, / o= 4.4 102 (S/cm) (SPT) [34]
5H,0]=102M

[S=C(NH2)2]=2.102 M
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NiS T=325°C, (Ni 936.253 nm o=1.10 105 (S/cm) (SPT) [35]
(NO3)2.6H20 10°1M),
(SC(NH2)22.101 M)
NiS [CaHs04Ni.4H20]= / o=(Q.cm)t (SPT) [36]
0.07M [CS(NH2)2]= 0h =3.56 10*
0.21M, T=300°C, 1h =5.76 10*
annealed Oh, 1h, 2h and oh =7.91 10*
8h 3h =4.97 10°
NisS2 [NiClz, 2H20]=10" M, 798 nm o= (Q.cm)?: (SPT) [40]
[S=C(NH2)2]=2.102 M,
Ni17S1s 303=C250° 390 nm 250°C =6.24 10*
T=300° o~ — 4
o 681 nm 300°C =4.29 10
NiiS2 T=350°C 350°C =9.47 10*
NiS T=27°C, 0.1M (NiSO4.6 ~0.3um p~10Qcm (CBD) [55]

(H20)), 0.5M (Na2S203).

I. 5. Nickel sulfide applications

The electrochemical behavior of nickel sulfide is currently classified as that of a battery-
type material because it is a nearly infinite and diffusion-limited reaction process, and due
to its low cost, high capacity and conductivity in electronic and environmental sustainability,
nickel sulfide has been widely used in hybrid supercapacitors [60]. which is why it has been
used in many technological applications, including dye-sensitized solar cells [61] IR
detectors, potential cathode material for rechargeable lithium batteries [62], catalysis [63]
hydrogen production [64], paramagnetic-antiferromagnetic agents [65] and electrodes of
LIBs [66] and SCs [67]. Many studies have focused on electrocatalytic hydrogen generation
using nickel chalcogenides, with nickel sulphides being particularly prominent. Owing to
their reasonable (though not strong) stability under light and their applicability to reduction
processes in both acidic and alkaline environments, they are considered some of the most
attractive electrocatalysts for the hydrogen evolution reaction (HER). Serve nickel sulfide
effectively as electrocatalysts for the hydrogen evolution reaction (HER) and as pre-catalysts
for the oxygen evolution reaction (OER). The OER performance in alkaline environments
significantly improves when these sulphides are doped with Fe and Co ions|[13].

Enhancement of superconducting properties of MgNiS by using oxygen annealing atmosphere

PageQO



LHAPTER ONE- A General Review of Nickel Sulfide Nanostructured

thium-lo
Batteries

( Figure (1.5): Applications of nickel sulfide. )

I. 5. 1. Electrodes of LIBs and Supercapacitors (SCs):

Conversion-reaction based metal sulfides, designated as M—S (where M = Fe, Co, Ni,
etc.), demonstrate higher theoretical capacities for storing Li due to their redox reactions. A
significant challenge with sulfide anodes, however, is electrode pulverization during charge
and discharge cycles, leading to rapid declines in specific capacities [68]. In contrast,
supercapacitors, known for their high capacitance values compared to other capacitors but
with lower voltage limits, effectively bridge the gap between electrolytic capacitors and
rechargeable batteries. They store energy via a dual mechanism of double-layer capacitance
and pseudocapacitance, substantial energy density, and robust cycle stability. Additionally,
their relatively affordable cost adds to their appeal in various applications.enabling faster

charging and discharging than traditional batteries [37].
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Jasinski et al. [69] Reported that nickel sulfides are versatile enough to serve as both
cathode and anode materials in lithium-ion batteries (LIBs). Particularly under conditions of
deep discharge, these compounds react with Li* ions to form metallic Ni and Li2S, exhibiting
promising theoretical capacities. Specifically, capacities of 590, 445, and 704 mAh g* have
been noted for NiS, Ni2Ss and NisSs, respectively. However, initial studies into nickel
sulfides role in LIBs have indicated a relatively low utilization rate. Kumar et al. [70]
Employed the continuous ion layer adsorption and reaction (SILAR) technique on a nickel
foam base. When they created solid-state asymmetric supercapacitors, the developed NS-
SnS (NTS) heterogeneous electrode materials demonstrated an impressive specific
capacitance of 1653 F gt at a current density of 1 A g™*. Additionally, these materials
exhibited a noteworthy high energy density of 83 W h kg™ at a power density of 117 W
kg~*. Moreover, these electrodes showed superior rate performance and maintained stability

over numerous cycles.
I. 5. 2. Hydrogen Evolution Reaction (HER):

Because nickel sulfide is highly stable, superconductive, and capable of chemically
reducing protons to hydrogen gas as efficiently as expensive noble metals, it can be difficult
to produce using specific surface site compositions or shapes, for example, compatible thin
films [28], Yasemin et al. [28] Evaluated the electrocatalytic activity of NiSx prepared using
the ALD technique for molecular hydrogen evolution. Films were grown on conductive glass
supports. The overvoltage was recorded at a current density of 10 mA/cm? in both acidic
aqueous reaction media and phosphate buffer of pH 7 and was found to be 440 and 576 mV,
respectively, with very low NiSx loading. These results indicate promise for ALD-grown
NiSx materials as water-compatible electrocatalysts.

I. 5. 3. Oxygen reduction reaction (ORR):

Falkowski et al. [71] Displyed prepared the heazlewoodite phase of NisS; thin films on
gold electrodes by electrodeposition of nanoparticles in heir article as highly active, toxic
and corrosion-resistant catalysts for the reduction of oxygen to water at a neutral pH. In pH7
phosphate buffer. The NisS; thin films showed high Faradaic efficiency for the electron
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reduction of O to water with four electrons, a Tafel slope of 109 mV/decade, and a catalytic
onset at 0.8 V versus the reversible hydrogen electrode. Under these conditions, the activity
and stability. A nickel-based oxygen evolution catalyst was produced by Oluwaniyi et al.
[72] Using nickel sulfide deposited in the electrolyte. The results of this catalyst, which
generates current densities of 10 mA/cm? at a relatively low overvoltage of 320 mV in an
alkaline electrolyte (1 M KOH), are described. According to his research, he demonstrated
that the sulfur anion present in nickel sulfide is depleted using the catalyst. Electroactive NiS
converts to amorphous nickel oxide in the potential range when water is oxidized to oxygen.
Nickel sulfide shows higher catalytic activity, which is not related to the sulfur anions
present in the active catalyst but rather to its ability to act as a precursor to the highly active
nickel oxide OER electrocatalyst. The nickel sulfide derivative, nickel oxide, was found to
be amorphous with a fairly high specific surface area, proving the importance of two

previously demonstrated factors in the electrocatalysis of oxygen evolution.

Table (1.6) presents a summary of various studies on the advancements in

electrochemical performance of nickel sulfide nanostructures.

Table (1.6): comparative analysis of the electrochemical performance of nanostructured nickel
sulfide electrodes of various different preparation methods.

Sample nanostructured Method of Specific capacitance/ Ref
Preparation Energy density
NisS, thin films Pulsereversal 600F/g at 1A/g [73]
electrodeposition 450 F/g at 8 Alg
NiS nanoplates hydrothermal 35.07Whkg tat420 [7]
W kg !
B-NiS flower-like solvothermal 242589F g tat1Ag?t [74]
coral-like 1056.25F g tat1 A gt
urchin-like 814 Fgltatl1 Ag?
flake-like 1760Fgtat1Agt
NisS, nanosheet hydrothermal 13704F g tat2 Ag?t [75]
Ni;S, nanorod/nanowire hydrothermal 485 W h kg at 87.4  [76]
W kg
Ni;S, nanoparticles hydrothermal 13400 mF cm™2at 10 [77]
mA cm2
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CHAPTER TWL - Part Experimental (A/6)

he second Chapter is split into two key sections. The inhitial section
provides ah in-depth eXaminhation of a sighifiCant method used in
Creating thin films, namely the spray pyrolysis technique. The latter
section delves into the essential CharacCterization techhiques and Various
relationships utilized in the study. These include X-ray diffraction, Vvisible
and ultraviolet ray speCtroscopy, Fourier Transform Ihfrared SpeCtroscopy
(FTIR), ahd four-point probe measurements. The focus of the study was on
the preparatioh Of hickel sulfide thinh films, whiCh was conducted in the

University of Biskra's l[aboratory.
PART A : ELABORATION TECHNIQUES

Il. 1. Introduction

The characteristics of thin films are highly sensitive and precise, making the selection
of a suitable preparation technique critical and subject to meticulous investigation. Films of
alloys, metals, ceramics and superconductors can be deposited onto a variety of substrate
materials using a variety of techniques, each having unique advantages and disadvantages.
For this particular study, we have selected one of the most significant and precise techniques,
the Spray Pyrolysis Technique (SPT). Renowned for its simplicity, ease, effectiveness, and

cost-efficiency, SPT stands out as a favorable choice compared to other methods [1].
Il. 2. Generalities of spray pyrolysis technique

One suitable process for producing thin films is spray pyrolysis (SPT). The term "spray"
in English refers to the emission of a liquid, such as perfume, deodorant, or insecticide,
dispersed into fine droplets through spraying. "Pyrolysis" derives from the term "pyrolytic,”
signifying the heating of a substrate. In order to liberate a metal or compound, a source
material must undergo thermal breakdown. The substrate's temperature supplies the required
energy, known as activation energy, to initiate the chemical reaction between the
compounds. Spray pyrolysis is a widely used process that has been established as a powerful
tool for preparing various thin films, such as metal oxides, superconducting materials, and
nanophase materials. The advantages of spray pyrolysis include its capacity to produce
materials with different band gaps throughout the deposition process and its flexibility for

large-area film creation [2].
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SPT or Spray Pyrolysis Technique, is a widely-used solution-based method for depositing a
diverse range of thin films. Key factors in the SPT process include the flow rate, temperature,
distance between the substrate and nozzle, size of the droplets, concentration of the

precursor, as well as the spraying solution's volume.

Il. 2. 1. Advantages of spray pyrolysis Technique :

e Simply controllable reaction environment, either in air at atmospheric pressure or in
a neutral gas;

e This kind of reactor is easy to manufacture;

e In the case of solar cells or flat screens, this technique can be utilized to deposit on
enormous surfaces;

e The possibility of preparing many materials;

e Easy and customizable;

e This is an inexpensive and economical technology;

o Simple in implementation and fast;

* An easy way to add precursors by spraying;

e This method produces thin films that are of high quality [3],[4].

Il. 2. 3. Disadvantage of spray pyrolysis Technique :

While SPT offers a number of benefits, it also has certain drawbacks [5]:

e SPT offers a reduced yield;
e [t still has trouble determining the growing temperature;

e Under air environment conditions, sulfide oxidation is a possibility;
Il. 2. 4. Classification & equipment of the Spray Pyrolysis Technique :

The spray pyrolysis technique is flexible and can be used to produce powders as well as
deposit dense, porous films. Moreover, it can prepare multilayered films. However, the glass
industry and the manufacture of solar cells have been using this technology for many years.
The substrate heater, temperature controller, atomizer, and precursor solution make up the

essential components of the pyrolysis apparatus [6].

Different categorizations of spray techniques exist, depending on the energy source used

to initiate the precursor reaction. These include spray pyrolysis in a tubular reactor, vapor
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flame spray pyrolysis, the emulsion combustion approach, and flame spray pyrolysis [7].

The precursor atomization methods can vary and are often defined by the technique

employed, such as using air pressure, electrostatic forces, or ultrasonic methods in spray

pyrolysis processes [8].

The type of atomizer utilized in the system is typically responsible for the other

categorization of the categorization for the spray pyrolysis type. Additionally, the

atomization technique often affects the aerosol's droplet size, which in turn affects the film

quality. Atomizers come in three main varieties: air blast, electrostatic, and ultrasonic.

Electrostatic Spray Deposition (ESD) is the name of the spray pyrolysis technique that uses

an electrostatic atomizer; Pressurized Spray Deposition (PSD) is the name of the technique

that uses an air blast atomizer; and Ultrasonic Spray Pyrolysis (SP) is the technique that uses

an ultrasonic atomizer [9].

CTabIe (11.1): Characteristics of atomizers popular in spray pyrolysis. )

Atomizer Droplet size (um) Atomization rate (cm?® /min)
Pressure 10-100 3-no limit
Nebulizer 0.1-2 0.5-5
Ultrasonic 1-100 <2
Electrostatic 0.1-10 [10]

1 spray solution

2 Atomizer
3
&‘\ -

’..
-
———
Spray Nozzle

Droplet Transport & o,

q

Substrate = *,

.

Hot Plate 6

Atomizer Control
Mechanism

Temperature
8 Controller.

(

Figure (11.1): Diagrammatic representation of spray pyrolysis equipment. )
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Among the atomization types, compressed air spray precipitation is the most convenient,
effective and economical. The spray parameters can be controlled quite simply. figure (11.1)

is a diagram illustrating the basics of spray pyrolysis.

Il. 3. Principle of deposition processes in spray pyrolysis

Three phases are the foundation of the spray pyrolysis deposition process, and they can
happen concurrently or sequentially during film creation; divide it into three main steps:

a) Atomization of the precursor solution.

b) Aerosol transport of the droplet.

c) Decomposition of the precursor to initiate film growth.

Il. 3. 1. Atomization of the precursor solution

Atomization is the initial stage of the spray pyrolysis deposition process. The latter
consists of generating droplets of a spray solution with an initial velocity that is sent towards
the surface of the heated substrate. In spray pyrolysis procedures, air blast, ultrasonic and

electrostatic sprays are typically utilized [11].

Il. 3. 2. Aerosol transport of the droplet

It is important that the largest possible number of droplets be transferred to the surface of
the substrate without turning into powder or salt particles, and this is achieved by dissolving
the raw material in a solvent and then turning it into fine droplets of an appropriate size and
transferring these drops to the hot surface with a carrier gas. There are several factors
Affected by droplet transport.

The thermophoretic forc : The thermophoretic forc work to keep most of the drops away

from the surface, and their effect is greater if the distance between the substrate and the
vaporizer is large, without forgetting the change in the size of the drops due to the effect of

temperature.

The gravitational force : It is the force that pulls the droplet downward due to weight, and

the weight depends on the mass of the the droplet; thus, it has a relationship with the droplet

size and density.

The electric force : It has an effect only on methods that rely on an electric source to atomize

the solution or to control the path, increasing the frequency leads to smaller droplet sizes.
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Compressed air atomization not affected by electrical forces, and the effect of electrical force

on droplets is much greater than the force of gravity [12].

The stokes force : It is the force of the fluid’s resistance to the movement of the droplets, and

it directly proportional to the coefficient of viscosity of this fluid, the diameter of the droplet

and its limiting velocity. Therefore, drops of large size or high speed are subject to greater

force.

Il. 3. 3. Decomposition of the precursor to initiate film growth

The chemical reaction that is the basis for pyrolysis technology is the thermal

decomposition of the raw material. In order to explain this process, we propose to classify

the processes that occur with increasing temperature see figure (11.2).

...»

Substrate

Droplet oo

.>

Thin Film
(NiS)

Precipitate
e e 4. X

Vapor

., Solid Precipitate
(X X J

E

C Figure (11.2): Description of the depositiion processes. )

Process A involves the droplet landing on the substrate's surface, where the solvent

evaporates entirely to leave a dry precipitate that facilitates the breakdown process.
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During In process B, the precipitate reaches the surface where the decomposition occurs
after the solvent evaporates before the droplet reaches the substrate surface. When the

droplet gets close to the substrate.

In process C, the solvent evaporates, the solid melts and evaporates (also known as
sublimating), and the vapor diffuses to the substrate to participate in a heterogeneous
reaction there. It is indeed CVD.

In process D, the chemical reaction occurs in the vapor phase when the metallic compound

vaporizes at the highest temperatures before it reaches the substrate [13].
11.4 Protocol methodology

1.4.1 Preparation of spray solution :

Our work is divided into two main parts: preparing a solution that is pure with nickel
sulfide and a solution that is doped with magnesium in different concentrations. To prepare
the spray solution, we must first choose the chemical compounds used. In this work, we
proposed using both nickel nitrate (Ni(NO3)2.6H20) and thiourea (CS (NH2)2) as sources
of nickel and sulfur, respectively. At first, we considered the total concentration. 0.15 mole.
Through the concentration value, we proposed studying the difference between a change in
the concentration ratio of the source of both nickel and sulfur. The chosen ratios were as
follows: {(Ni(NO3)2.6H20)=X}  and {(CS(NH2)2)=Y}:{30% [X].70%[ Y1},
{33%[X].67%[ Y]} & {37%[X].63%[Y]}. Our investigation into nickel sulfide commenced
with mass measurement according to the N° 1 formula. This was followed by dissolving it
in distilled water (H20) and adding a few drops of sodium hydroxide (NaOH). Finally, the
mixture was heated to 50°C and stirred magnetically for one hour, resulting in a clear green

solution, as shown in figure (I1.3).

m(g) = C(mol/l).V(l).M(g/mol) N° (11.1)
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\ - stirred=1h

NaOH

solution

50ml (H,0)

= - o y

( Figure (11.3): Description of the Preparation of the spray solution pure. )

On the other hand, we follow the same steps as the previous experimental work, only

here we choose the follow

ing concentration value (30% [X].70%[Y]), to prepare a solution

of nickel sulfide activated with magnesium Mg, and we used magnesium nitrate hexahydrate
(Mg(NO3)..6H20) as a source of magnesium. x=[Mg*?]/[Ni*?], where the molar percentage

varies from 2% to 4%, 6%, and 8%.(see figuer 11.4).

¥ 1-60°C
! (2h) stirred

~
-’

PR P
V=20ml -
CSONH))
(Ni(NO3)2.6H,0) :‘
®o
(Mg(NO226M,0) ¢

0% (Mg)

29 (Mg)

1% (Mg) 6% (Mg) 8% (Mg)

spray solution

Enhancement of superconducting properties of MgNiS by using oxygen annealing atmosphere
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Figure (11.4): Description of the Preparation of the spray solution

doped with Mg.

Il. 4. 2. Preparation of the Films :

At the start of the deposition of the films, the type of substrate must be chosen. In our

work, we used the glass substrate

, see figure (I11.5).

Rinsing with the water distilled and we washed them well with acetone and ethanol for 5

minutes respectively. The substrate was heated on a plate using a Four at a temperature of

250 °C. Using the experimental protocol for the spray pyrolysis method shown in (figure

11.6), thin films pure and doped of nickel sulfide with magnesium were deposited.

o 7\,

GLASS s11pp
7101

Plain 9groung ¢ dg
> es
Qty: 50pcs/b0x_

Mage In China

~

Y

( Figure (11.5): CAT.NO.7101 microscope glass slide. )
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C Figure (11.6): Preparation of glass substrates. )
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( Figure (11.7): Description of the Preparation of thin films by (SPT). )
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Il. 4. 3. Oxygen Annealing Atmosphere :

The last annealing was done for 3h 30 minutes for 300 °C and 3h for 350 °C ina
furnace with an oxygen atmosphere see figure (11.8 & 11.9).

Oxygen Annealing Atmosphere |

NiS Thin Film
...

p

Harvest Electric

Furnace

Before Annealing After Annealing

(Figure (11.8): Description of the Oxygen Annealing Atmosphere method. )

400 400
= ==Tr=300 °C /' annealing times of ' 3h30 = 1==Tr=350 °C /' annealing times of ' 3h

350 350
) o
S &
&
S s
] @
E‘ Jhours & 30min g-
- 8min—=210min &

] —
0 50 100 150 200 250 300 350 0 50 100 150 2('10 250 3(')0 350
Time (min) Time (min)

(Figure (11.9): Description of the Oxygen Annealing Atmosphere. )
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PART B : CHARACTIRIZATION TECHNIQUES

I.1. Introduction

Several characterisation techniques were applied to the thin films that we created in

order to examine and investigate various properties, including:

o X-ray diffraction technique (XRD).

e Weight difference method.

» Ultraviolet-visible spectroscopy (UV-Vis).
e Four-probe method.

o Fourier transform infrared spectroscopy (FTIR).

11.2. X-Ray diffraction technique

This technique is a structural characterization method based on the phenomenon of X-
ray diffraction on a crystalline material, and it is fundamental and very important when
evaluating thin films and to know the crystal structure of materials, as well as the
arrangement of atoms with in the crystals, the crystalline dimensions, and to determine
certain parameters, such as the degree of crystallinity, and the preferential orientation of the

grains constituting the sample, It is a simple and non-destructive sample analysis technique.

.
o
pPa
beta
=
g
i
‘Z
=
2
=
T
20 40 2 Theta (deg)l 80
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Figure (11.10): Schematic diagram of X-ray diffractometer & The exraction of
the full width at half maximum (5 beta) from X-ray diffraction peak.

Thin films were characterized using various analytical techniques. The XRD
diffractrogram was obtained by a DRX Malvern Pnm analytical Empyrean system with a Cu-
Ka radiation source of A =0.15406 nm in the range of 30°-80°. objective is to investigate
nickel sulfide thin film structural characteristics. (The characterization of the samples was

performed at the crapc platform in Laghouat Province).
» Analysis conditions

Scanning area in (°) 2 6i:10, 2 6+:90

Step in (°) : 0.002°

Quantity of sample to analyze: 2 g minimum.

-

\_

Figure (11.11): Empyrean the Intelligent X-ray
Diffractometer.

Nickel sulfide thin film crystalline quality is investigated by X-ray diffraction. It in
turn provides us with the tools to assess the sample's texture, average crystallite size, and

other characteristics, as well as the various phases and their distribution within it.
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Il. 2 .1 The Lattice parameters :

Equations provided by Bragg's law are used to calculate the lattice parameters for the unit
cell of the phase that is present. The lack of reflection peaks suggests that the material is

amorphous [14].
Zdhkl sinf = nAa N° (”2)
e dpy; the spacing between the planes in the atomic lattice.

e 0 is the angel between the incident ray and the scattering planes.

e Nisan integer.

Figure (11.12): Schematic of X-ray
diffraction.

The lattice parameters designate the dimension of an elementary mesh. In the case of a
hexagonal structure such as in our study for NiS, we are interested in two parameters a & ¢,

see figure (11.12).

The following formula (11.3) is used to find the hexagonal lattice parameters (a=b & c) of
nickel sulfide thin film [15]:

N° (11.3)

1 4(h2+k2+hk) n 1
d’pkt 3

a? c?
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ipud
L

\_ /

Figure (11.13): Diagram of the
hexagonal structure of NiS.

Il. 2. 2. The Crystallites size (D) :

In this technique, the detector scans across the range of reflection angles to capture the
diffracted X-rays. The data, including intensity levels, are recorded by a computer and can
be viewed in figure (11.12). This information is then compiled in a table and matched against
standards from the Joint Committee on Powder Diffraction Standards (ICSD) to ascertain
the identity of the material under investigation. Whether using a powder, a single crystal, or
a thin film as the sample, the Scherrer equation is applied to deduce the crystallite size from
the broadening of the most intense peak, known as the full width at half maximum (FWHM)
[6].

The Debye—Scherrer’s equation was used to calculate the crystallite size [16]:

kA i
D = 505 N° (11.4)

Where:

e B (rad) is full width at half-maximum FWHM (see figure 11.10).
e @ isthe half diffraction angle of the centroid of the peak.

e Alis the wavelength of X-ray (A = 1.5406 A®).

e Kkisaconstant (k =0.89).
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Il. 2. 3. The dislocations density :

A flaw in the crystal caused by the misregistry of the lattice in one area and that in another
is called a dislocation. Dislocations are not equilibrium flaws, in contrast to vacancies and
interstitial atoms; therefore, thermodynamic principles are unable to explain the significance

of involving dislocation [17].
Sniry represents the dislocation density, it is calculated using the following relation [18]:

1
Serkty = 52 N (11.4)

Il. 3. Weight Difference Method

The thickness of the membrane is a very important parameter for the thin films, and this
IS due to our need for it in studying many of the physical properties of the films. There are
several different ways to measure the thickness of the film, including the weight difference
method, which we will use in this work because it is simple and available. The latter depends
on the difference between the mass of the substrate before the thin film deposition process

and its mass after deposition, see figure (11.14).
To use this process, conditions must be met:

e There is no chemical interaction of the substrates with the solvent or with the
secondary elements of the process sedimentation.

» No-penetration of materials into the substrates.

The calculation is done according to the following relation [19]:

p= N° (11.5)

e tis the film thickness of the film.
e m the mass deposited onto a substrate.
e S the area of the film.

o pisthe density of NiS in bulk state.
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Thin Film *,
oo Substrate (NiS)

. .
. .
Qbs’mte Weight before deposition Substrate Weight after deposition J

CFigure (11.14): Schematic of Weight difference.)

Il. 4. Spectroscopy UV-VISIBLE

The optical properties of NiS thin films were measured by a UV-visible
spectrophotometer (PERKINELMER Lambda 35) at room temperature in a wavelength
range of 200—1200 nm. (The characterization of the samples was performed at the laboratory,
Biskra.) as shows in figure (11.15).

( Figure (11.15) : PERKINELMER Lambda 35 spectrophotomet. )
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Il. 4. 1. Principle :

UV-VIS spectroscopy operates on the principle that, when a monochromatic light beam
passes through a homogeneous medium made of an absorbing substance, the rate at which
the intensity of radiation decreases with respect to the thickness of the absorbing medium is
directly proportional to both the concentration of the medium and the intensity of incident
radiation [20] :

[ = Iyexp(—at) N° (11.6)
Where :

e ¢ is the absorption coefficient.
o tisthe thickness of the film.

o Ioand I are the intensity of the incident and transmitted beams, respectively.

Toroidal Grating D2 larnp (UWV)

Ivlirror 1

W lamp (Vis)

Reference Detector

Chrvette 2
Reference N |
Beara I i I
Lens 2
Half Mirror
’ Ilizror 2 Saraple Detector

Chrvette 1

Sarple [ I 1
Minor 3 Beara [Lews1 "

C Figure (11.16): The principal operation of UV-Visible spectrophotometer. )

The absorption coefficient (a) can be calculated using the following expression :

1 100

a= ;ln(T(%))

N° (11.7)
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e T(%) is the transmittance (quantity of the transmitted light), and can be directly

measured by :
T(%) =%.100 N° (11.8)
The optical band gap energy (Eg) of NiS thin films was derived from the transmission
spectra through the utilization of the following relations [21]
A= at =—In(T) N° (11.9)
(Ahw)? = B(hv — Eg) /A = at N°(11.10)
Where:

e A s the absorbance.

e B isaconstant.

1240
o (ev)

¢ (hv) is the photon energy
e (Eg) is the band gap energy.

On the other hand, we can determine the urbach energy through the following equation [22]:
A = Agexp (;‘—Z) N° (11.11)
Where:

e Agis aconstant

o Euis the Urbach Energy, by plotting Ln(A) in terms of hv,

we can ascertain the value of Eu as the reciprocal of the linear tangent that intersects the

photon energy at x=0.
Il. 5. Four-probe method

Figure (11.17) illustrates a diagram of the four-point method, featuring four equidistant
probes made from a material that can withstand high temperatures. These probes are
mounted on a motorized mechanical stage that can adjust vertically, thereby guaranteeing

consistent contact with the film for accurate measurements.

The electrical conductivity of the resistivity of a material with a fixed known thickness t
can be determined using a four point measurement technique. This method involves forcing
a fixed DC current | through two ports in the material, then measuring the DC voltage V at

the remaining two ports. Four high temperature points, evenly spaced apart, make up the
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configuration. After that, the thin film's sheet resistivity is calculated using the following

formula [9] :

4 74 1 1 R
Rgp, = D X 7& 0= = R N° (11.12)
Where:

* Ry sheet resistivity.

e ¢ electrical conductivity.

e pisthe electrical resistivity.
e tis the film thickness.

e | isthe applied current.

e Vs the measurement voltage.

4 @\
D
v

i

Thin Film

\_ J

C Figure (11.17): Schematic of four point method. )

(The four-point method measured was performed at the Laboratory of Semiconductor and
Metallic Materials, University of Biskra).

Il. 6. Fourier Transform Infrared Spectroscopy (FTIR)

An infrared spectrometer of (type Perkinelmer Spectrum Two) was used in the
frequency range of 400-4000 cm™ at room temperature to study the chemical bonding

properties of the prepared films. (This was performed at the Laboratory in Biskra).
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4 )

(Figure (11.18): PERKINELMER Spectrum Two.)

Il. 6. 1. Principle :

Fourier transform infrared spectroscopy (FTIR) is one of the most flexible analytical
methods for the non-destructive chemical characterisation of samples. It may yield basic

information on the molecular structure of both organic and inorganic components.

The FTIR technique's fundamental working principle is linked to changes in quantized
vibrational energy levels. In FTIR analysis, an IR photon stimulates a molecule to a higher
energy state by transferring to the molecule. This process is known as the absorption of IR

radiation.

In the infrared area of the light spectrum, the excited states cause molecular bond
vibrations, including stretching, bending, twisting, rocking, wagging, and out-of-plane
deformation, to occur at different wave numbers (or frequencies). Each IR absorbance peak's
wavenumber is defined by the matching molecule's inherent physicochemical characteristics
[23].

In the infrared spectrum, band intensities can be expressed as transmittance (T) or absorption
(A). The characteristic functional groups and bonds found in a chemical compound are
represented by a variety of bands in the infrared spectrum, which can be used as a fingerprint
to identify the molecule [24].
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4 )
A

2

®
CH

=3
=)

.
Spectrum
Interfermeter

Figure (11.19): Schematic diagram of FTIR
Spectrophotometer.

=
)

Il. 7. Conclusion

In this chapter, we have studied the spray peunematic method for deposition of undoped and
Mg doped NiS thin films, which also we describe the steps of preparation of NiS solutions
and thin films. The final thin films were characterized by various methods such as: XRD,

The UV-VIS spectroscopy and electrical characterizations (the four point technique).
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CHAPTER THREE: Investigation of High Flectrical Conductivity in Superconducting

NiS Thin Films.

his Chapter desCribes the spray pyrolysis process used to Create NiS
thih films on heated substrates. Ihvestigations have been
conhducted into the effects of different preCursor concentrations

on the strucCtural, optiCal, and eleCtriCal CharacCterizations of Ni§ thin films

l1l.1. Introduction

To gain deeper insight into how the concentrations of precursor solutions affect the
physical characteristics of NiS thin films, we conducted a study. NiS nanostructured thin
films were fabricated and analyzed. These films were deposited onto glass substrates at 523
K using the spray pyrolysis method. We employed varying concentrations of precursors from
Ni and S solution sources for this investigation, using nickel nitrate hexahydrate and
thiourea, while keeping the other experimental conditions constant. Structural
characterization was investigated through the results of x-ray diffraction analysis and
confirmed by FTIR analysis. In addition, UV-visible spectroscopy was used to study the
band gap energy. Finally, the sheet resistance (Rsh) was measured using the four-point probe

method.

lll. 2. Experimental Part

Ill. 2. 1. Nickel Sulfide thin films Preparation:

We prepared a spray solution containing nickel nitrate hexahydrate (Ni(NO3)2.6H20 =
X) and thiourea (CS(NH2)2 = Y) as sources of nickel (Ni) and sulfur (S), respectively. This
solution, with a molar concentration of X% [Ni] and Y% [S] (total concentration 0.15 M),
was used in the spray pyrolysis process to deposit nickel sulfide thin films. After dissolving
in 50 ml of distilled water, a clear, green solution was formed by shaking the mixture for an
hour at 50°C. The deposition process was conducted at a temperature of T = 523 K. see
figure (I11.1) and table (111.1).

CTabIe(I 11.1) : Experimental Conditions.)

Condition Values
Sample 1 30% [X].70% [Y]
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Sample 2

33% [X].67% [Y]
37% [X].63% [Y]

Sample 3

Glass Substrate temperature T=523 K
Volume V=50ml
Deposition time 10min
Distance d=23cm
The spray rate 0.002 I/min

The glass substrates (CAT.NO.7101) microscope glass slide

\"

* T=250°C

V=50 ml

o @

>

| (b stirred

(Ni(NO;),.6H,0)

A

(CS(NH,),)

C=0.15M

(Figure (111.1): Steps to prepare a spray solution. )

Enhancement of superconducting properties of MgNiS by using oxygen annealing atmosphere
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NiS Thin Films.

spray solution

\‘ _______ Thin film
Spray 0\ . 4 (le) .
nozzle - ¢ \
power : ' o,
droplet transport o| 7 Y products i i i _r ..
‘ 7 Metal
glass substrate _— K Zoomed .y
°

° ¢ Substrate |
! N Boundary /
\ © ‘ surfaces thickness j 4

‘ o.‘
o, Jour e,

@ © o 4‘ ® harvest electric

( Figure (111.2): A diagram illustrating of nickel sulfide thin films deposition. )

Ill. 2. 1. Cracterization techniques:

An XRD (Malvern Pnm analytical Empyrean- CRAPC-LAGHOUAT) system operating
in the radiation range of 20°-80° produced the X-ray diffraction diffractogram. Studying the
structural characteristics of NiS thin films was the purpose of this. To examine the chemical
bonding characteristics of the produced films, an infrared spectrometer of the (Perkinelmer
Spectrum Two - Photonics and Multifunctional Nanomaterials Physics Laboratory PMNPL,
BISKRA) type was employed in the 400-4000 cm™ frequency range. As for the optical
properties, they were measured using a UV-VIS spectrophotometer (PERKINELMER
Lambda 35 - Photonics and Multifunctional Nanomaterials Physics Laboratory PMNPL,
BISKRA) in a wavelength range of 200-1200 nm. The electrical properties were measured
using the four-point approach.

To determine the thickness of the film, we employed the weighing technique, as described

by the equation [1]:

t =20 Ne (111.1)

pPXS
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Where:

e tisthe film thickness

e m the mass deposited onto a substrate

o S the area of the film

o pis the density of NiS (5.50 g/cm®) ~774 nm.

111.3 Results and Discussion

Ill. 3.1. The structural properties:

The structural characteristics of NiS thin films were examined through X-ray diffraction
patterns. Figure (111.3) displays the XRD diffractogram for NiS thin films applied to a glass
substrate using the spray pyrolysis technique at a temperature of 523 K. The figure reveals
that all films are polycrystalline with a hexagonal structure, belonging to the P63/mmc space
group, and exhibit a preferred orientation of (010) (ICSD 98-060-2488). Additionally,
diffraction peaks with orientations of (010), (011), (012), (110), and (022) were observed, in

accordance with the ICSD data card.
33% [X].67% [Y]

(010)

—_
—
(=
=

(022)

30% [X].70% [Y]

Intensity (a.u)

37% [X].63% [Y]

I l I ICSD 98-060-2488

20 30 40 50 60
2 Theta (deq)

C Figure (111.3): XRD diffractogram of nickel sulfide thin films.
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These diffractograms enable the determination of various physical parameters, such as
crystallite size, dislocation density, and micro-strain. The Bragg angle 20, corresponding to
the preferred orientation, is also noted and is determined as presented in table (111.2) below:

(Table (111.2) : 2 Theta (deg) Variation per (hkl).)

2 Theta (deg)
(hkI) Sample 3 Sample 1 Sample 2
(010) 30.252 30.187 30.251
(011) 34.757 34.679 34.770
(012) 45.939 45.853 46.021
(110) 53.710 53.546 53.674

The interplanar spacing diy, which is determined by Bragg's law [2]:

Zdhkl sinf = ni N° (|||2)

(Table (111.3): Variation of d- spacing (A) d(hkl) of NiS thin flms. )

Precursor Sample 3 Sample 2 Sample 1

concentration

d010)(A) 2.9534 2.9597 2.9534
do11)(R) 2.5802 2.5858 25793
do12)(A) 1.9748 1.9783 1.9715
d110)(A) 1.7060 1.7108 1.7070

According to formula N° (I11.3), we can obtain the hexagonal lattice parameters (a and c) of
the NiS thin film [3]:

1 4(h2+k2+hk) n I?
d%per 3

N° (111.3)

a? c?
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Table (111.4) : The lattice parameters (a, ¢) compared to the values found in the ICSD 98-
060-2488 database.

Precursor concentration ICSD card This work

a=b(A) cA c/a (A) a=b (A c(A) c/a (A)

Sample 3 3,41029 5,3027 1.55
Sample 1 34200 5300 1.55 341757 53148 1.56
Sample 2 3,41029 5,2949 1.55

The unit cell v is determined by applying Law N°(111.4) as follows [2]:

V = a.b.c.sin(60°) N° (111.4)

( Table (111.5) : Variation of the unit cell volume V. )

Precursor concentration Semple 3 Semple 1 Semple 2

The unit cell v(A?) 53.39 53.74 53.31

The crystallite size was determined using the Debye-Scherrer relation [4] :

kA o
D = 5053 N° (111.5)

Where:
e P(rad) is full width at half-maximum FWHM

e Jisthe wavelength (1.5406 A°)
e kisa constant (k =0.89).

( Table (111.6) : The crystallites size D¢y (nm) of NiS films. )

Precursor Sample 3 Sample 1 Sample 2
concentration
D (010) 17.067 22.148 18.648

D11 12.152 15.052 13.179

Enhancement of superconducting properties of MgNiS by using oxygen annealing atmosphere
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NiS Thin Films.
D012 9.915 12.858 11.467
D(110) 15.901 18.625 14.101

In comparison to films {33% [X].67% [Y]} and {37% [X].63% [Y]}, a rise in the
crystallites size was noted in the {30% [X].70% [Y]} film. These findings provide an
explanation for the rise in the size of average crystallites. This is because throughout the
crystallization process, the dislocations gather more energy and exhibit higher mobility,
whereas the small crystallites are consumed. As the film crystallizes, these activated

dislocations split in the direction of the grain boundaries and become neutral [5].

The dislocation density, denoted as iy is computed using the relation N° (111.6) that follows
[6]:
1

6(hkl) = ; N° (|||6)

(Table (111.7) : The dislocation density dn(10*>lines/m?) of NiS films, )

Precursor concentration Sample 3 Sample 1 Sample 2
8010) 3.432 2.038 2.875
8(011) 6.771 4.413 5.757
8012) 10.170 6.047 7.604
8110) 3.954 2.882 5.029

The Stokes-Wilson formula is used to determine the Micro-Strain &y [7]

__2B o
Ekl) = Ttane N° (111.7)

C Table (111.8) : Micro-stress eniy of NiS films. )

Precursor Sample 3 Sample 1 Sample 2
concentration
8(010) X 10_3 7.786 6.013 6.642
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NS Thin Films.
£011) X 1073 9.554 7.730 8.021
£o12) X 1073 8.962 6.923 6.555
8(110) X 10_3 4,827 4.133 4.338

As demonstrated in the accompanying table (111.9) & Figure (111.4), a decrease in lattice
defects correlates with an increase in crystallite size, which in turn causes a drop in internal

stress and dislocation intensity [8].

C Table (111.9) : Variations of D10), &010) and d(10) Of NiS films. )

Precursor Sample 3 Sample 1 Sample 2

concentration

D010, 17.067 22.148 18.648
8010) 3.432 2.038 2.875
£010) X 1073 7.786 6.013 6.642
23 8,0 3,6
=@=D(y;)(nm) e
22 4 (s } =@=2(y)x10° 2] [ % L34
-o-ﬁ(om) - 7,6 -
Ly [ ™
21 4
7.2 3,0
20 4 ] 7,0 L 2,8
- 6,8
19 - 66 -2,6
Léa T 2,4
18 -
30% [X].70% [Y] 33% [X].67% [Y] 37% [X.63% [Y] 6,2 | 2,2
17 \o 6.0 | 2.0
T Y T 5,8
0 1 2 3 4

samples

Figure (111.4): Variations of Do), £010) and 10y Of NiS films as function of
precursor concentration.
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lll. 3. 2. Chemical composition

The results of FTIR spectroscopy for NiS thin films are detailed. thin films were
synthesized using varying the precursor concentrations of sulfur S and nickel Ni by the spray
pyrolysis technique, as depicted in figure (I11.5). The FTIR analysis involved scanning the
samples over a wavelength range from (400 to 4000 cm™). This analysis was used to
ascertain the presence of types of chemical bonds by identifying the specific vibrations
corresponding to each bond within the infrared spectrum. A summary of these findings is
provided in table (111.10).

C Table (111.10) : FTIR peaks and The band of NiS film. )

Vibrations The band Reference
626 cm™ Ni-S [9], [10]
1092 cm'™ C-S [9], [11]
1483 cm'™ C-H [9], [12]
3275 cmt O-H [13]
2375 cmt C=0=0 [14]

4 A

37% [X].63% [Y]

30% [X].70% [Y]

Transmittance (%)

33% [X].67% [Y]

L] L] L] L] L]
600 1200 1800 2400 3000 3600
\ Wavelength (cm'1) /

Figure (111.5): FTIR spectrum of NiS films prepared at different Precursor
concentration.
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Ill. 3. 3. Optical properties

The absorption spectra of NiS thin films produced by spray pyrolysis technique at a T=
523 K are shown by the curve in figure (111.6). The optical absorption edge of all NiS films
IS observed at the UV region 280 to 380. The absorbance decreases with increasing
wavelength. In comparison to film placed at {30% [X].70% [Y]}, the thin films deposited
in {33% [X].67% [Y]}&{37% [X].63% [ Y]} exhibit the highest optical absorption ratio.The

variations in the shape and crystalline structure of the produced films may account for this.

1
e 30% [X].70% [Y]
e 33% [X].67% [Y]
e 37% [X].63% [Y]

Near IR

Absorbance

‘A

L] L] L] L] L] L] L] L]
300 400 500 600 700 800 900 1000 1100
Wavelength A(nm)

C Figure (111.6): Optical absorbance spectra of the NiS thin films. )

The point at which the straight line intersects with the photon energy (hv)A =0 correlates
with the optical band gap Eg of NiS thin films formed at T= 523 K, as illustrated in figure
(I11.7). The relationships labeled 111.8 and 111.9 are relevant in this context.[15], were used
to extract the optical band gap energy Eg of NiS thin films from the transmission spectra, as
shown in table (111.10).

A =ad = —In(T) N° (111.8)
(Ahv)? = B(hv — Eg)/A = ad N° (111.9)

Where:
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A is the absorbance

d is the film thickness (t)

T is the transmittance spectra

a is the absorption coefficient values

B is a constant

hv is the photon energy.

100
e 33% [Nii].67% [S]
e 30 % [Ni].70% [S]
god P=37% INil.63% [S]
o~ 60 -
>
e
<
40
20 >
>\
(—]
&
=
|
1,5
hv (ev)

( Figure (111.7): The graph of (Ahv) ? vs hv plots for NiS films. )

However, the Urbach energy can be calculated using the following equation: [16]:
A= Agexp (;‘—Z) Ne (111.9)
Where:

e Agis aconstant

e Euis the Urbach Energy by plotting Ln(A) in terms of hv we can ascertain the value

of Eu as the reciprocal of the linear tangent that intersects the photon energy at x=0.
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The energy values of the gaps for thin films {30% [X].70% [Y]}, {33% [X].67% [Y]},
& {37% [X].63% [Y]} differ from 0.92ev, 0.88ev and 0.87ev.This is caused, in turn, by a
variation in the ratio of nickel to sulfur, which modifies the density of states for the

conduction and valence bands as well as the energy of the gaps [17].

/0'2945 \

0,2940 4
0,2935 L G
0,2930

S 0,2925 - Bl

9 o

=] i o

3 0.2920 0,80 10
0,2915 -

0,2910 B
0,2905 087
0,2900 -

s1 s2 s3

. y

Figure (111. 8) : The variation of the optical band gap energy and
Urbach energy as a function of precursor concentration.

( Table (111.11) : Band gap energy & Urbach energy of NiS thin film. )

Samples Ts(°C) Eg(ev) Eu(mev)
Sample 1 250°C 0.92 294.20
Sample 2 250°C 0.88 292.82
Sample 3 250°C 0.87 290.52

11l. 3. 4. Electrical characteristics

The electrical characteristics of NiS thin films were analyzed using the four-point
method at room temperature. Figure (111.9) illustrates how voltage varies with current,

demonstrating the electrical resistivity changes in these films. Notably, voltage increased
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linearly with current in the range of 0 — 80 mA. A higher voltage value was observed for the
sample with lower sulfur concentration ({30% [X].70% [Y]}) compared to the samples with
{33% [X].67% [Y]} and {37% [X].63% [Y]} compositions thin films {30% [X].70% [Y]}
exhibited the best resistance, measured at 5.304 Q, indicating superior electrical conductivity
of 2.43x10° (Q.cm)* when compared to the other two samples. The electrical conductivity
o of the NiS thin films was calculated as per equation N°(I111.11) [18] and the results,
including variations in sheet resistance, resistivity and electrical conductivity of thin films,

are summarized in table (111.11).

14 1 1
X<-&o === N° (111.12)
I p eXRgsp

Vs
R = Ln(2)

Where:

e pisthe electrical resistivity
o e isthe film thickness
e |isthe applied current

e Vs the Measurement voltage.

C Table (111.12) : Values of V, I, Rsh, p and ¢ of NiS thin film. )

Samp|e5 I(mA) V(mV)  Sheet resistance  Electrical resistivity p Electrical
Rsh(Q) (2.cm) Conductivity a(€.cm)?
Sample 1 50.5 59.13 5.304 4.1110* 2.4310°
Sample 2 69.46 6.230 4.82 10* 2.07 10°
Sample 3 64.00 5.741 4.44 10* 2.2510°
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Figure (111.9): Voltage changes in terms of current intensity of

NiS thin films.
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Figure (111.10): Variation of Sheet resistance, Electrical
resistivity & Electrical Conductivity of NiS thin films.
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lll. 4. Conclusion

In this research, we successfully deposited NiS thin films on glass substrates at 523 K
using the spray pyrolysis technique. We investigated the impact of varying nickel sulfide
precursor concentrations on the structural, optical, and electrical properties thin films,
focusing on the specific concentrations of {30% [X].70% [Y]}, {33% [X].76% [Y]}, and
{36% [X].73% [Y]}. X-ray diffraction analysis confirmed that all films are polycrystalline
with a hexagonal structure, predominantly oriented in the (010) direction. The maximum
crystallite size calculated at 22.148 nm, was observed in the films with a {30% [X].70%
[Y]} ratio. FTIR Spectroscopy analysis corroborated the presence of Ni-S bonds, indicated
by the frequency at 626 cm™, which aligns with the XRD findings. Optical band gap values
for all films were determined to be 0.92, 0.86, and 0.88 eV, respectively. Furthermore, the
sheet resistance values were found to be 5.304, 6.230, and 5.741 Q for the respective
samples. This work demonstrates that NiS thin films exhibit excellent crystallinity and high

conductivity, which encourages further exploration of their potential applications.
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CHAPTER FOUR- The Influence of Mg Doping on Electrical, Optical and Structural Properties of MS Thin

Films Supercapacitors

nh this work, we have studied the effect of doping levels of Mg on
structural, optiCal and eleCtriCal properties of NiS thin films. The Mg
doped NiS thih films were deposited at different ratios (0, 2, ¢, 6 ahd

8%) On glass substrate at 250 °C using a spray pheumatiC techhique.

IV. 1. Introduction

The spray pneumatic technique (SPT) was used to deposit thin films of pure nickel
sulfide (NiS) and doping with magnesium Mg at different ratios (2, 4, 6 and 8%) at a
substrate temperature of 250°C. The structural properties of Mg doped NiS thin films were
performed by an X-ray diffraction (XRD), using Fourier transform infrared spectroscopy
FTIR at room temperature. The Optical properties were studied using UV absorption spectra
to determine the optical band gap energy and Urbach energy. Finally, the variation of
electrical resistance as a function of magnesium concentrations was measured using the four-

point method.
IV. 2. Experimental Part
IV. 2. 1. Synthesis Protocol :

In the beginning, we prepared a pure spray solution of nickel sulfide by dissolving an
amount of nickel nitrate hexahydrate (Ni(NO3)2.6H20) and thiourea (CS(NH2)2) as a source
of nickel Ni and sulfur S, respectively in distilled water. The mixture was stirred
continuously at 50 °C for hour on a magnetic stirrer leading to the formation of a clear green
and homogeneous solution. To prepare the magnesium Mg doping solution; we kept the
same conditions and used magnesium nitrate hexahydrate (Mg(NO3),, 6H20) as the

precursor Mg molar ratio chosen x=[Mg*?] / [Ni*?]; it was 0, 2, 4, 6 and 8%.
IV.2.2 Synthesis Mg doped NiS thin films

The resulting of NiS and NiS:Mg solutions were placed to prepare the Mg doped NiS
thin films using the spray pneumatic method. Mg doped NiS thin films were sprayed on
microscopic glass slide as a substrate. The Figure (1V.2) presents the experimentally steps;
this glass has been tested to withstand temperatures of up to 620 °C. The NiS:Mg solution
was transformed into a stream formed with uniform and fine droplets of 30 um average

diameters by studding several Mg concentrations are 0, 0.1, 2, 4, 6 and 8 %, The Mg doped
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NiS thin films were deposited at 250 °C by spraying 20 ml with a deposition time

approaching 10 min as shows in table (1V.1).

a2

-
Spray

nozzle

spray solution

atomizer

4
. ,

power
products

Thin film

droplet transport e

glass substrate Zoomed

Sy

\. four

substrate

Boundatjy:

Figure (1V.1): The deposition steps of undoped and Mg doped NiS films doped
using a spray pneumatic technique.

<' ® harvest electric

( Table (1V.1): Optimized deposit conditions for Mg:NiS thin films. )

Condition Values
Dopant Mg
Mg levels (%) 0%, 2%, 4%, 6% & 8%
Spray mode spray pneumatic technique
Precursor Concentration (mol/l) 0.15 mol/I
Deposition temperature (C°) T=250°C
Volume V=20ml
Deposition time 10min
Distance nozzle — substrate d=23cm
Flow rate of solution 0.002 I/min

The glass substrats (CAT.NO.7101) microscope glass slide

Enhancement of superconducting properties of MgNiS by using oxygen annealing atmosphere
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CHAPTER FOUR- The Influence of Mg Doping on Electrical, Optical and Structural Properties of MS Thin

Films Supercapacitors
IV. 2. 3. Characterization techniques :

Thin films were characterized using various analytical techniques, The X-Ray diffraction
diffractogram was obtained by a (XRD Malvern Pnm analytical Empyrean - CRAPC-
LAGHOUAT) system with Cu-Ka radiation source of wavelength 0.15406 nm in the range
of (30-80°) this is in order to study the structural properties of nickel sulfide thin films Infra-
Red Spectrometer, type (Perkinelmer Spectrum Two Photonics and Multifunctional
Nanomaterials Physics Laboratory PMNPL- BISKRA) was used in the frequency range of
400-4000cm* to study the chemical bonding properties of the prepared films. As for the
optical properties of undoped and Mg-doped NiS, were taken by UV-Visible
spectrophotometer (PERKINELMER Lambda 35- Photonics and Multifunctional
Nanomaterials Physics Laboratory PMNPL- BISKRA) at room temperature in a wavelength
range (200-1200nm), the electrical properties measurements of the prepared thin films were

measured using a four-point method (Laboratory SMML -BISKRA).

IV. 3. Results and discussion

IV. 3. 1. XRD analysis :

Figure (1V.2) represents the X-ray diffraction patterns of the prepared undoped and Mg-
doped NiS thin films at various Mg concentrations. We can clearly see that Mg-doped NiS
thin films have a four observed peaks are (010), (011), (012), (110) and (022), indicating
that the films are polycrystalline nature with a hexagonal phase and P63/mmc space group
according to the (ICSD 98-060-2488) card, it has a preferential orientation along to (010)
direction. As can be seen, we have not observed any another phase for nickel sulfide, also
we have not observed any related phase of NiO or MgO in the XRD diffractogram.

In figures (IV.3), we notice samples with concentrations of Mg (2, 4, 6 and 8%) have a
change in the peak positions of (010), (011), (012) and (110) shift towards a higher angle as
shows table( 1V.2), this behavior can be explained by a difference in the ionic radius between
Mg*2 (72 pm) and Ni*? (69 pm) [1]. As shown by the XRD patterns, the intensity of all peaks
decreases with increasing Mg levels, indicating a decrease in the crystallite size of Mg doped
NiS thin films.
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Figure (1V.2): X-ray patterns of undoped and Mg-doped NiS thin
films at various Mg levels (%).
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Figure (1V.3): an emphasis of the (010), (011), (012) and (110)
peaks showing a shift towards higher angles for the doped thin films.
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( Table (1V.2): 2 Theta (deg) Variation per (hkl) for Mg-NisS thin films. )

The Influence of Mg Doping on Electrical, Optical and Structural Properties of MS Thin

(hki) 0% Mg 2% Mg 4% Mg 6% Mg 8% Mg
2 theta (deg)

(010) 30.187 30.243 30.196 30.315 30.274
(011) 34.679 34.749 34.695 34.851 34.788
(012) 45.853 45.937 45.968 46.118 46.028
(110) 53.546 53.588 53.595 53.716 53.624

Figure (IV.4) depicts the crystal composition of the nickel sulfide (NiS) compound,
where blue spheres represent nickel atoms, and red spheres indicate sulfur atoms. This
structure suggests a hexagonal arrangement, as evidenced by the presence of sulfur atoms

coordinating in a trigonal prismatic manner with nickel atoms. This means that each sulfur

atom is surrounded by six nickel atoms at the vertices of a trigonal prism.

Figure (1V.4): structures of hexagonal NiS thin films. Red and bleu

balls represent Sulfur and nickel atoms, respectively.

Page79



CHAPTER FOUR- The Influence of Mg Doping on Electrical, Optical and Structural Properties of MS Thin

Films Supercapacitors
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Figure (IV.5) depicts a model of the crystal structure of magnesium doped nickel sulfide,
with violet spheres representing magnesium (Mg) atoms, blue spheres representing nickel
(Ni) atoms, and red spheres for sulfur (S) atoms, respectively. In this structure, magnesium

replaces some of the nickel atoms at various doping ratios of 2, 4, 6, and 8%.

2% Mg:NiS 4% Mg:NiS

Figure (1V.5): structures of hexagonal Mg-doped NiS thin films. Red, bleu and
purple balls represent Sulfur, nickel and magnesium atoms, respectively.
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IV.3.1.1. Lattice parameters and d-spacing :

The inter planer d,,, of Mg doped NiS can be calculated from the position 26 of (010), (011),
(012) and (110) peaks using the Bragg's Law [2] :

2d,,, sind=nAi N° (1V.1)
So:
dyy = —2 N° (V.2
hkl = 5 sing ( ' )
Where:

e d,, istheinter planer
e (hkl) are Miller indices

e @ isthe half diffraction angle of the centroid of the peak

e A isthe wavelength of X-ray diffraction (A1 = 1.5406 A°)

n is the diffraction order (n=1 is first order).
The lattice parameters a and ¢ of Mg doped NiS hexagonal structure can be determined by

using the following formula [3]:

1 4 (h%+k?+hk 1 o
ik Gl R N(V:3)
Thus:
a (o]
Ay = 4 2 N (1V.4)
—(h? +k?+hk)+1* =
\/3( ) c?
Where:

e a and c are the lattice parameters

C‘I’able (1v.3): Inter-planar distance (d) per (hkl) for Mg-NiS thin fiIms)

(hKl) 0% Mg 20Mg 4% Mg 6% Mg 8% Mg
d-spacing (A)
(010) 2.959 2.954 2058 2947 2951
(011) 2,585 2,580 2584 2573 2578
(012) 1.978 1.974 1.973 1.967 1.971
(110) 1.710 1.709 1.709 1.705 1.708
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Table (1V.4): Lattice parameters (a, b, & ¢) of Mg :NiS thin films prepared compared
to those values of the ICSD card (98-060-2488).

Mg levels (%0) ICSD card This work
a=b(A) c(A) ca(d) a=b@A) c(A) cla (A) VvV (A%

0 3.416 5.314 1.555 62.045

2 3.409 5.302 1.554 61.688
3.4200 5.300 1.55

4 3.416 5.310 1.554 61.962

6 3.403 5.279 1.551 61.132

8 3.407 5.295 1.554 61.462

IV.3. 1. 2. The Texture Coefficient & The Crystallite Size :

The texture coefficient TC (hkl) of Mg doped NiS can be measured from the X-ray data

for the highest intensity peaks of the (010), (011), (012) and (110) planes using the following
equation [4]:

(A
TC (hkl) = hkd —__Ohid N° (IV.5
(kb N_lzlhklllohkl ( )

Where:
o |, isthe relative intensity of the peaks (hkl),

o |y, 1sthe standard intensity of the plane (hkl), it was taken from the ICSD data,

e N isthe reflection number
e n isthe number of diffraction peaks detected.

The variation of TC (hkl)values for the major four peaks of (010), (011), (012) and
(110) are presented in Figure (1V.6). As can be observed, the texture coefficient of the (010)
peak is the highest one. This finding indicates that all films prefer an a-axis orientation along
the (010) plane.
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Figure (1V.6): Variation of the texture coefficient for the (010), (011),
(012) and (110) peaks at various Mg levels (%).

The crystallite size Dy,;0f undoped and Mg-doped NiS thin films was calculated using the
Debye—Scherrer’s equation [5]:

kA o
thl = m N (|V6)

Where:
e S is full width at half-maximum (FWHM)

ek isaconstant (k =0.89).

Figure (IV.7) & Table (IV.5) show the variations of the crystallite size Dy,;,;0f Mg doped
NiS thin films, it were presented for major four peaks of (010), (011), (012) and (110). When
increased in the Mg levels from 0 to 8% the crystallite sizes decreased, they can be indicated
by the increase in grain boundaries, also can improve the electrical properties of Mg doped

NiS thin films.

Table (1V.5): Values of the crystallite size D for the (hkl) plane of NiS thin films as a
function Mg levels(%).
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Dy (nm) 0% Mg 2% Mg 4% Mg 6% Mg 8% Mg
Mg levels (%)
D 010) 20.326 20.881 18.017 19.016 17.630
D1 19.637 18.983 15.895 15.958 17.701
D(o12) 14.851 15.568 13.829 11.888 12.548
D(110) 19.005 17.772 17.753 15.359 17.766
22
—@=010
=P=011
g 204 —Q=012
=3 —Q=110
O 18-
(]
N
(7))
2 16+
©
®
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Q
£
-
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Figure (1V.7): Variation of the crystallite size for the (hkl) peaks at various
Mg levels (%).

IV.3. 1. 3. The dislocation densities & Micro-Strain:

The dislocation densities o,,, of Mg doped NiS thin films were determined by following

equation [6]:
1
Dit

Ot = N (IV.7)

Table (1V.6): Values of the dislocation densities for the (hkl) plane of NiS thin films as a
function Mg levels (%).
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Films Supercapacitors
W 0% Mg 2% Mg 4% Mg 6% Mg 8% Mg
g levels (%)
8010 2.420 2.293 3.080 2.765 3.217
011 2.593 2.775 3.958 3.926 3.191
5012 4534 4.126 5.229 7.075 6.351
8110 2.767 3.166 3.172 4.239 3.168

The Micro-Strain ¢,,, was calculated using Stokes-Wilson relation [7]:

Enkl = 2tand N° (1V.8)
Table (I1V.7): Values of the Micro-Strain for the (hkl) plane of NiS thin films as a
function Mg levels(%)

Eppa X107 0% Mg 2% Mg 4% Mg 6% Mg 8% Mg
Mg levels (%0)
€010 6.55 6.36 7.38 6.97 7.53
€011 5.92 6.11 7.31 7.26 6.55
€012 5.99 571 6.43 7.45 7.07
€110 4.05 4.33 4.33 4.99 4.32

Table (1V.8): Values of the crystallite size, The dislocation densities & the Micro-Strain
for the (hkl) plane of NiS thin films as a function Mg levels(%).

Mg levels(%)  the crystallite size The dislocation densities Micro-Strain
0% Mg 18.455 2.936 5.627
2% Mg 18.301 2.985 5.627
4% Mg 16.373 3.729 6.362
6% Mg 15.555 4.132 6.667
8% Mg 16.411 3.712 6.367

As shown from figure (IV.8) and table (IV.8) the crystallite size of Mg doped NiS
decrease from 18.301 nm to 15.555 nm when the concentration of magnesium increases at
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6%. The residual stress of NiS pure and Mg doped NiS thin films has been found to increases

with Mg content as well as the dislocation density and Micro-Strain.
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Figure (1V.8): Crystallite size and strain NiS and Mg-doped NiS thin film
as a function of Mg levels (%).

IV.3.2. Chemical composition

FTIR spectra of the prepared of pure NiS and Mg doped NiS thin films deposited on
glass substrate is shown in figure (1V.9). Broad 3275 cm™* can be attributed to water (O-H)
adsorbed to the surface of the film [3], we can see the strong peaks at 623 cm™* which related
to the bending and stretching vibration of pure (Ni-S bonds) [9],[10]. The peak observed at
1092 cmis attributed of (C-S) bond arising out of the precursors [9], and the other is around
1483 cmdenotes the bending vibration of (C-H) [11]. Consequently, these results may
confirm the successful adhesion of NiS thin films on a glass substrate, The band observed at
2375 cm which are ascribed to the stretch in vibration of O=C=0 bond, as the result,

atmospheric molecules adsorbed on the surface of the aero-gels [12], [13].
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( Figure (1V.9): FTIR spectra of NiS and Mg:NiS thin film. )

IV.3. 3. Optical study

IV.3. 3. 1. The transmission & The absorption:

The optical properties of sprayed undoped and Mg doped NiS thin films at various Mg
concentrations are shown in figure (IV.10). Presents the transmission as can seen, when Mg
level increased the transmission was increased, indicating to cooperate between the Ni and
Mg. However, the absorption of Mg doped NiS thin films is indicted in figure (IV.11), it can
be seen a decrease was observed in absorption edge of the thin films with increasing Mg
doping concentration, the reduction in the absorption edge might be due to the Mg doping.
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<Figure (1V.10): Transmission of undoped and Mg:doped NisS thin films
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Figure (1V.11): Transmission of undoped and Mg:doped NiS thin films at

various Mg levels (%).
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IV.3. 3. 2. The optical band gap & The Urbach energy:

The optical band gap (Eg) of undoped and Mg-doped NiS films deposited at 250 °C is
associated with the point of intersection of the linear line with the photon energy (hv)A =0
as shown in figure (IV. 12). Moreover, the optical band gap energy of the synthesized films
was calculated using the formula (N° V.9 & N° 1V.10), was obtained from the transmission
spectra is calculated according to the following equations [14]:

A= ad = —In(T) N° (1V.9)
(Ahv)? = B(hv — Eg) /A = ad N° (1V.10)

However, the Urbach energy was measured by means of the slope of the rectum between
the two turning points as shows in figure (IV.13). The relationships between the optical
transmission and absorption can be realized to determine the optical band gap energy and

Urbach energy E, with the variation of photo energy (ho) are given by the following

formulas [15]:

A= Aoexp(:;—uj N° (1V.11)
Where:

e« isthe absorption coefficient

e A is absorbance values

* A, and Care constants
e disaconstant thickness of the films
e E,isthe optical gap

e E, is Urbach energy of the Mg doped NisS thin films.

u
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Figure (1V. 12): The plot of (Ahv)? versus hv for the optical band

gap energy.
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The variations of optical band gap energy and Urbach energy of Mg doped NiS thin films

are presented in figure (1VV.14). The first observation is that the change in one is inversely

proportional to the change in the other. The optical band gap of the Mg doped NiS thin films

increased after doping with Mg and then decreased to a minimum value for 8 % Mg, this can

be related to the decrease in the crystallite size. However, because of the increase in

transparency, the sprayed Mg doped NiS thin film with 6% Mg achieved the lowest Urbach

energy.
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Figure (1V.14): the variation of the optical band gap energy and Urbach
energy as a function of Mg levels (%).

IV.3.4. Electrical study

The electrical properties of the Mg doped NiS thin films representing the calculation of

electrical resistance; it is measured by the four-points method, when varying an applied

current | to find the voltage values V using the following equations [16]:

_z Vv
U Ln2 |

N° (I1V.12)
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Figure (IV.15) & figure (IV.16) present the electrical properties of the Mg doped NiS thin
films, figure (1V.15) show the variation of voltage-current (\V-I) characteristics when
observed that the Mg doped NiS have a good measurements due to the applying current and
measurements voltage in order to mA and mV, respectively. The insert show the capacity of
each sample, we find for example, the Mg doped NiS thin film sprayed with 6%Mg has the
best current and good tension. However, figure (IV.15) presents the sheet resistance as a
function of Mg concentration, as can be seen. The variation in electrical conductivity
corresponds well to the fluctuation in thin film Urbach energy see figure (1V.13). It was
increased with Mg concentration and decreased up to the minimum value of 5,569 Q see
table (1VV.9) found for sprayed thin film with 6%Mg. However, the decrease in the sheet
resistance is explained by decreasing the potential barriers, which relate to the introduced

atoms and are segregated into the grain boundaries see figure (IV.7).

100

80- ";'5,4517' : ) / 1

60 v /0 P

voltage (mV)
0\ 1;f: '}
\ N
[ *)
\
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=P=4%
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30 ' 40 - 50 ' 60
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C Figure (1V.15): Voltage versus Current characteristics of Mg:NiS thin films. )
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Figure (1V.16): Variation of Sheet resistance R, as a function to
the Mg levels (%).

(Table (1V.9): Variation of Sheet resistance Rsh of of Mg:NisS thin fiIms.)

Mg levels (%0) 0% 2% 4% 6% 8%

Sheet resistance Rsh ()  5.304 5.974 7.549 5.569 6.816

IV.4. Conclusion

In the conclusion, the structural, optical and electrical properties of Mg doped NiS thin
films were investigated. The high quality Mg doped NiS thin films were created on glass
substrates at 250 °C via the chemical spray pneumatic technique with various Mg
concentrations. The following conclusions summarize the above research work: The Mg
doped NiS thin films' XRD patterns reveal that they are polycrystalline with a hexagonal
structure (wurtzite) and a strong (010) preferred orientation. The structure of thin films was

in good after Mg doping due to improve of the crystallite size. Mg doped NiS thin films have
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good absorption in the visible, when Mg concentration increased from 0 to 6%Mg, the band
gap shrinkage of up to 0.1 eV was observed; it narrowed from 0.882 to 0.994 eV. It is also
shown that the Mg doped NiS thin film deposited 6%Mg has the minimum Urbach energy
of 0.717 eV. The electrical sheet resistance decreased after Mg doping up to the minimum
value of 5,569 Q 6%Mg, it was explained by decreasing the potential barriers, which relate
to the introduced atoms and are segregated into the grain boundaries. Finally, suitable Mg
doped NiS thin films can be used for the supercapacitors because of their lowest sheet

resistance.
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LHAPTER HIVE: Effects of oxygen annealing atmosphere on Mg :NiS thin films

his Chapter presents the effects Of ah oxygenh anhnhealing
atmosphere on the physiCal properties of thih films of unhdoped
hickel sulfide and maghesium-doped niCkel sulfide, as prepared
and discussed in Chapter Four. StrucCtural, optiCal anhd eleCtriCal

Characterizations of these films are provided.

V.1. Introduction

The term 'oxygen annealing atmosphere' refers to a specific environment used in the
annealing process, a heat treatment technique. In this context, annealing occurs in an oxygen-
rich atmosphere. This environment can significantly affect the properties of the material
being annealed. The goal of annealing is to change a material's physical and occasionally
chemical characteristics. This process typically involves heating the material to a specified
temperature, maintaining that temperature for a set period, and then allowing it to cool. The
Benefits of this process include reducing internal stresses, facilitating diffusion, and altering
the material's microstructure. When performed in an oxygen-rich atmosphere, annealing can
influence the oxidation states, electrical properties, and structural characteristics of the
material. In our case, oxygen annealing can impact thin films, affecting aspects like crystal
structure, defect densities, and electrical conductivity. This is particularly crucial in
semiconductor and nanotechnology applications. Chuangye Y et al. [1] Conducted a study
on Co304 thin films and found that annealing in various atmospheres, including oxygen,
significantly affects their resistive switching. The research highlighted that the annealing
atmosphere influences the distribution of oxygen vacancies, which, in turn, alters the

electrical properties of the films.
V. 2. Experimental procedure

V. 2. 1. Annealed thin films preparation:

Herein, an annealing process is reported, aimed at improving the superconducting
properties of nickel sulfide. The annealing was performed in the presence of oxygen at a
temperature of 300°C and 350°C for 3h30min and 3h, respectively.This process involved a

comparison between annealing at low temperature for an extended period and at high

Page9 8
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temperature for a shorter duration. Figure (V.1) presents a schematic diagram illustrating the
preparation process of annealed films from nickel sulfide.

Oxygen Annealing Atmosphere

Harvest Electric

Before Annealing After Annealing

Figure (V.1) :A schematic diagram illustrating the preparation process
of annealed films.

V. 2.2. Thin Film characterization:

X-ray diffraction analysis was performed in the angular range 26 = 20°-80° using a
device (Materials Preparation and Manufacturing MEMP, CONSTANTINE). The radiation
was produced by a CuKa source with a wavelength of A=1.541838 A at room temperature.
For the infrared spectroscopy analysis, the (Perkinelmer Spectrum Two instrument, located
at the Photonics and Multifunctional Nanomaterials Physics Laboratory (PMNPL) in
Biskra), was utilized. This instrument was specifically used to scan frequencies ranging from

400 to 4000 cm™.The absorbance spectra of the annealed thin films were measured using a
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spectrophotometer (PERKINELMER Lambda 35-Photonics and  Multifunctional
Nanomaterials Physics Laboratory PMNPL, BISKRA) in the wavelength range from 200 to
1100 nm at room temperature. Finally, the electrical properties were measured using the

four-point method.

V. 3. Results and discussion
V. 3. 1. XRD analysis:

Figure V.2 (0, 2, 4, and 6) displays the X-ray diffraction patterns of nickel sulfide thin
films annealed in oxygen atmospheres. We observed strong crystallization in all films, with
the NiS phase peaks present in each, at both 300°C for 3h30min and 350°C for 3h, indicating
polycrystalline behavior. Moreover, thin films annealed in oxygen revealed the formation of
secondary phases. Using the ICSD 98-060-2488 data card, we were able to identify the
hexagonal structure of all films, characterized by a preferred growth direction along (010) at
2theta ~ 30° and a P63/mmc space group. The intensity of this peak is significantly higher
compared to others. Notably, distinct peaks with strong intensities were observed at (011),
(012), (110), (013), (020), (021), and (220). Additionally, as per the JCPDS No0.04-0835
card, other secondary peaks at (111) and (200) in 2theta ~ 37.5° and 43.3°, respectively,
suggest the cubic (FCC) phase of NiO [2]. However, we can conclude that annealing in an
oxygen atmosphere can significantly impact the structural properties of thin films. This
includes changes in oxidation states, which may alter the crystal structure and promote the
growth of certain crystalline phases while inhibiting others.

C Table (V.1) : The crystal structure corresponding to each (hkl) plane. )

20(°) (hkI) Crystal Structure References
30.006 (010) Hexagonal NiS 98-060-2488
34.556 (011) Hexagonal NiS 98-060-2488
37.998 (111) cubic NiO No.04-0835
43.296 (200) cubic NiO No.04-0835
45.865 (012) Hexagonal NiS 98-060-2488
53.278 (110) Hexagonal NiS 98-060-2488
61.033 (013) Hexagonal NiS 98-060-2488
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62.361 (020) Hexagonal NiS 98-060-2488
65.071 (021) Hexagonal NiS 98-060-2488
72.886 (220) Hexagonal NiS 98-060-2488

Table (V.2) : 2Theta values corresponding to (hkl) planes of the annealed films.

(hkl)
g levels (%)  26(°); 0,in 300°C 20(°); 0,in 350°C  260(°); 0,in 300°C  26(°); 0zin 350°C

0% Mg 2% Mg
(010) 30.1966 30.2062 30.1950 30.1850
(011) 34.6894 34.7280 34.6789 34.6685
(111) 37.1800 37.3328 37.3661 37.3660
(200) 43.3443 43.2790 43.3661 43.4364
(012) 45.8867 45.8794 45.8290 45.7890
(110) 53.5493 53.5703 53.5195 53.4939
(013) / / 60.7366 60.7672
(020) 62.7269 63.0165 62.5640 62.6239
(021) 65.2939 65.2497 65.2823 65.2315
(220) 73.1381 73.1127 72.9922 72.8653
4% Mg 6% Mg

(010) 30.2244 30.1484 30.1894 30.2746
(011) 34.7278 34.6966 34.6885 34.8204
(111) 37.2928 / / /

(200) 43.2719 43.2747 43.3842 43.4078
(012) 45.9185 45.8391 45.8386 46.0118
(110) 53.6146 53.4954 53.4891 53.6243
(013) 60.9307 60.7735 60.8168 61.0934
(020) 62.7363 62.6997 62.7772 62.7741
(021) 65.3844 65.2855 / 65.4530
(220) 73.7882 73.114 72.8512 73.2410

Enhancement of superconducting properties of MgNiS by using oxygen annealing atmosphere
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C Figure (V.2) : XRD patterns of the annealed Mg :NiS thin film. )

V. 3. 1.2. The Crystallite Size & Micro-Strain:
The crystallite size (Dnx) of Mg-doped NiS films, annealed in O, atmospheres at 300°C for
3h30min and 350°C for 3h, was calculated using Debye—Scherrer's equation [3]:

kA o
thl = m N (Vl)

Where:
o g is full width at half-maximum (FWHM)

e k is aconstant.

This formula is used to calculate the Micro-Strain (enw) [4]:

N° (V.2)

e _ B
(hkl) = 4tan 6@
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( Table (V.3) : The Crystallite size values for each of the annealed Mg :NiS films. )

(hkl)
glevels (%)  Dpp; 0,in300°C  Dpyy; 02in 350°C  Dpyy; O4in 300°C Dpj; 02in 350°C

0% Mg 2% Mg
(010) 20.48 19.68 22.33 20.45
(011) 20.39 18.66 20.20 20.02
(012) 17.53 16.30 19.58 18.44
(110) 21.00 19.87 22.85 22.42
4% Mg 6% Mg
(010) 19.16 18.03 21.93 2051
(011) 17.65 17.49 20.18 19.17
(012) 16.65 16.52 16.29 15.56
(110) 19.25 18.96 18.29 18.39

(Table (V.4) : Micro-Strain values for each of the annealed Mg :NisS films. )

(hkl)
evels (%)  £,,,1073;0,in 300°C  £4,,1073; 0,in 350°C  £,,,1073; 0,in 300°C  £4,,1073; 0,in 350°C

0% Mg 2% Mg
(010) 6.50 6.76 5.96 6.51
(011) 5.70 6.23 5.76 5.81
(012) 5.07 5.46 4.55 4.83
(110) 3.66 3.87 3.37 3.44

4% Mg 6% Mg
(010) 6.92 7.39 6.09 6.47
(011) 6.95 6.65 5.76 6.04
(012) 5.35 5.39 5.46 5.70
(110) 4.00 4.06 4.19 4.18

According to the results in Table (V.5), a clear change in crystallite size average is
observed for Mg doped NiS films annealed in O2 atmospheres at 300°C for 3h30min and at
350°C for 3h, especially when compared to the as-deposited films. (Figure V.3) illustrates

Enhancement of superconducting properties of MgNiS by using oxygen annealing atmosphere
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these changes in average crystallite size as a function of magnesium content in the nickel

sulfide thin films. Notably, there was a significant increase in crystallite size with annealing

at 300°C for 3h30min, compared to annealing at 350°C for 3h. This suggests that annealing

in O, atmospheres at 300°C is more effective than at 350°C, despite the shorter duration.

However, We can conclude that annealing in an oxygen atmosphere can lead to an increase

in the crystallite size of films, corresponding to reduced microstrain. This is supported by

Senthilkumar et al. [5] Research on the effects of annealing on indium oxide (In203), where

improved crystallinity was noted in their investigations. Moreover, their findings also

indicated a reduction in microstrain and dislocation density.

Table (V.5) : The Crystallite size and Micro-Strain average values for each of Mg :NiS
annealed films and (as-deposited).

(hkl)
D;as- D;0Ozin D; O2in
g levels (%)  deposited 300°C 350°C

£1073;as £1073;0, £1073;02in

deposited in 300°C 350°C
0% 18.45 19.85 18.63 5.63 5.23 5.58
2% 18.30 21.24 20.30 5.63 4.91 5.15
4% 16.73 18.18 17.75 6.36 5.81 5.87
6% 15.55 19.17 18.40 6.66 5.38 5.60

a

M as-deposited
B annealed in O, atmospheres at 300°C
I annealed in O, atmospheres at 350°C

The Crystallites Size D (nm)
3 > ° S
Micro-Strain £ 10

-
o
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&
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I |
)

-

6,8
6,6
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6,0
58
56

5,

>

o
G

48

I as-deposited

annealed in O, atmospheres at 300°C
100 annealed in O, atmospheres at 350°C

0%
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Mg levels (%)

-
|
p

< Figure (\V.3) : Variation of D and ¢ average of the annealed films. )
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V. 3. 2. Chemical composition of Mg: NiS annealed films

Figure (V.4) shows that FTIR spectroscopy provides information on the presence of
various functional groups in the Mg-doped NiS films annealed in O, atmospheres at 300 and
350°C for 3h30min and 3h, respectively. The significant bands observed at 626 and 618
cm ! are attributed to the Ni-S stretching vibration modes [6]. Notably, this investigation
reveals a decrease in the intensity of the Ni—S bands with oxygen annealing at 350°C,
indicating enhanced oxygen diffusion. The bands at 1175 and 1158 cm™* depict the presence
of C-S vibrations in all annealed films [7]. In contrast, the stretching and bending vibrations
of O—H are noticeable at the peak of 3349 cm™ for the 4% Mg-doped NiS film annealed in
02 at 350°C for 3h [8],[9], which are absent in all other annealed films. However, peaks at
2355 cm 1 [10], corresponding to the stretching vibration of O=C bonds, are present in all

samples, suggesting the adsorption of atmospheric molecules on the aerogel surface.

===NiS$ :0% Mg == annealed in 0jat 300°C NiS-0% Mg / i \
-NiS :2% Mg 2 —NiS: 2% Mg —# annealed in 0jat 350°C

e NiS :4% Mg *NiS: 4% Mg
NS :6% Mg e NiS: 6% Mg

~

2355 cm”!

BT
£
G
@
<
«
o«

O-

H |

J
7
1
1
1
1
1
1
1
1
1
]
]
1
]

o
L
.’o

T
w

(2] -1
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Transmittance (%)
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( Figure (V.4) : FTIR spectra of Mg :NiS films annealed. )

V. 3. 3. The optical properties of Mg: NiS annealed films
V. 3. 3. 1. UV-vis absorbance:

Figure (V.5) displays the optical absorption spectra of NiS and Mg-doped NiS annealed
thin films, covering the range from 200 to 1100 nm. It's evident that the absorption edge for
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all films is situated in the UV region of 280 to 380nm. Initially, a decrease in absorbance
was observed in thin films annealed in O, atmospheres at 300 and 350°C for 3h30min and
3h, respectively, indicating an increase in transmittance. Additionally, an increase in
absorbance is observable in the visible region 380 to 740 nm and to some extent in the near-
infrared region 740 to 900 nm, approximately by 4 to 6 units, with annealing in O>
atmospheres at both 300°C and 350°C, compared to the as-deposited films. This increase in

absorbance with respect to annealing is consistently observed.

V. 3. 3. 2. The band gap energy:

The band gap energy (Eg) of NiS and Mg-doped NiS thin films can be evaluated from the
absorbance data presented in Figure (V.5), using Relation N°(V.4) for this purpose [11]:

A=ad =—-In(T) N° (V.3)
So:

(Ahv)? = B(hv — Eg)/A = ad N° (V.4)
Where:

e Alisthe absorbance

o dis the film thickness

e T is the transmittance spectra of thin films
* o is the absorption coefficient values

e Bisaconstant

e hv is the photon energy

e Eg s the band gap energy.

In Figure (V.6) extrapolating the curves of (Ahv)? to zero allows for the determination
of the optical band gap energy. The values obtained range from 0.822 to 1.182 eV for the as-
deposited and annealed films in oxygen atmospheres at 300°C and 350°C for 3h30min and
3h. Respectively, The band gap energy differences can be attributed to the in-plane
compressive strain relaxation during thermal annealing, which refers to the changes in the
band gap energy of a material being attributed to the relaxation of compressive strain within
the plane of the material during the process of thermal annealing [12].
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Figure (V.5) : Optical absorbance spectra of Mg :NiS annealed films.
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(Figure (V.6) : The variation of (Ahv)? with the hv of Mg :NiS annealed films.>

From the data in the table (V.6) and figure (V.7), we notice an increase in energy for the

annealed films. This increase in optical band gap energy after annealing in an oxygen

atmosphere can be attributed to changes in the crystal structure and a reduction in defects

and impurities. Specifically, the annealing process facilitates the relaxation of the crystal

lattice, altering the electronic structure of the material and affecting its optical properties.

C Table (V.6) : The optical band gap energy values of Mg :NiS annealed films. )

(hkl)
glevels (%) Eg; as deposited

Eg; Ozin 300°C

Eg; O2in 350°C

0% 0.882 0.983 1.028
2% 0.822 0.931 1.046
4% 0.934 0.986 1.062
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(Figure (V.7) : The variation of Eg of Mg :NiS annealed fiIms.)

V. 3. 4. Electrical study of annealed films
V. 3. 4. 1. Sheet resistance of Mg: NiS annealed films:

Figure (V.8) displays the voltage-current characteristics of Mg-doped NiS annealed films
within the 0-100 mA range. The linear increase in voltage with increasing current is evident,
suggesting the reliability of the measurements. The electrical sheet resistance of the Mg:NiS
thin films annealed in O, atmospheres at 300°C for 3h30min and at 350°C for 3h, was
determined using the four-point method at room temperature. Figure (V.9) and table (V.7)
illustrate the variation of sheet resistance (Rsh) with the Mg content for both deposited and
annealed films. It was observed that the sheet resistance decreases with increasing oxygen
annealing atmosphere at both temperatures, with Rsh values ranging from 1.87 to 8.30
(Q/Sheet). Consequently, the increase in crystalline sizes of NiS annealed films at 300°C
and 350°C leads to a decrease in trapping states at the grain boundaries. This indicates that

the free charge carriers become more mobilized [13], resulting in reduced resistance. It is

Enhancement of superconducting properties of MgNiS by using oxygen annealing atmosphere
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possible to interpret these results to suggest that annealing may enhance the sheet resistance

(Rsh). Therefore, these results suggest that annealing potentially improves the electrical

conductivity of Mg:NiS thin films.
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Figure (V.8) :Voltage changes as a function of current intensity of Mg :NiS annealed
films.

(Table (V.7) : The sheet resistance values of Mg :NiS annealed fiIms.)

As-deposited 0O, at 300°C 0O; at 350°C
0% 5.304 8.3 6.92
2% 5.974 1.87 2.25
4% 7.549 3.95 4,74
6% 5.569 4.83 5.097
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C Figure (V.9) : The variation of Rsh of Mg :NiS annealed films. )

V. 3. 4. 2. The Electrical Conductivity of NiS annealed films :

As previously highlighted, nickel sulfide is categorized as a p-type semiconductor and
is widely recognized for its electrochemical activity, primarily due to its broad range of
applications, including use in supercapacitors. In the findings presented in the third chapter,
we examined the electrical conductivity of pure nickel sulfide thin films and We will
examine films annealed in an O atmosphere at temperatures of 300°C for 3h30min 350°C

for 3h, respectively. This examination utilized the following formula [14]:

1 1
g =-=
P eXRgsp

The results of annealing nickel sulfide thin films at 300°C and 350°C in an oxygen

N° (V.5)

atmosphere are detailed in figure (V.10) and table (V.8). As shown, an increase in resistance
and a corresponding decrease in conductivity are observed. The decrease in electrical
conductivity during annealing in an oxygen atmosphere may be attributed to the oxidation

of nickel sulfide. This oxidation process can lead to the formation of nickel oxide on the
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surface or within the film, which typically exhibits lower electrical conductivity compared
to nickel sulfide.

( Table (V.8) : The Rsh, p and o values of NiS annealed films. )

As-deposited annealed in 02300°C annealed in O2350°C
Rsh(Q) 5.304 8.30 6.92
p (2.cm) 4.11 10* 6.43 10" 5.36 10"
o(Q2.cm)* 2.430 102 1.560 10 1.870 102

8.5 @ Sheet resistance Rsh(Q)
g @ Electrical resistivity p (Q.cm) - 0,00065 | 2400
@ Electrical Conductivity o(Q.cm)!
8,0 4
- 0,00060 | 2200
7,54
- 0,00055
7,0 4 e = 2000
6,54 Qo - 0,00050
- 1800
6,0 - = 0,00045
- 1600
5,5 - 3
- 0,00040
5,0 T T i 7 - 1400
0°C 350°C 300°C

annealed in O, atmospheres

( Figure (V.9) : The variation of Rsh, p and o of NiS annealed films. >

V. 4. Conclusion

Mg-doped NiS thin films were prepared in an oxygen annealing atmosphere at 300°C
for 3 hours and 30 minutes, and at 350°C for 3 hours. The results demonstrated that the films
are primarily composed of a NiS structure with a secondary NiO phase. It was also observed
that there is an increase in the crystallite size, particularly noticeable when annealing at
300°C for 3 hours and 30 minutes. This suggests an enhancement in the crystalline structure,

and the annealed films exhibit a good optical band gap. The annealed films exhibited
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favorable sheet resistance, ranging between 1.87 and 8.30 (€2/Sheet). In conclusion, the
optimal annealing condition for these thin films appears to be 300°C for 3 hours and 30

minutes used in supercapacitor applications.
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General Conclusion

This thesis attempts to study the factors affecting the physical properties of nickel
sulfide superconductors through magnesium doping and the use of annealing oxygen
atmosphere. Notably, these factors were studied on thin films prepared using the spray
pyrolysis technique, with a constant deposition temperature of 250°C for all experiments.
Initially, the research focused on the physical properties of pure NiS films. X-ray diffraction
analysis revealed that all NiS thin films possessed a fundamental hexagonal structure with a
preferred orientation of (010). The optimal crystal size was estimated at 22.148 nm. FTIR
analysis corroborated these findings, particularly through the identification of the Ni-S
chemical bond at 626 cm™, indicating successful film formation. Furthermore, optical
measurement results showed band gap energy values ranging between 0.87 and 0.92 eV.
Lastly, the electrical conductivity results were promising, suggesting that pure nickel sulfide

thin films have potential applications in Supercapacitors (SCs).

Subsequently, we deposited thin films of nickel sulfide doped with magnesium (Mg) in
various percentages (2%, 4%, 6%, and 8%). The most notable results were observed at 6%
Mg doping. The X-ray diffraction (XRD) results for the magnesium-doped NiS thin films
revealed a polycrystalline, hexagonal structure with a preferred peak orientation of (010).
As the level of magnesium doping increased, the crystallite size of these films decreased,
reaching a minimum of 14.015 nm at a doping concentration of 6%. Using FTIR at room
temperature, we confirmed the presence of NiS doped with Mg, as evidenced by the Ni-S
chemical bond appearing at 632 cm™. This result indicates the successful formation of the
films. We also investigated the optical properties using UV absorption spectra to determine
the optical band gap energy and Urbach energy. The band gap energy was found to range
from 0.882 to 0.994 eV. Finally, we measured the variation in electrical resistance relative
to the magnesium levels using the four-point method. It was observed that the minimum

electrical resistance, 5.569 ohms, occurred at 6% Mg concentration

Mg-doped NisS thin films were prepared in an oxygen annealing atmosphere, treated at
300°C for 3 hours and 30 minutes, and at 350°C for 3 hours. The results indicated that the

films primarily consist of a NiS structure with a secondary phase of NiO. Notably, there was
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an increase in crystallite size, especially pronounced for films annealed at 300°C for 3 hours
and 30 minutes. This suggests an enhancement in the crystalline structure. Furthermore, the
annealed films demonstrated good optical band gap properties. The sheet resistance of these
films was favorable, ranging between 1.87 and 8.30 Q/sheet. In conclusion, the optimal
annealing condition for these thin films, particularly for supercapacitor applications, appears
to be at 300°C for 3 hours and 30 minutes.
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Future Work

Based on this study, work can continue on:
Performing further characterizations, such as Hall effect measurements.

Exploring the alloy effect in magnesium nickel sulfide (MgNiS) thin films.

Investigating the effects of doping additional substances into thin films of nickel sulfide.

Studying the magnetic properties of nickel sulfide thin films.
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ANNEXES

Name and formula

Reference code: 98-060-2488
Compound name: Nickel Sulfide
Common name: Nickel Sulfide
Chemical formula: Ni{Sq

Crystallographic parameters

Crystal system: Hexagonal
Space group: P63/mmc
Space group number: 194

a (A): 3,4360
b (R): 3,4360
c (A): 5,2900
Alpha (°): 90,0000
Beta (°): 90,0000
Gamma (°): 120,0000
Calculated density (g/cm~3): 5,57
Volume of cell (1076 pm~3): 54,09

Z: 2,00
RIR: 4,80

Subfiles and quality

Subfiles: User Inorganic

Quality: User From Structure (=)

Comments

Creation Date: 01/08/2008

Modification Date: 30/12/1899

Original ICSD space group: P63/MMC. At least one temperature factor missing in the paper.. No R value
given in the paper.. X-ray diffraction (powder) N

Structure type: NiAs

Pressure in MPa: 2800

Metals Sdata Record: INT= film; RAD= Mo; APP= Debye-Scherrer

Metals formula record: Ni S (z = 2) P63/MMC

Structure type: NiAs

Recording date: 8/1/2008

ANX formula: NO

Z: 2

Calculated density: 5.57

Pearson code: hP4

Wyckoff code: ca

Publication title: Equation of state and high pressure phase transition of Ni S in the Ni As structure
ICSD collection code: 602488

Structure: NiAs

Chemical Name: Nickel Sulfide

Second Chemical Formula: Ni S

References

Structure: Heinz, D.L.;Campbell, A.J., Journal of Physics and Chemistry of
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Solids, 54, 5 - 7, (1993)

Peak list
No. h k 1 d [A] 2Theta[deg] I [5]
1 0 1 0 2,97566 30,006 52,6
2 0 0 2 2,64500 33,863 4,1
3 0 1 1 2,59351 34,556 38,8
4 0 1 2 1,97691 45,865 100,0
5 1 1 0 1,71800 53,278 45,2
6 0 1 3 1,51699 61,033 6,0
7 0 2 0 1,48783 62,361 4,9
8 1 1 2 1,44076 64,640 2,6
9 0 2 1 1,43226 65,071 4,9
10 0 0 4 1,32250 71,247 5,4
11 0 2 2 1,29675 72,886 19,5
12 0 1 4 1,20852 79,195 3,7
13 0 2 3 1,13713 85,283 2,3
14 1 2 0 1,12470 86,455 2,7
15 1 2 1 1,10011 88,887 4,1
Structure
No. Name Elem. X Y Z Biso
1 S1 S 0,33333 0,66667 0,25000 0,5000 1,0000
2 NIl  Ni 0,00000 0,00000 0,00000 0,5000 1,0000
Stick Pattern
Intensity [%]

100 . ,

Ref, Pattem: Mickel Suffice, 98-060-2488
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