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Introduction

The synthesis of low dimensional materials comprising thin films and nanostructures from
easily available and environmentally friendly starting materials along with exploration of cost—
effective deposition methods are main challenges of today’s materials science. Today, nanostructured
materials attract a considerable attention owing to the development of the daily life needs.
Nanostructured materials are a new class of materials having dimensions in the nanometers range,
which provide one of the greatest potentials for improving performance and extended capabilities of
products in a number of industrial sectors. Different form of nanostructures could be obtained such
as nano-particles, nano-rods, nano-tubes, nano-foams, nano-pillars, nano-layers and nano-flakes have
dominated the research field in the past two decades. It has increased the appreciation of materials in
the community and been a topic of much interest even amongst chemists, physicists, and other
scientists and engineers, because of the potential applications that can be exploited due to the
possibility of attaining unusual properties, as well as the new science that can be understood in terms

of material behavior due to nano-scale structures.

In recent years, research on semiconductor nanostructures is of great interest. Semiconductor
chalcogenides have attracted considerable attention due to their important unique physical and
chemical properties. The 11-VI semiconductor nanostructures have shown to be an important group
with considerable progresses in the synthesis and utilization of their unique properties in extensive
and novel applications, one of the intensively studied properties is the large band gap [1]. In the
present work we focus our work on the study of Zinc sulfide nanostructures, owing to their interest

properties.

Zinc sulfide (ZnS) is one of the first semiconductors discovered [2]. It has traditionally shown
remarkable versatility and promise for novel fundamental properties and diverse applications. The
nanoscale morphologies of ZnS have been proven to be one of the richest among all inorganic
semiconductors [3]. It is a promising candidate for diverse applications such as light-emitting diodes
(LEDs), infrared windows, electroluminescence, lasers, photovoltaic cells and sensors, catalysts,
cathode-ray tubes (CRT), field emission display (FED) phosphors for a long time [4]. It can also be
used for electroluminescent devices and photodiodes [5]. A Characteristic of nanostructures is the
high surface to volume ratio, which induces the structural and electronic changes. These differences
depend on particle sizes, shape and surface characteristics. The decrease of particle sizes causes an
extremely high surface area to volume ratio. The increase of surface area to volume ratio favors

surface states, which change the activity of electrons and holes, and affects the chemical reaction

1



dynamics [2]. Therefore, much research on ZnS nanostructures and their physicochemical properties
has been carried out and various methods have been used for the preparation of these nanostructures
[6]-[9]. ZnS can be also used in semiconductor heteronanostructures. Nanostructures where two or
more materials are used can produce new optical and electrical properties. An example is core/shell
QD, where ZnS is used for shell i.e. barrier [10].

Up to the beginning of the present investigation, a very limited number of studies was reported
by various physical and chemical methods: spray pyrolysis [5], Chemical bath deposition [11], radio-
frequency (RF) magnetron sputtering [12], pulsed laser deposition [16], atomic layer deposition [6],
sol gel process [13] and electrodeposition [8]. Electrochemical deposition is one of the most
interesting methods for the synthesis of thin films of semiconductors. It provides serval advantages
over other film processing techniques such as the ability to use a low synthesis temperature, cost
effectiveness, large area deposition, controllable thickness and morphology [14]. Also,
electrodeposition experimental parameters can be controlled more precisely. Many research groups
have adopted this method to prepare ZnS thin films. They found that the electrodeposited thin films
exhibit a low transmittance in the visible range, in order to improve this property, the obtained thin
films was annealed at 300 and 400 °C [15], It need energy and more time for this reason, several
researchers have been using doping by foreign elements to improve the optical properties [16], [17].
We report for the first time the effect of the electrodeposited rare earth (Er, Sm) doped ZnS, to

improve the optical properties.

The main purpose of this thesis is to study the effect of different electrodeposition parameters
as well as the doping by rare earths (Er, Sm) on the electrochemical, morphological, structural and

optical properties of the ZnS thin films.
The thesis is organized as following:

A general bibliographic review was presented in chapter I. The first part of this chapter is devoted to
the presentation of some generalities on nanostructures and the I1-VI semiconductors. When the
second part is devoted exclusively to ZnS, the properties, defects and the different fields of application

of this material.

The second chapter is concerned exclusively to the different experimental techniques used for the
deposition of undoped and doped ZnS nanostructures and the techniques used for their

electrochemical, morphological, structural and optical characterizations.

In the third chapter of this thesis we present the results of the electrodeposited ZnS thin films at
different parameters (variation of zinc concentration, pH, deposition potential and time) and the

obtained results will be discussed in details.



In the last chapter we presents the results (electrochemical, structural and optical) of the films doped

with the rare earths (Er, Sm)

At the end of this manuscript we give a general conclusion in which we summarize the

principal results of this work.
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Chapter | Zinc sulphide nanostructures

Chapter I ZnS thin films and nanostructures

This chapter is intended to provide a bibliographic basis to help us understand the following
chapters. For this, we embark on this part, an introduction on the semiconductors I1-VI as a general
point of view, after that we interest in the case of ZnS nanostructures. A brief description of different
deposition parameters going to be reported, followed by a description of doping ZnS nanostructures.
Then we expose some morphological, structural and optical properties that give a remarkable
capability for a wide variety of uses of the undoped and doped ZnS nanostructures. At the end we

represent the most important applications in various technological areas.

1.1. Nanotechnology

Nanotechnology is defined to be the development at the atomic, molecular or macromolecular
levels using a length scale of approximately one to one hundred nanometers in any dimension. The
creation and use of structures, devices and systems that have novel properties and functions and the

ability to control or manipulate matter on an atomic scale.

As we are aware that nanostructures are the age of the future, a lot of interesting research
going on currently and therefore the literature has been growing very fast in these area. Nanostructures
could be defined as structures designed on atomic or molecular scale in which at least one dimension
is measured in nanometers [18]. A nano is 10 that’s a really small number so let we put into
perspective for us a Nano here is to a meter as marble is to the diameter of the entire earth, how’s that
for scale. The interest in these materials has been stimulated by the fact that, owing to the small size
of building blocks (particle, grain or layer) and the high surface-to volume ratio, significant increase
in grain boundary area, these materials are expected to demonstrate unique mechanical, optical,
electronic, and magnetic properties [19]. Due to their superior properties, nanostructured materials
find a wide range of applications in novel electronic and optical nano devices etc. [19]. Controlled
and cost—effective fabrication, investigation, and further integration of nanomaterials to nano devices

IS a great challenge in nanoscale technology.
1.2. Wide band gap I1-VI Semiconductors

The wide band gap 11-VI semiconductors are compounds formed with A"BY!, where A is an
element from group Il (Zn, Cd, Hg) and B an element from the group VI (O, S, Se, Te). These
compound semiconductors have been the subject of extensive research for several decades in both
fundamental studies and device applications [20]. The broad range of band gaps and lattice constants
have been key factors that make 11-VI semiconductor widely study and improved compared to other

semiconductors. Because of this, 11-VI semiconductors are particularly attractive for a wide range of
3
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applications such as optoelectronic devices, infrared lasers and detectors, blue-green lasers and light
emitting diodes (LEDs), nonlinear optical materials, magneto-optical devices and radiation detectors
[21]. Such applications have significantly improved photonics, computers, telecommunications as
well as many other industries and technologies. Nevertheless, during 1960 and 1970 II-VI
semiconductors did not receive much attention from the semiconductor community due to limitations
of growth and doping techniques. Only in the 1980 and 1990, with the advent of advanced crystal
growth techniques such as metal-organic chemical vapor deposition (MOCVD) and molecular beam
epitaxy (MBE), a new surge of research devoted to 11-VI emerged. Presently, with progress of thin
films deposition techniques and along many new directions, including spintronic, optoelectronics,

quantum heterostructures, and 11-VI materials gains much interest.

Among these materials, Zinc Sulphide (ZnS) is becoming one of the most important 11-V1 direct
band gap semiconductor. ZnS thin films are prepared by several techniques such as sputtering [22]
spray pyrolysis [5], pulsed laser deposition (PLD) [23] thermal evaporation [24], chemical bath
deposition (CBD) [11] and electrodeposition [14]. Each technique has its specifications and
advantage characteristic however, the electrodeposition is one of the simple, easy, inexpensive and
safe technique and it doesn’t require any heavy or costly equipment’s. It has been used to procure

large homogeneous areas of the deposited films.

1.3. Properties and preparation techniques

Most of the 11-VI semiconductors crystallize in two structures: cubic zinc blend structure or
hexagonal Waurtzite structure, where an anion is surrounded by four cations and vice- versa. The
atoms of the column Il are located in the positions (0,0,0), (0,1/2,1/2), (1/2,0,1/2), (1/2,1/2,0), while
the atoms of the VI column are in located in the sites (1/4,1/4,1/4), (1/4,3/4,3/4), (3/4,1/4,3/4),
(3/4,3/4,1/4) [20]. Some Il VI semiconductors properties are shown in table I. 1.
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Figure 1. 1: Crystalline structures of the a) Diamond and zinc blende (cubic) and b) Wurzite

(hexagonal) semiconductors [20].

Wide-bandgap 11-VI compounds were commonly grown using different physical and
chemical techniques. The first deposits 11-VI nanostructures experience was done using the
conventional vapor-phase epitaxy (VPE) method for 60s.With the development of science and
technology, new and higher requirements arose for material preparation. For this reason, a novel
epitaxial growth techniques were developed(hot-wall epitaxy (HWE) [25], metalorganic chemical
vapor deposition (MOCVD) [26], molecular-beam epitaxy (MBE) [27], [28], metalorganic
molecular-beam epitaxy (MOMBE) [29] and atomic layer epitaxy (ALE) [30]) to simplify the
growth, by improve the quality of the deposited compounds and facilitate the control of the film
thickness, those methods are highly expensive and perhaps requires a large amount of material target.
Since the need to produce good-quality thin films with low economical cost is hecessary the chemical
methods are presented such as: Chemical bath deposition (CBD) [31], sol-gel [32], spray pyrolysis
[33], Chemical vapor deposition (CVD) [34] , sputtering [35]and electrodeposition [36].
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Table I. 1: Properties of some wide-bandgap 11-VI compound semiconductors [21].

Material ZnS Zn0O ZnSe ZnTe CdS CdSe CdTe
Property

Velng point 2038(WZ, 2248 1797 1513 2023 (WZ, 1623 1370
() 150atm) 100 atm) (2B)

Energy gap Eg 3.68/3.91 /3.4 2.71/- 2.394 2.50/250 -/1.751 1.475
at 300K (eV)

(ZB*IWZ*)

Structure ZB/WZ Wz ZB/\WZ ZB ZB/WZ Wz /B
Lattice constant (.541 0.567 0.610  0.582 0.608 0.648
(ZB) ao at 300K

(nm)

Lattice constant ~(0.3811 0.324 0.398 0.427  0.4135 0.430

(WZ) ap = ho
0.6234 0.520 0.653 0.699 0.6749 0.702
Coat 300K (nm)

Dielectric 8.6/5.2 8.6/4. 9.2/5.8 9.3/6.9 8.6/5.3 9.5/6.2 2.27/-
constant eo/es

ZB:Zinc blend,W:Wurtzite
1.4 Zinc sulphide preparation
4.1 Solution processing- Electrochemical deposition

Recently, several attempts have been made to employ the electrodeposition process in which
the ZnS nanostructures was deposited by pulse [19] or potentiostatic mod [20]. Nevertheless, the
obtained films were not in good qualities, either poorly crystallized or in low purity. The critical

reasons may lie in the much more positive Nernst potential of sulfur (E(szog-/sﬁ -0.7 V vs. SCE)

than that of zinc (E@zn?*/zny=—1 V vs. SCE), which would cause the preferential deposition of sulfur

and consequently affect the qualities of the ZnS nanostructures.

Among the different solutions used for the development of ZnS nanostructures, we will
mention, Hennayaka et al. [37], used an electrolyte bath containing 25 mM ZnSO, 7H,0O and 10
MMNa2S20s. In addition, 10 mM Na3z-CsHsO7 2H>0 was added as a chelating agent. The pH of the
solution was fixed at 4.10 using diluted H2SO4 acid. Xu et al. [36] used an acidic electrolytes (pH
3.5) containing 20 mM Na2S203, (15-25 mM) Zn (CH3COO)2, (0-0.2 mM) C7HsOsS, 0.375 mM

Na>SOs and 200 mM LiCIl. Among them, the Na>SOs was used as a stabilizing agent to keep the
6
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relatively long lifetime of the S,0% containing acidic electrolytes, and the LiCl was used as a
supporting electrolyte. And other research was using an acidic solution containing ZnSQO4 and
Na2S.03[15], [38].

4.2 Other solution processing methods

Changing the deposition method introduced changes to the first conditions used. One of the
most influenced thing on the quality of the obtained nanostructures is the bath solution used for that.
Starting by CBD technique, all we need is Beaker, hotplate, substrate, chemicals and timer. CBD
technique has widely used for the elaboration of ZnS nanostructures, H, Ahn et al grown ZnS
nanostructures on glass substrates by using an aqueous solution containing ZnSO4 (0.010 M),
ammonia (0.07 M), and thiourea (0.8 M) at 90 °C. The mixture was poured into a beaker and heated
to 90°C. The process consisted of an aqueous bath whose temperature was controlled with a hot plate.
When deposition temperature is reached, the glass substrate were introduced vertically into the
solution. After deposition, the thin films were rinsed with distilled water and dried using N2 gas [39].
Also sol-gel method attract much attention for the elaboration of ZnS nanostructures, different
capping agent or stabilizer were used for the preparation of deposition solution and different
parameters should be controlled. M, Akhtar et al. [40] synthesized ZnS nanostructures from an
aqueous solution of Na,S was mixed drop wise to the aqueous solution of Zn (NO3z)2 under continuous
stirring using magnetic stirrer. Nitric acid (0.5M) was used to control the pH of solutions. During
synthesis of ZnS, no capping agent or stabilizer was used. After two hours of vigorous stirring at
60°C, clear and transparent solution was obtained. Prepared solution were then left for aging for 24
hours in order to give sufficient time to reactants for complete reaction. The aged samples were

deposited on cleaned glass substrates via spin coating under specific speed.
1.5 Electrochemical deposition control factor

Many research groups have adopted electrochemical deposition method to prepare ZnS thin
films at various deposition parameters. The electrodeposition of ZnS thin films was first reported by
C. D. Lokhande et al. [41] from a ZnSO4-Na,S;03 solutions. The films was electrodeposited
cathodically on two different substrates (stainless steel and indium tin oxide-coated (ITO) glass) at -
300 mV vs. SCE.

N, Fathy et al. [42] were studied the effect of bath concentration on the properties of the ZnS
thin films obtained by pulse deposition. In this study, two different bath were used, the first group
grown from ZnSO:-rich solution and the second grown from Na»S>Oz-rich solution, they discussed

the optical and electrical properties of ZnS thin films grown from both solution. It was found that the
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transparency of the as-deposited films obtained from the ZnSOg4-rich solution is higher than that
obtained from the Na>S>Os-rich. Also, it is shown that the annealing of the films at 300 °C for 1 h
improves the transmission and the photosensitivity. For electrical properties, they found that Au and
In contacts have ohmic-like characteristics to ZnS and the resistivity of the as-deposited films is lower

than the resistivity of the annealed films.

On the other hand, A. Kassim et al. [42], were electrodeposited ZnS thin films on an indium
tin oxide glass substrate (using a potensiostatic mode) using zinc chloride, sodium thiosulfate and
triethanolamine solutions at room temperature. The triethanolamine complexing agents was added to
improve the quality of the obtained thin films. Also, they studied the effect of both applied potential
and deposition time on the formation of the deposits. The X-ray diffraction patterns confirm the
presence of ZnS for all the samples and the AFM images indicate that the grain size decreases as the
cathodic potential becomes more negative at various deposition periods. As a comparison between
all the prepared samples with different conditions they report that the film deposited at -1.1 V during
30 min had a homogenous, uniform and high crystallinity (Fig. 1.2).

a) ¢ In§

Intensity (aa.u.)

0025 30 3B 4 45 N KN

2 theta/degrees

Figure 1. 2: a) X-ray diffraction patterns and b) AFM image of ZnS thin films deposited for 30 min
at-1.1V [42].

The electrochemical preparation of ZnS thin films by a Galvanostatic mode was studied by
Xu et al. [14]. The deposition was performed at 10 mA.cm™ in acidic electrolytes containing 15-30
mM Zn(CH3COOQO),, 20 mM Na»S203, 200 mM LiCl, 0.375 mM Na>S0Os, and 0.0 or 0.2 mM C7HgOsS.
The results show that the presence of C7HsOsS can suppress the precipitation of Zn and S impurity
phases during the ZnS deposition process. The deposited ZnS film exhibits only hexagonal structure
with an ideal Zn/S atomic ratio of 1.03 and a close-packed granular morphology. The estimated

optical band gap of the as-deposited films was equal to 2.86 eV, this value is smaller than the common
8
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value of ZnS. After annealing, the band gap value was increased to 3.70 eV and the crystalline phase

transformed from hexagonal to cubic structure (Fig. 1.3).

*xZnS <ITO
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Figure 1. 3: XRD patterns of the film (a) before and (b) after annealing [14].

Also, Hennayaka et al. [37] were grown ZnS thin films on ITO glass substrates from a
ZnS04-NazS,03 solutions using pulsed electrodeposition. NasCsHsO7-2H,O was added as a
chelating agent. The effect of the deposition temperature on the structural and optical properties
of the ZnS films was investigated. As the deposition temperature increased, a polycrystalline cubic
ZnS was obtained for all films and its optical transmittance and bandgap decreased because its
thickness and grain size increased (Fig.1.4). Moreover, the ZnS films grown at 90 °C exhibited the

highly (200) preferred orientation and n-type conductivity with a wide bandgap of 3.75 eV.
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Figure 1. 4: (a) Cross section view FE-SEM images of the ZnS and (b) optical bandgap obtained at

different deposition temperatures [37].
1.6 Doping zinc sulphide

6.1 Defect in ZnS

Understanding the behaviors of native point defects is essential to the successful application
of any semiconductor. For example, native point defects often influence or control the conductive
type (n- or p- type) of semiconductors. Besides, they often control, directly or indirectly, doping,
minority carrier lifetime, and luminescence efficiency. Theoritical study of the native point defect

have been done by several researchers [43]-[45]. Here we describe some results:
e Antisites

Zinc antisites (Zns) introduce defect states in the band gap occupied by two electrons, which
might be excited to the conduction band, thus acting as donors. Therefore, zinc antisites cannot
provide electrons to the conduction band by thermal excitation. On the other hand, they have high
formation energy. In S-rich conditions, their formation energy is extremely high for any position of
the Fermi level in the band gap but in Zn-rich conditions, the Zns defects will not occur in high
concentrations. Contrary to zinc antisites, sulfur antisites (Szn) introduce partially occupied states in
the band gap, which can accept additional electrons to act as acceptors. The Sz, is located at 2.57,
2.81 and 3.09 eV above the Valence Band Maximum (VBM) [45]. These levels are too deep for the
Szn defects to provide holes to the valence band by thermal excitation, thus they cannot contribute to
the p-type conductivity of ZnS. The formation energy of the Sz, defects is always high in Zn-rich
than S-rich conditions.

10
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e Vacancies

TheSulfur vacancies (Vs) defect is not stable at all the Fermi level positions in the band gap
and the defects will transit directly from the neutral to the 2+ charge state. The local relaxed

geometries around sulfur vacancies in the neutral, 1+ and 2+ charge state is shown in Figure I. 5.

It’s clearly seen that that the four nearest neighboring zinc atoms around Vo are displaced

inward, while those around Vi *and VZ*are displaced outward.

Sulfur vacancies are deep donors and they cannot contribute to n-type conductivity of ZnS.
The formation energy of the Vs defects is low at the VBM in Zn-rich conditions. Therefore, they are
very strong compensating centers in p-type ZnS. In S-rich conditions, sulfur vacancies have high
formation energies. It means that the defects will not appear in observed concentrations if the

materials are grown in S-rich and thermal equilibrium conditions.

Figure 1. 5: Local atomic relaxations around the sulfur vacancy in the a) neutral, b) 1+, and c) 2+
charge states. Yellow and small balls denote sulfur atoms, and gray and big one denote zinc atoms
[45].

e Interstitials

There are two kinds of interstitial sites in zinc blende ZnS: one is the zinc cage site and the
other is the sulfur cage site. The zinc cage site is the cubic body center of the ZnS conventional cell,
while the sulfur cage site is the 1/4 site on body diagonal of the cubic. Zinc atoms can occupy both
the zinc or sulfur cage sites (Znzn1 or Zns_j), introducing defect states in the band gap occupied by
two electrons, thus they may act as donors. However, their transition levels are in the upper part of
the band gap, so they are deep donors. At room temperature, they cannot be excited and thus have no
contributions to n-type conductivity. Besides, it’s obtained that the Znzn-j defects have the lowest high
formation energy at the VBM in Zn-rich conditions, indicating they are strong compensation centers

in p-type materials. In S-rich conditions, the formation energy of the Znzn; defects are always high,

11
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thus they cannot occur in high concentrations. The Zns_; defects have high formation energies in both

Zn- and S- rich conditions, so they are also difficult to form.

The deviation from perfect structure in a semiconductor material will exert much influence on
the properties of the material. Therefore, the properties especially the conductivity can be tuned by

controlling the stoichiometry during growth without the intentional doping of dopants.

The electrical property of a native semiconductor is determined by the dominative native
defects under a certain growing conditions. For example, to be an n-type material, the dominative
acceptor defects must have high formation energy and ionization energy. Meanwhile, the intrinsic
compensation defects are abundant. To examine the formation of native n-type ZnS, we mainly focus
on the regions where Er is up towards the VBM [45].

6.2 Dopant materials

Generally, the n-type conductivity of ZnS is easily obtained by doping with the elements of
group A (Al, Ga, In, etc.) as a zinc substituent, or by the elements of the group VIIA (F, Br, etc.)
as substituent of sulfur [46]. Those elements are incorporated into the ZnS lattice by forming deep

donor levels, which contribute to the electrical conduction of ZnS.

The electrical properties of a semiconductor can also be engineered by the deliberate
incorporation of impurities. Up to now, various doping materials including group V substituting on S
site, group | elements and group IB elements (Cu, Ag, Au) on Zn site have been tried to investigate
the p-type dopability of ZnS via the intentional incorporation of impurities, we attempt the same
dopants as usually used in ZnO. For the dopant to be a good acceptor, it should have low ionization
energy and high solubility under proper condition that does not favor the formation of compensation
from native donors defects [46].

Various researchers have achieved such doping using different metals, such as aluminum,
chromium [47], or several transition metals [48]. As found by Nasir [49], adding aluminum to a ZnS
film results in the growth of free negative charge carriers. Doping ZnS films by chromium was
achieved by the simultaneous co-evaporation of two precursors from different evaporators.
Unfortunately, all of the experiments reported by Aamodt et al. [47] Show that incorporation of Cr
in ZnS films results in an increase of their resistivity and tends to form Cr clusters instead of
dissolving in the ZnS matrix. Zhang et al. [48] theoretically studied the incorporation of divalent
transition metals (such as Cr, Mn, Fe, Co and Ni) in ZnS films. It was found that the incorporation of
Cr, Ni and Fe ions in ZnS films increased light absorption in the visible region, which may be useful

for the preparation of new solar cell prototypes.

12
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1.7 Properties of zinc sulphide and doped Zinc sulphide

7.1 Morphologies
The morphology of the ZnS thin films have generally studied using SEM (microscopy

electronic scanning) and AFM (Atomic Force Microscopy). It was established that the deposition
parameters considerably influence the morphology of the deposited ZnS thin films. Ortiz-Ramos et
al. [50] have obtained smaller aggregates, for the film prepared by CBD technique shown in
figure 1.6.a, the growth mechanism involved in the deposition of the ZnS films was the called cluster-

by-cluster [51].

Figure 1. 6: a) SEM surface images of the undoped ZnS film [50], AFM images (5 um*5 um) of the
surfaces of ZnS films annealed at temperature of (b) 100°C, (c) 200°C, and (d) 300°C [39].

The influence of the post-annealing temperature on the surface morphology of the deposited
ZnS thin film was reported by Ahn et al. [39], as revealed by AFM images shown in figure I. 6 (b, c
and d) not only the annealed films composed of clusters, but they also possess more compact and

smoother surfaces as the annealing temperature increases.

13
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Another study was performed, Zhang et al. [52] used H>S to sulfurize ZnO thin films at 500
°C. The increase of sulfidation time from 0.5 h to 5 h, leads to the enhancement of dense ZnS thin
films (which is become slightly great) as shown in figure I. 7. The change in particle size was related
to the recrystallization of ZnS and grain growth as well as the S replacement of O in the lattices will
occur during sulfidation. Therefore, it is considered that during sulfidation of ZnO, oxygen sites in
lattices are replaced by sulfur along with the recrystallization of ZnS, and the resultant ZnS thin films
have the nanostructure along the c-axis. Clearly, the sulfur replacement of oxygen and
recrystallization behaviors during sulfidation will be responsible for the increase in grain size of the
sulfurized films. It had reported that, the grains before and after heating ZnS in sulfur vapor had
greater change than in H,S [53]. This means that ZnS recrystallization will be more favorable in sulfur
vapor than in the H»S-containing mixture. However, the recrystallization in sulfur vapor can form

greater grains and thus hamper the sulfur diffusion and replacement of oxygen sites in crystal lattices.

Figure 1. 7: Low-magnification SEM patterns of the ZnS thin films produced by sulfidation for a) 0.5

h, b) 2 h and c) 5 h, respectively, and high-magnification SEM pattern of d) annealed ZnO thin film
with the inset for it after sulfidation for 2 h [52].

It is necessary to point out that doping a semiconductor has a great effect on the morphology
of the obtained thin films. Jayanthi et al. [54] studied the effect Cu doped ZnS thin film. They report
that The ZnS:Cu thin films showed compact distribution over the surface and good connectivity
between grains figure 1. 8, for the Cu= 0.1M shown flake type formation with particle size distribution

14
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about 200nm. In the case of 0.01 M Cu the flake type structure broke in to small size (100 nm), and
fluffy mass was spread randomly over the surface.

Figure 1. 8: SEM micrographs for ZnS:Cu nanoparticles with Cu concentrations of a) 0.1M, b) 0.01M
and c) 0.001M [54].

When the copper concentration was reduced from 0.01 to 0.001 M, the morphology of ZnS:Cu
was totally changed. The particle size was very small, nearly about 50 nm. The fluffy mass was
present in cluster form and they were not uniformly distributed. Mukherjeea et al. [55] compared the
morphological aspect of two ZnS films deposited at room temperatures, pure and the doped with tin.
The SEM images of the two films, pure and Sn-doped ZnS are shown in figure I. 9 no significant

change in surface morphology was observed due to tin doping.

Figure 1. 9: FESEM image of a) ZnS and b) 5% Sn: ZnS [55].
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Nanoscale architectures have attracted strong interests due to their unique properties from
large surface-to-volume ratio [56]. Recently, various ZnS 1-D nanostructures, such as nanowires,
nanorods, nanotubes, and nanobelts, have successfully been synthesized [57]. Several kinds of
nanoscale photodetectors built on 1-D ZnS nanostructures were also fabricated. For example, Fang
et al. [58] fabricated individual ZnS nanobelt-based and multiple ZnS nanobelt-based UV-light
photodetectors and Yu et al. [59] Also fabricated high-gain visible-blind UV photodetectors based on
chlorine-doped n-type ZnS nanoribbons with tunable optoelectronic properties( Fig.1.10). However,

due to the low photocurrent, there is still a great challenge to develop ZnS for practical applications.

Figure 1. 10: ZnS nanostructures a) Nanorodes [60] b) Nanoflower [56] ¢) and d) Nanowires [57].
7.2 Crytal structure

ZnS has two commonly available structures: one with a zinc blend structure and another one
with a Wurtzite structure. The cubic form is the stable phase one at low-temperature, while the latter
IS going to be formed at high-temperature which forms at around 1296 K [61]. Several experimental

and theoretical work has been done to study the effect of temperatures on the phase transformation.
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Wurtzite Zinc blende

Figure 1. 11: Models showing the difference between wurtzite and zinc blende crystal structures. a)
and b) Show handedness of the fourth interatomic bond along the right (R) for wurtzite and along
the left (L) for zinc blende. ¢) and d) The respective eclipsed and staggered dihedral conformations.

e) and f) Show atomic arrangement along the close packing axis [61].

Figure I. 11 shows three different views of these structures, the difference in atomic
arrangements leads to large difference in their properties. The differences can be described either in
terms of the relative handedness of the fourth interatomic bond or by their dihedral conformations.

Alternatively, ZB consists of tetrahedral coordinated zinc and sulfur atoms stacked in the
ABCABC pattern, while in WZ, the same building blocks are stacked in the ABABAB pattern. The
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lattice parameters of ZBarea=b =c =5.41 A, Z = 4 (space group F4-3 m) and that of WZ area="b
=3.82A,¢c=6.26 A, Z=2 (space group = P63mc).

The growth of thin films is strongly related to the deposition conditions and methods, different
deposition methods leads to different properties of the obtained thin films. Indeed, to obtain a high

quality of thin films different parameters should be controlled.

Various methods were used to elaborate ZnS thin film, with different characteristic. Arenas et
al. [7] have studied the effect of divers parameters (different bath, temperature and air annealing) on
the structural properties of the deposited ZnS thin films. The typical chemically deposited semicon-
ductor thin film was obtained for the film deposited at 50 °C. Thereafter the preparation of the
deposition bath, divers equilibrium chemicals and a nucleation layer of Zn(OH), was formed over the

surface of the substrate followed by the formation of ZnS thin films by the reaction:
Zn(OH), + S%~ - ZnS + 20H?*" (Eq. )

The obtained XRD patterns of the as deposited thin films does not shown any diffraction peak,
that is mean that the as deposited films were amorphous. A transformation phase from ZnS to ZnO
was obtained, after air annealing at 500 °C for 5min, this phase was not stoichiometric. Kryshtab et
al. [62] also studied the effect of annealing in Sz-rich atmosphere at atmospheric pressure. XRD
patterns show a sphalerite structure with preferred orientation (111) for the ZnS film annealed at 950
°C, a transition phase for the deposited ZnS: Cu, Cl annealed at 800 °C the presence of Cu and Cl
during the annealing process reduce the transition phase temperature. a great effort by several
researchers was made to reduce the cost, high annealing temperature used in sophisticated methods
strengthen the researchers to work with simple methods to reduce the cost. Hwang et al. [12]

deposited.

ZnS thin films by RF magnetron sputtering, the temperature of the deposited substrate was
ranged from 100-400 °C, a single crystalline structures with a preferential orientation (111) parallel
to the substrate surface was obtained for all the films. When the best-preferred orientation structure
was obtained at 350°C.

For the first time Eid et al. [63] obtained a polycrystalline, ZnS thin films prepared by
chemical vapor deposition at room temperatures, figure 1. 12 shows that the crystallinity of the ZnS
thin films decreased as the annealing temperature increased till 200 °C. The overall intensity of the
reflections decreased when the temperature of annealing increased without the appearance of any new
reflections. This observation agrees with previous reported works [64], [65]. Annealing was not the

only parameters that should be controlled during the study of structural properties,
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Figure 1. 12: XRD patterns of the deposited ZnS thin films at different annealing temperatures [63].

Omran Al-khayatt et al. [66] have studied the effect of zinc concentration on the structural
properties. An increase in crystallinity by increasing the concentration of the zinc precursor was
performed for the obtained wurzite ZnS thin films. The good choice of different parameters of
deposition leads to a high crystallinity. Which encouraged researchers to study the role of deposition
time [67], type of substrate [68], concentration of the precursor, complexing agent [69], doping [70],

[71] and many other parameters.

7.3 Optical properties
Thin films have widely used in different applications such as solar cells, gas sensors ect ...,
optical properties is one of the crucial parameters that should be controlled. The most frequently

reported optical properties are: transmittance, absorbance and the optical gap.
a) Optical Transmittance

ZnS thin films are practically transparent, It exhibits a high optical transparency over a large
region from the ultraviolet (UV) to the infrared (IR), which make it to be a good candidate to be used
as a window layer in heterojunction photovoltaic solar cells. These films are uniform, smooth,
transparent and a strong adhesion to the substrate. In general, transmittance is related to the deposition
parameters thickness, gap, and crystal structure of the film. In figure I. 13 we have reported typical
ZnS film transmittance spectra deposited with different pH by chemical bath deposition [11],. It
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important to note that as the pH increases, the transmittance of the films increases. This increase is

related to the film thickness as report in other study [72].
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Figure 1. 13: Optical transmission spectra of ZnS thin films deposited at different pH of the chemical
bath, a):10, b):10.31, ¢): 10.99 and d): 11.5 [11].

Figure I. 14 shows the transmittance spectra of the ZnS films coated with different thicknesses, high
porosity was obtained which will tend to increase the crystallinity with the increase of the

transmittance. This leads to a reduction in the thickness [73].
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Figure 1. 14: Optical transmission of ZnS thin films with different thickness [73].

The presence of interference fringes as shown in Figure 1.15, is related to the thickness if it’s

almost constant and uniform [74].
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Figure 1. 15: Transmittance vs. wavelength spectra of as-deposited and annealed ZnS thin films
[74].

b) Band gap

Optical band gap was determinate frequently from the optical transmittance (absorbance). ZnS
has a direct transition type band structure. The gap value of zinc sulfide (ZnS) is 3.5-3.7 eV at room
temperature, as previously mentioned. In general, the variation of band gap energy values is
influenced by several factors such as deposition temperature, film thickness, grains size, carries
concentration, doping elements, shifting the stoichiometry of the film, the Urbach energy disorder
and the chemical composition of the bath. The refractive index (n) of bulk ZnS is 2.47 at 450.9 nm
and 2.32 at 708.5 nm, with the corresponding extinction coefficient (k) varying in the 107° to 10°°
range [5].

In the table I. 2, we have reported the variation of optical band gap for ZnS thin films deposited
by CBD at different pH. It was found that the gap broadens as the pH of the solution decreases [11].

The shift to higher values of Egq is related to quantum confinement of ZnS thin films [10].
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Table I. 2: Band gap values of the ZnS thin films for different pH of the chemical bath [11].

Ph Optical band gap (+0.02 eV)
11.50 3.67
10.99 3.81
10.31 3.88
10.00 3.78

Jasib et al. [73] Have reported in table I. 3, the variations of the optical constants values, in
this case the gap Eg. Increasing the thickness of the thin film causes a greater disorder (queue states)
in the structure, which leads to a decrease in the band gap. In case of thick films, these allowed states

could well merge with the conduction band resulting in the reduction of the band gap.

Table 1. 3: The values of optical energy gap for ZnS thin film with different Thickness [73].

ZnS thickness (nm) Eg (eV)
75 3.62
150 3.54
225 3.5
300 3.42
375 341
450 3.4
925 3.38

The doping of the ZnS thin films with other elements have a great effect on the band gap,
Mukherjee et al. [55] have reported that Sn doping increases the fundamental absorption edge. The
band gap energy increases from (3.69 eV for ZnS to 3.90 eV) for 5% Sn: ZnS. Such enhancement of
bandgap might be due to enhancement of relative intensity of the major diffraction peak (100)

corresponding to hexagonal wurtzite structure consequently leasing to a more ordered structure.

The doping of ZnS with Al was reported by Nagamani et al. [31] a slight blue shift was

observed in the absorption edge with the increase of doping content in the films, leads to enhancement
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of energy band gap. This can be attributed to the effective incorporation of Al dopant atoms into the
ZnS lattice [31].
7.4 Electronic structure

Studies of materials properties in the vicinity of the gap give a special consideration in physics
of solids. The conduction-band minima of the ZnS are much more dispersive than the valence band
maxima for both phases (blende and wurtzite). The author’s further state that mobility of electrons in
these material is therefore higher than that of holes [75]. The electronic structure of zinc and sulfur
are:

Zn: 3d10 4s2
S:3s2 3p4

The study of band structure and DOS of ZnS were calculated by Yu et al. [59] an analysis of the
band structure, presented in figure I. 16. We observe that both ZB and W phase have a direct band
gap at the T" point, An analysis of the DOS for the bulk ZnS polymorphs shows that uppermost
valence band (VB) consists mainly of S 3p orbitals with a lesser contribution of hybrids Zn 4s and 4p

orbital states.
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Figure 1. 16: Band structures and projected DOS on atomic levels for ZnS polymorphs: a)—c) Zinc
blende, b)-d) Wurtzite[59].
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The presence of Zn 3d states in the VB in the ZnS polymorphs models reveals a strong bonding
character between S and Zn. The conduction band (CB) consists mainly of hybridization of Zn 4s and
4p orbital states with a small contribution of S 3p orbitals. Also, p-electrons forming the topmost
valence band states tightly bind to sulfur and make the valence band holes less mobile. Hence, the
contribution of the holes to the conductivity is expected to be smaller. The valence band comprises
of three regions: a lower region consists of the s bands of Zn and S, a higher-lying region contains
well localized Zn 3d bands, and a top broader band originating from the s—p states hybridized with
Zn 3d states. The fundamental relationship between the nature of chemical bonding and bulk
properties in ZnS polymorphs, showing the presence of mixed ionic-covalent bonding for these
materials. The bonding is predominantly covalent for ZB and W phases. While the Zn-S distance is
2.308, 2.313A for ZB, W, respectively [59].

7.5 ZnS conduction mechanism

Investigation of dc conductivity has been developed as a prevailing tool to understand the
electrical transport mechanism in nanomaterials. Various conduction models such as space charge
limited current (SCLC), Poole-Frenkel (PF) conduction mechanism and Richardson-Schottky (RS)
emission have been reported to explain the conduction in nanomaterials. The detailed study of DC
conduction mechanism in ZnS nanoparticles is still lacking in literature because no comprehensive
report has been found so far. For synthesis of cubic ZnS nanoparticles, there exist several techniques
such as solvo thermal method, hydrothermal method, solid state reaction method, sol-gel processing,
chemical co-precipitation method and electrodeposition method.

1.8. Applications

ZnS is a promising material for various applications due to the abundance of its components
in nature, low-cost production, good thermal stability, and electrochemical properties. Which make a
suitable material for various application; electroluminescent devices (ELD), field effect transistor,

photocatalysis, sensors, and solar cell [76].
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Figure 1. 17: Schematic of an electroluminescent display (ELD) device with ZnS as the phosphor
material [77].

SUBSTRATE

One of the first uses of ZnS was in nuclear physics as a scintillation detector (scintillation
detector measures ionizing radiation), it also used in x-ray screens and cathode ray tubes [77]. ZnS is
also an important phosphor host lattice material used in electroluminescent devices (ELD), because
of the band gap large enough to emit visible light without absorption and the efficient transport of
high-energy electrons [77].
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Chapter Il Experimental procedure

In this chapter, a short overview of theoretical aspect of the experimental techniques used in
this work are given. Cyclic voltammetry (CV) is the most common technique to obtain preliminary
information about an electrochemical process. It is sensitive to the mechanism of deposition and
therefore provides informations on structural transitions, as well as interactions between the surface
and the ad-layer. Chronoamperometry is very powerful method for the quantitative analysis of a
nucleation process. Mott-Schottky analysis help us to confirm the type of the obtained semiconductor.
In addition, both scanning electron microscopy (SEM) and atomic force microscopy (AFM) were
used to study the morphology of the obtained films. X-Ray Diffraction (XRD) analysis was used to
study the crystalline content, identify the crystalline phases and preferential order of crystallites. Also,
the UV-Vis analysis and the time resolved photoluminescence (TRPL) were employed for the study
the optical properties and the life time, respectively. Theoretical background of these techniques will

be given in the following pages.

11.1. Electrochemical studies

An Electrodeposition is well known for depositing metals and metallic alloys at the industrial
level, such as Zn electroplating for surface treatment, Cu interconnect deposition on electronic chips,
and Ni-Fe alloy for magnetic heads. However, an electrodeposition of a semiconductor is still an open
challenge. Semiconducting properties are much more difficult to obtain than metallic properties since
they control minority carriers at the ppm level, which is a priori much more difficult to achieve from

solution processes than from vacuum ones [78].

Nevertheless researches have been devoted for long time to apply electrodeposition to the
synthesis of semiconductors such as CdTe [79], CIGS [80], and other metal oxide [81] because of its
unique advantages of low cost, low temperature, easy control over parameters, and large area

deposition.

An electrodeposition is carried out by passing an electric current between two or more
electrodes separated by an electrolyte. This deposition takes place at the electrode/electrolyte
interface, which has the electrical double layer with a high potential gradient of 10° Vem™. In general,
the overall electrochemical reaction taking place in a cell is composed of two independent half-
reactions. Each half-reaction responds to the interfacial potential difference at the corresponding
electrode. Most of the time, one is interested in only one of these reactions, and the electrode at which

it occurs is called the working electrode (WE). To focus on it, the other half of the cell is standardized
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by using an electrode made up of phases having essentially constant composition, which is called the
reference electrode (RE) [78]. The internationally accepted primary reference electrode is the
standard hydrogen electrode (SHE) or normal hydrogen electrode (NHE) composed of Pt/Ho/H*

(aqueous).

However, in the scientific experiment, the saturated calomel electrode, Hg/Hg2Cl./KCI
(saturated in water) and the silver-silver chloride electrode, Ag/AgCIl//KCI (saturated in water) are
commonly used as reference electrodes due to SHE’s inconvenience in experimental applications.
Since the reference electrode has a constant makeup, its potential is fixed. Hence, any potential

changes in the cell can be described by the working electrode.

In a typical electrodeposition, the reactant, which is dissolved in the electrolyte, is deposited
as a solid product. Consequently, the activity of the reactant decreases as the reaction proceeds. The
two important parameters to determine the route of electrochemical reaction are the deposition current
and the cell potential. In the galvanostatic mode, the reaction is controlled by applied current leading
to deposits with good adhesion and a controlled morphology. However, the cell potential drifts as the
reactant activity decreases, leading to multiplicity of products. In the potentiostatic mode, the reaction
is carried out by desired cell potential with respect to a reference electrode. Usually, the cell current
decreases rapidly as the reaction proceeds due to low rates of diffusion of the reactant molecules to
electrode as well as decrease in activity of the reactant. However, the reaction tends to produce a pure

single phase product by the properly chosen potential.

Today, a three-electrode cell is commonly used instead of a two electrode cell (We and Rg)
because of its accuracy for large scale cells with high resistive electrolytes. In this arrangement, a
counter (or auxiliary) electrode (CE) is placed into the cell, and the current flows between the working
electrode and the counter electrode (instead of the reference electrode in the case of the two-electrode
cells). In order to avoid an interfering reaction at the working electrode, any convenient one, which
does not produce substances by electrolysis, is chosen for the counter electrode. The reference
electrode should be placed near the working electrode surface to minimize a loss of voltage drop in
electrolyte between the working electrode and the reference electrode. The device used to observe the
potential difference between a working electrode and a reference electrode generally has very high
input impedance, so a negligible current flows through the reference electrode. Hence, its potential

will remain constant and be equal to its open-circuit value.
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11.1.1 Electrochemical experiments

1.1 Electrochemical set-up

In order to realize the main work of this thesis, a sophisticated experimental setup was used
(Fig.11.2). It consists of an electrochemical cell with three electrodes connected and controlled by
a Potentiostat / Galvanostat (PGZ301, Radiometer Analytical).

Figure I1. 1: Schematic representation of the experimental device used for the elaboration of ZnS

nanostructures.
1.2 Electrochemical cells and electrodes
The three electrodes used during our work are:

Reference electrode: this electrode is used to measure the potential applied to the working
electrode. Which is a saturated calomel electrode (SCE: Hg/Hg.Cl/KCI) where the standard
potential in respect to the Normal Hydrogen Electrode at 25 ° C is equal to + 0.244 V/NHE.

Counter electrode: is a platinum plate (Pt).

Working electrode: ZnS nanostructures were deposited onto polycrystalline indium tin
oxide (ITO) coated conducting glass substrate with an exposed area of 1 x 2 cm?2 with resistance
(10 -20 Q/cm? sheet resistance).
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The surface of the samples were not activated and were cleaned following a standard procedure,
i.e. the glass substrates were cleaned in common organic solvents in an ultrasonic bath. Acetone,
Ethanol and distillate water are each used for 10 min. After deposition, the samples were rinsed

with distillate water so as to eliminate salts present on their surface and dried in air.

1.3 Chemicals

The electrodeposition of ZnS nanostructures was carried out in an electrochemical cell with a capacity
of 50 ml of sulfate bath. Bath composition composition (Bathl: used for the electrodeposition of ZnS at
various zinc concentrations, Bath2: collect the bath composition of the two studied effects, cathodic
deposition potential and time. While the 3 Bath presented the chemical bath composition for the Sm

and Er doped ZnS) and the experimental conditions used are described in the table below.
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Table I1. 1: Chemical bath compositions of the electrodeposition of ZnS nanostructures at various

parameters.
Bath 1
[ZnSO4] mol/I [Na2S203] mol/l pH
10+ 1073 2.7
10 103 2.7
Bath 2
[ZnSO4] mol/I [Na2S203] mol/l pH
104 103 2.7
10+ 103 24
Bath 3
[ZnS04] [Na2S203] [ErCls] mol/l  [SmCI4] mol/l pH
mol/Il mol/I
107 107
5x107 5x10°7
10+ 10 10 107 2.4
5x10® 5x107®
10° 10°
5x10° 5x107°

11.1.2 Electrochemical techniques

1.2.1 Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is a potentiodynamic electrochemical measurement used for the
mechanistic study of redox systems in the electrochemical cell [35]. In CV, the voltage is linearly
applied to the electrode with a given scan rate (20 mV/sec). During the negative (forward) scan, the
current in the electrochemical cell increases when any solute in the electrochemical cell is reduced
and reaches the peak, corresponding to the reduction potential of a given solute. Then the current
decreases as the concentration of the solute is depleted close to the electrode surface. If the redox
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couple is reversible, the product formed in the reduction process can be oxidized when the applied

potential is reversed (backward).

EPG Anodic (oxidation)
- Positive Current

<

E nanmmnnnE

g B /. Potential/V
=

)

Cathodic (reduction)
- Negative Current

'pc

Figure 11. 2: Typical cyclic voltammetry curve [82].

The reverse scan also produces a current peak, corresponding to the oxidation potential. The
oxidation peak normally has a similar shape to the reduction peak and an opposite polarity to the
reduction peak (Fig. 11.2). As a result, information about the redox potential and the electrochemical

reaction rates of the compounds can be obtained by CV.

1.2.2 Chronoamperometry (CA)

Chronoamperometry (Current-time transients) is very powerful method for the quantitative
analysis of an electrodeposition process. This useful technique leads to obtain the initial information
about nucleation and growth mechanism, thanks to theoretical models now well established [35].
Additionally, the amount of charge and deposition rate for the deposits can be determined. The
recorded current can be analyzed and its nature can be identified from the variations with time. For
example: at short times the capacitive current is dominant while at longer time scales, the diffusion
limited faradaic current might prevail. Compared to cyclic voltammetry, the use of
chronoamperometry is of capital importance in the case of complex processes with the formation of

anew phase. It’s interesting for the study of the electrochemical formation of semiconductor deposits.

1.2.3 Mott-Schottky Analysis (M-S)

Among other methods, capacitance-potential (C-E) measurements are often used to determine
the carrier concentration of undoped and doped semiconductor. The C-E technique used the
dependency between the space-charge region (SCR) width of a semiconductor junction and the
applied reverse-biased potential. The SCR required in the method is formed when a suitable electrode

IS connected to the semiconductor, so that a Schottky barrier contact forms. A Schottky barrier contact
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with the semiconductor can be achieved for example with a deposited metal electrode or a liquid
electrolyte contact [83].

One way to determine the carrier concentration Np and the flat band potential Es, based on
C-E measurements, is to perform the Mott-Schottky (M-S) analysis. In the M-S analysis, the carrier

concentration was calculated from the following expression [84]:

&= o |(E—EBp) =% (Eq 11.1)

£€9qA%Np

In this equation, C represents the interfacial capacitance, ¢ is the dielectric constant of ZnS &=
8.1[85], A is the exposed electrode area (1 cm?), £o is the permittivity of free space (8.85 x 10
F/cm), K is the Boltzmann constant (1.38 x 102 J/K), Np is the number density (cm~3) of donor in
ZnS, E is the applied potential, E is the flat band potential, T is the room temperature (298 K), and
e is the elementary electron charge (1.6021x 107°C). The extrapolating on x axis give the potential

flat band values as indicated in Figure I1. 3.
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Figure 11. 3: A typical Mott-Schottky plot of an n-type semiconductor [82].
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11.2 Characterizations techniques

2.1. Thickness measurements

Along with ZnS/ITO/glass substrates, the samples are placed in the holder. A part of these
samples are masked with Teflon during the deposition to create a step in the deposited film. Film
thickness is measured by moving the tip of a Tencor (AltiSurf 500) profilometer (Fig. I1.7) across the

step in different areas. An average of the values is taken as the film thickness [85].

Figure 11. 4: Photograph of Profilometer AltiSurf 500.

2.2 Atomic force microscopy (AFM)

Atomic force microscopy is a convenient technique to study the morphological characteristics
and surface roughness of semiconductor nanostructures and to observe nanostructures of
nanostructures. It is well known that AFM is one of the most effective ways for the surface analysis
due to its high resolution and powerful analysis software. Asylum research (MFP-3DSPM) AFM
(Fig. 11.5) was used for the topography (3D images) and surface roughness along with grain sizes (2D

images) of the obtained nanostructures.
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Figure 11. 5: Photograph of Atomic force microscopy.

2.3 Scanning electron microscopy (SEM)

The SEM's principle component is a finely focused electron beam scanned across the surface
of the sample generates secondary electrons, backscattered electrons, and characteristic X-rays. The
SEM'’s primary imaging method is through the collection of those secondary electrons (or
backscattered electrons) that are released by the sample. These backscattered electrons are detected
by a scintillation material, which is a radiation detector that produces flashes of light from the
electrons. The light flashes are then detected and amplified by a photomultiplier tube. These signals

are collected by detectors to form images of the sample displayed on a cathode ray tube screen [86].

Figure 11. 6: Photograph of Scanning Electron Microscopy.

While SEM used as image of structure, size of grain and distribution. Especially, the thicknesses

of nanostructures were measured by SEM. In order to avoid charging effect caused by secondary
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electrons-- black rectangles phenomenon. Morphologies were observed by SEM at an acceleration voltage
of 10 kV, probe current of 6x107° Amp. The samples were measured in 7800F, JEOL SEM equipment
(Fig. 11.6).

2.4 X-ray diffraction (XRD)

In principal XRD measurement come down to measuring distances between planes with plane x-
ray waves. When the bragg condition nA=2dxsin6 is satisfied and a peak will be measured [86]. The result
of an XRD measurement is a diffractogram, showing phase present, phase concentrations (peak heights),
amorphous content (background hump) and crystallite size/strain (peak widths). The structure of the ZnS
is studied with wide-angle x-ray diffraction. X-Ray diffraction is a versatile, non-destructive analytical
technique for identification and quantitative determination of the various crystalline forms (phase), of
compounds present in powdered and solid samples. Identification is achieved by comparing the X-ray
diffraction pattern or "diffractogram™ obtained from an unknown sample with an internationally
recognized database containing reference patterns for more than 70,000 phases. Moden computer-
controlled diffractometer systems use automatic routines to measure, record and interpret the unique
diffractograms produced by individual constituents in even highly complex mixtures. XRD used as
analysis of chemical composition, relative percentage of phase and orientation. Samples were carried out
using XRD with 50 kV and 40 mA, Cu Ka radiation, A= 1.5406. A crystal lattice is a regular three-
dimensional distribution (cubic, rhombic, etc.) of atoms in space. These are arranged so that they form a
series of parallel planes separated from one another by a distance d, which varies according to the nature
of the material. For any crystal, planes exist in a number of different orientations-each with its own
specific d-spacing. When a monochromatic X-Ray beam with wavelength A is incident on lattice planes
in a crystal at an angle 0, diffraction occurs only when the distance traveled by the rays reflected from
successive planes differs by a complete number n of wavelengths. By varying the angle 0, the Bragg’s
law conditions are satisfied by different d-spacings in polycrystalline materials, plotting the angular
positions and intensities of the resultant diffraction peaks produces a pattern which is characteristic of the
sample, where a mixture of different phases in present, the diffractogram is formed by addition of the

individual patterns

Furthermore, the average crystallites size was calculated using Debye Scherer’s Formula [35]:

0942
o BcosH

(Eq.11.2)

D is crystallites size, A is the wavelength of the X-ray (1.5456 A), B is the full width half maximum
of the diffraction peak in radians and 0 is Bragg diffraction angle. The lattice parameter a was

calculated from [87]:

a =dpVh? + k2 + 12 (Eq.11.3)
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dnr is interplanar distance and (h k 1) is Miller index. The microstrain € was also estimated using the

following formula[88]:

e =@ (Eq. 11.4)

2. 5 UV-Visible spectrophotometer
The optical properties of the obtained films were studied using V-670 UV-Visible-NIR
spectrophotometer.

Figure I1. 7: V-670 UV-Visible-NIR spectrophotometer.

The optical band gap, disorder (Urbach energy), Steepness coefficient and the absorption

coefficient was also measured using the giving expression:

e Beer-Lambert law was used to calculate the absorption coefficient (a) from the following

expression:

a= —(%)m(%) (Eq.11.5)

Where a is absorption coefficient, d is the film thickness and T is the transmittance.

e The optical band gap (Eg): the band gap of the films was determined as the variation of (a/hv)?
versus (4v), the linear nature of the graph indicates the existence of direct transition. The values
of Eq are evaluated from the intercept of the straight-line portion at the horizontal axis (0=0) from
Tauc relation [89]:

(ahv)¥" = A(hv—Eg) (Eq.11.6)
Where A is a constant, 4o is the photon energy, o is the absorption coefficient and depends on

the nature of the transition, being = 1/2 for direct transitions.
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e We have used the Urbach Tail (Eu) as a signature of the disorder, which is related to the

disorderin the film, given by the relation [89]:

_ -G
a = aye Eu (Eq.11.7)

ao is the pre-exponential factor, hv the photon energy and Eu is the Urbach tail (disorder

energy). Eu can be estimated from the inverse slope of the linear plot of In (o) versus /v.

2. 6 Time Resolved Photoluminescence

The photoluminescence lifetime was obtained by using time-correlated single-photon
counting (TCSPC, DeltaFlex, Horiba Scientific) system. A delta diode with an excitation source of
319 nm, and a 60 picosecond photon detection module (PPD-650) (Fig. 11.8 ) were utilized to measure

the photoluminescence lifetime [90].

Figure 11. 8: Photograph of Time-resolved photoluminescence (TRPL).

Time-resolved photoluminescence (TRPL) decay curves of the obtained samples can be well-
fitted to a bi-exponential function described by the following equation:

t

+ By (Eq.11.7)

-t
T1

)

F(t) = Bye

Where 11 and T, represent the shorter and longer lifetime, respectively, and B1, B; is the

amplitude of the components.
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11.3 Summary
This chapter summarized the experimental conditions and the different characterization

techniques used during this work. The electrochemical techniques were used to study the Kinetics of
the electrodeposited ZnS nanostructures. Followed by the "Ex-situ" characterization methods namely
AFM, SEM, XRD, UV-Vis and TRPL are used to characterize the obtained ZnS nanostructures.

In the rest of this work, a detailed study of the different parameters (zinc concentration, pH,
potential and deposition time) to optimise ZnS electrochemical deposition study on the deposition of

ZnS nanostructures is performed in an electrolytic bath on an ITO substrate.

40



Chapter 111

Growth and optimization of ZnS by electrodeposition



Chapter 111 Growth and optimization of ZnS by electrodeposition

Chapter 111 Growth and optimization of ZnS by electrodeposition

I11.1 Influence of zinc precursor concentration
1.1 Electrochemical reaction
1.2 Mott-Schottky measurements
1.3 Morphology analysis
1.4 Structural characterisation
1.5 Optical properties
111.2 Influence of pH solution
2.1 Electrochemical studies
2.2 Mott-Schottky measurements
2.3 Morphology analysis
2.4 Crystal Structure
111.3. Influence of the deposition potential
3.1 Determining the potential window
3.2 Mott-Schottky measurements
3.3 Morphology analysis
3.4 Crystal Structure
111.4 Influence of the deposition time
4.1 Mott-Schottky measurments
4.2 Morphology analysis
4.3 Crystal Structure
4.4 Optical properties
1115 Influence of annealing under sulfurization
5.1 Annealing at 500 °C
5.2 Annealing at 300 °C

111.6 Summary

44
44
47
48
49
50
o1
o1
54
55
56
58
58
59
61
64
70
70
71
73
75
79
80
84

86



Chapter 111 Growth and optimization of ZnS by electrodeposition

Chapter 111 Growth and optimization of ZnS by electrodeposition

It should be noted that an electrode reaction will not be only controlled by a single parameter
but, by many other factors, which lead to a large number of trials to optimize the process, keeping in
view the product quality. In this chapter, we present the electrochemical, morphological, structural
and optical characterizations of the samples carried out in order to study the influence of the
preparation conditions such as: zinc sulfate concentration, bath pH, applied potential and deposition

time.

I11.1 Influence of zinc precursor concentration
In order to identify the effect of the zinc precursor concentration on the electrochemical

mechanism of ZnS, several results were presented.
1.1 Electrochemical reaction

In our experiments, ZnS nanostructures were deposited cathodically on ITO glass substrate
from zinc sulfate solutions. The general scheme of the electrodeposited ZnS nanostructures from

sulfate baths is supposed as follows (Fig. 111.1).

The reduction of thiosulfate ions generated the sulfur formation on the cathode as well as the

acidic medium enhanced this reaction. Sulfur formation was presented in the following reaction [36]:
S$,05~ + 6HY + 4e~ - 2S5 + 3H,0 (1.1)

Also, Zinc ions are reduced on the ITO surface to the formation of ZnS nanostructure according to

the following reactions [91];
Znt? +2e” > Zn (111.2)
Zn+S - ZnS (111.3)

The electrochemical mechanism of the electrodeposited ZnS from a sulfate solution was clearly

described in the figure IlI. 1.
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Figure I11. 1: Schematic of the ZnS nanostructures electrodeposited on ITO glass substrate from a

sulfate bath [92].
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In order to study the electrochemical mechanism of ZnS nanostructures obtained on the ITO
glass substrate at various ZnSO4 concentrations (0, 10 and 10 M), cyclic voltammetry was used
and the recorded voltammograms were presented in the figure I11. 1. The potential range was varied
between 0.2 and -1.4 V vs. SCE, bath temperature, pH and scan rate were fixed at 25 °C, 2.7 and 20
mV vs. SCE, respectively. Firstly, cyclic voltammetry of an aqueous bath of Na>S,O3 was studied to
give information about the cathodic reaction mechanism at the working electrode. In the absence of
the Zn?* ions, a small pic was observed in the range of -0.7 to -0.9 V attributed to the reduction of
thiosulfate (Reaction 1), followed by a brutal drop in current due to the hydrogen evolution (Hy)

produced by the reduction of water according to the reaction.

2H* + 2¢e” - H, (Eq.111.4)
[N] ——————r——
§ O +6H +4a —=25-3H O
~- P ]
E 4=
5
=
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|
=
E [
i
=
;:._
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Figure 111. 2: Cyclic Voltammetry of aqueous solutions containing 102 M NazS,03 with different

concentration of ZnSO4

In the presence of various Zn amounts, the cathodic peak potential of the thiosulfate reduction
shifted towards less negative values as the Zn concentration of the solution varied from 10 to 10
M. In addition, there is a simultaneously and relatively sharp increase of the cathodic current, this
phenomenon implies the catalytic role of Zn?* to the reduction of thiosulfate. A second peak was
observed in the range of -1 to -1.4 V related to the reduction of Zn?* ijons to the Zn metallic. An
increase of the cathodic current was observed when the ZnSO4 concentration was varied from 107 to
10“% M. No major changes can be easily observed in the voltammograms with varying zinc
concentration.
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For the cyclic voltammetry experiments, we have chosen the cathodic potential for the
formation of ZnS nanostructures. This last was elaborated at different zinc concentration with
potenstiostatic mod by imposing a cathodic potential of -1.2 V vs. SCE to the working electrode
(which is our substrate ITO) for a duration of 5 min. A typical transient of an electrochemical process
of three-dimensional nucleation-growth (3D) under diffusional control are characterized by a rapid
decrease in current which corresponds to the charge of the double layer at the working
electrode/electrolyte interface, and the time required for the formation of the first deposited nuclei on
the surface [35]. Then, the current increases in proportionally until reaching a maximum imax for a
time equal to tmax. This is due to the growth of these nuclei and their recoveries [84]. Then the current
decreases to a limit which is imposed by the diffusion of ions through the solution to the surface of

the electrode.
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Figure I1l. 3: Experimental current transients of the electrodeposited ZnS on ITO at two

concentration of ZnSOa.

Figure I11. 3 presents the chronoamperometric curves of the ZnS nanostructures electrode-
posited at various concentrations. A current value close to -2.75 mA was measured at the initial stage
of the experiment corresponding to the current of the electrodeposition of the ZnS nanostructures on
the ITO glass substrate. After a few seconds, the cathodic current start increasing to reach a maximum
value at —0.8 mA, in those curves we didn't observe the charge of the double layer at the beginning,

because it’s very fast. Also, it is noted from this figure that the current density increases in
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proportionally with the variation of zinc ion concentration from 10~ to 10 M, due to the increase of

the ionic conductivity.

1.2 Mott-Schottky measurements

Mott-Schottky (M-S) analysis was employed for our nanostructures to study the effect of Zinc
concentrations on the carrier density (Np) and the flat band potential (Es). Figure I11. 4 presents an
M-S plot for the obtained ZnS nanostructures in 0.5 M of Na,SOs as a supporting electrolyte, the

frequency was fixed at 800 Hz.
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Figure 111. 4: Mott-Schottky plots of the ZnS nanostructures deposited at 10-*M and 10*M of ZnSO4
at 800 Hz.

All samples show positive slopes, indicating that those ZnS films are n-type semiconductors.
The flat-band potential values obtained from the intercept at 1/C?= 0 at various Zn concentrations are
reported to be -0.268 and -0.12 V vs. SCE, respectively. The donor carrier concentrations Np were
calculated to be 10* and 10? cm™ for the films deposited at 10 and 10* M of ZnSQys, respectively.
We observe that ZnS nanostructures prepared at 10 M exhibited higher donor density compared to
ZnS prepared at 10 M. The presence of S-rich condition favor the formation of zinc antisites (Zns)

which leads to an increase in the surface conductivity [93], [94].
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1.3 Morphology analysis

In order to study the effect of the Zn?* ions concentrations on the morphological properties of
the electrodeposited ZnS nanostructures on ITO-coated glass substrate at room temperature, the
surface morphology of all samples was analyzed using SEM (Fig. 111.5). From those figures, it is
clearly that the film morphology is strongly influenced by changing the ZnSO4 concentration. The
films deposited at high concentration of 10 M show different size and shape of grain and the
polydispersed nature of the grain size could be due to an incomplete nucleation and particle growth
rate. For the concentration of 10 M (ZnSQ.), SEM image reveal the uniform distribution of grains,
the surface is partially covered by a coalescence of the grains to form relatively large aggregates with
3D growth (Fig. 111.5).

Figure I11. 5: SEM images of the electrodeposited ZnS nanostructures from an aqueous solution
containing 10 M NaS303 with two ZnSO. concentrations: a) 10 and b) 10 M.

1.4 Structural characterisation

Figure 111. 6 shows the XRD patterns of samples prepared at two concentration of ZnSOa. It
can be seen that the deposited film shows a (200) preferred orientation for zinc-blende phase of the
ZnS nanostructures, the intensity of the (200) peak increase inversely with the concentration, It is
very strong and it width at half maximum (FWHM) is small, indicating a good crystallization state
with a large crystallites size. Hence the apparition of Zinc impurity at 26= 35.74° and 39.39°
correspond to (002) and (100) plan, respectively, is relative to low concentration of zinc sulfate [37].
While the samples deposited from aqueous solution containing 10 M ZnSO4 show no presence of

impurity, these results confirm that obtained by Mott-Schottky measurements.
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Figure I11. 6 : XRD patterns of the ZnS nanostructures electrodeposited on ITO substrates attwo
concentration 10M and 10*M of ZnSO.a.

The average crystallites sizes (D) has been calculated using the Scherrer’s formula (Eq.11.2)

and the corresponding values were given in table I11.1.

Table I11. 1: Crystallite size and lattice parameters of ZnS nanostructures electrodeposited at
different Zn concentration.

Zn concentration (M) 20 (°) a (A) D (nm)
104 M 32.91 5.43 63.48
103 M 32.93 5.43 93.55

It is quite clear that the average crystalline size of zinc sulfide increases with increasing molar
concentration of Zn?* in the electrolyte. In addition, the lattice parameters of the cubic structure has

been computed as 5.43 A, which is very close to the values obtained in the literature [95].

1.5 Optical properties

Transmittance spectrums of ZnS films with two different concentrations of ZnSO4 recorded
in the wavelength range from 250 to 800 nm was presented in the figure. I11. 7. a. It is indicated that
ZnS nanostructures exhibit a low transmittance value varied between 5 and 10 % in the visible range,
which may be due to the presence of zinc in the films. These values are near to the values for ZnS
derived from the electrochemical deposition process [14]. To improve the transparency of the

obtained films, several parameters are going to be discussed.
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Figure I11. 7: a) Transmittance spectrum and b) (ahv)? vs. energy dependence for the determination

of the optical band gap energy of ZnS nanostructures on ITO-coated conducting glass surfaces
obtained at two concentrations of ZnSQOa.

The optical band gap (Eg) for ZnS nanostructures was evaluated by using the Tauc plot. The
values of the optical band gap of ZnS layers are determined from the intercept of the straight-line
portion at the horizontal axis when (ahv)?>= 0 (Fig. I11.7). the obtained Eg was 3.40 and 3.85 eV for
the films deposited from solution containing 10 and 104 M ZnSQy, respectively. This augmentation

in optical band gap is related to the defect presented in the obtained nanostructures.

111.2 Influence of pH solution

In electrodeposition, the bath pH can affect the conditions of metal and/or alloy deposition,
which usually plays a key role to control the film properties. A modification of bath pH can also affect
the structural, optical and morphological properties. Consequently, the electrolyte pH is one of the
critical parameters to achieve the desired structural and functional properties.

2.1 Electrochemical studies
Cyclic voltammetry (CV) experiments were performed onto ITO coated glass substrates in

104 M ZnSO4 and 102 M NazS,03 solution for pH= 2.7 and pH= 2.4 versus calomel reference
50



Chapter 111 Growth and optimization of ZnS by electrodeposition

electrode (ECS). The corresponding scans are represented in the figure. I11. 8. The voltammograms
of the two solutions was recorded at 25 °C in the potential range from 0.5to -1.4 V vs. SCE, to study
the reduced species in the solution. The followed reactions that could occur during the

electrodeposition of ZnS were previously described.

The cathodic scan in CV measured a very small current with almost no change up to -0.6
VIECS, as reported for the effect of Zn concentration two reduction peaks were obtained related to
the reduction of thiosulfate and zinc ions, respectively. In the present study as presented in figure. 11I.
8 the reduction peak of thiosulfate for the pH 2.7 is smaller than that of 2.4, as presented in the
reaction (111.1), the reduction of thiosulfate ions to sulfur need more much H* ions, that mean that
when we decrease the pH values we favor the formation of S. While the Zn reduction peak shift to
the negative direction when the pH, reduce from 2.7 to 2.4, this shift was also observed by U. Priyanka
et al. [96], attributed to the variation in open circuits potential. The plateau region could be suitable
for the electrodeposition of Zn which is further expected to react with sulfur present in the electrolyte.
A large cathodic current measured for lower pH (2.4) is associated with the availability of more H*

ions in the bath.
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Figure I11. 8: Cyclic Voltammetry for the aqueous solutions containing 10-* M Na.S;03 and 10*M
ZnSQO4 at two values of pH: 2.4 and 2.7.
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The steep rise in cathodic current observed beyond —0.95 V may be due to the over potential
deposition of Zn. Since the reduction potential for Zn is —0.76 V vs NHE [97], therefore, metallic Zn
is expected to deposit at —1.0 V vs ECS by the reaction (I11.2).

The obtained films were deposited by Chronoamperometry at two different pH 2.4 and 2.7,
for an applied potential of -1.2 V during 5 min. Figure I11. 9 shows the chronoamperometric transient
curves recorded during ZnS growth under different bath pH. The current density was found to be
increased by increasing the pH of electrolyte indicates the diffusion controlled mechanism

dominating over the charge-transfer-controlled process.
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Figure I11. 9: i-t curves of ZnS nanostructures electrodeposited at two values pH: 2.4 and 2.7.

In figure I11. 9, initially for few seconds the cathodic current decays rapidly and subsequently
increases. A sharp peak exhibited for pH equal to 2.4 of the bath is proposed due to the nucleation
process. However, the broad peak observed for higher pH of the bath could be associated with the
mixed nucleation processes. The mixed type of nucleation proposed for high pH value is due to the
change of conductivity of the electrolyte which, depending on the formation of proton (H"). The

appeared peak in short time at lower pH~2.4 suggests the growth of small size particles.

2.2 Mott-Schottky measurements

The properties of electrodeposited nanostructures can be obtained by examining electronic
structures of the semiconductor/solution interface, it is clear from the data presented in figure I11. 10
that Mott-Schottky equation is valid within a wide potential range of about 1.6 V, which indicates a

well-defined electronic surface state of deposited films. Wider linear potential range, that exceeds 1
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V, can be obtained only for high organized solids, namely single crystals [94]. Furthermore a positive

slope is an indication of an n-type semiconductor.

At negative potentials (roughly for E< -0.4 V vs. SCE), a significant deviation from linearity
is observed. This deviation is very likely related to the presence of surface states because an electronic
structure change, as a result of the elementary zinc formation by reduction, would have decreased the
depletion region capacitance dramatically. Accordingly, at lowest investigated potentials the

reduction process corresponds to the sulfur reduction [94].
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Figure I11. 10: Mott-Schottky plots of the ZnS nanostructures deposited at pH: a) 2.4 and b) 2.7.

2.3 Morphology analysis

The morphology of the deposited ZnS nanostructures was observed using SEM technique.
Figure 111. 11 Shows the SEM images of the ZnS films electrodeposited from an aqueous solution
containing 104 M ZnSO4 and 10 M Na2S,03 at two values pH=2.4 and 2.7 during 5 min. A notable
change in the grain size and shape was observed. The sample deposited at pH= 2.4 (Fig. 111.11 a)
show a random distribution of grain sizes with different shape. While the second sample shows a
uniform distribution of grain on the surface of the substrate which is totally covered. The grains are

orthogonal to the film surface indicating that the film grows perpendicular to the substrate.
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Figure I111. 11: SEM images of the films electrodeposited at values of pH 2.4 and 2.7.

The atomic force microscopy (AFM) has also been proved to be a convenient method to
determine the surface morphology of the films. Figure I11. 11 shows AFM images (20%20 pm) of the
ZnS nanostructures deposited at two different pH values. The nanostructures prepared at pH= 2.4
show homogenous and well-covered the surface of the substrate, with granular grains. A decrease of
grain size for the pH= 2.7 is observed.
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Figure 111. 12: 2D and 3D atomic force microscopic images of ZnS nanostructures electrodeposited
at two values pH: a), a') 2.4 and b), b") 2.7.

The root mean square (RMS) was calculated using AFM images. We obtain 16.05 nm for
pH~2.4 and 31.63 nm for pH~2.7.

2.4 Crystal Structure

The XRD patterns of the nanostructures prepared at two different pH are shown in figure IlI.
13, the films deposited exhibits a peak at 26= 32.94° and 26= 32.94° for the film deposited at pH 2.4
and 2.7, respectively, corresponding to (200) plan (JCPDS card file, 05-0566), the file confirms that
our layer crystallized with cubic phase. An increase of the diffraction peak (200) was observed when
the pH decreases from 2.7 to 2.4, which indicate an increase in grain size. Low intensity peaks was
appeared attributed to S impurity for 26= 39.4° related to (310) plan and Zn impurity for 26= 35.87°,
54.23° related to (002), (102) respectively [36], [37]. The evaluated lattice parameters were a= 5.43
A for pH~2.4 and 2.7, respectively.
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Figure 111. 13 : X-ray diffraction patterns of ZnS nanostructures electrodeposited at two values of
pH 2.4 and 2.7.

The crystallite size was about 115 nm and 96 nm for the samples deposited at pH~ 2.4 and

2.7, respectively. Those results are in good argument with that obtained in SEM and AFM.

Table 111. 2: Crystallite size and lattice parameters of ZnS nanostructures electrodeposited at pH
~2.4 and 2.7.

pH 260 (°) Ok a(A) D (nm)
2.4 32.941 2.7168 5.433 115.05
2.7 32.934 2.7173 5.434 96.36
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111.3. Influence of the deposition potential
3.1 Determining the potential window

Figure 111. 14 shows a typical cyclic voltammogram of an ITO electrode immersed in a sulfate
bath containing 10* M ZnSO4 and 103 M Na;S,0s. These voltammograms were carried out at
different potential range with a scanning speed of 20 mV/s recorded at room temperature. All the
obtained voltammograms reveals two reductions peak, the first related to the reduction of thiosulfate
ions and the second correspond to zinc ions reduction [98], [99]. The reduction of the thiosulfate ions
is followed by a sharp fall in the current from -1 V, which is attributed to the hydrogen evolution
(H2), this one covered the reaction of reduction for Zn?* ions to Zn metal. The increase in the potential
range towards more cathodic values, lead to a strong evolution of H> due to the high acidity of the
medium. According to figure I11. 14, a rise in the reduction of thiosulfate ions was observed (increase

in the reduction peak).
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Figure 11l. 14: Cyclic Voltammetry for ITO substrate immerging in an aqueous solution containing

107 M Na>S>03 and 10* M ZnSOq at different potential range. Insert image represent the zoom of the
reduction peak of thiosulfate.
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At all potential values, the cathodic and anodic current density increased with increasing value
of switching potential, which indicated that more ZnS were deposited in the cathodic region with a
higher cathodic applied potential. In addition, these results are confirmed by experimental

chronoamperometric.

Electrochemical deposition of ZnS was also carried out by chronoamperometry. Current-time
transients at different applied potential were shown in Figure 11l. 15. The shape of the film growth
curve can clearly indicate the nucleation-growth mechanism [100]. As seen from this figure, for a
short time, a high cathodic current is observed, which corresponds to charging of the double layer,
this is followed by an increase in current due to the growth of zinc sulfide on the electrode surface
[101]. As the cathode potential is increased, the current also increases. The curves, current-time show
also a strong dependence with the applied potential, an increase of the current density with the applied

potential was observed which confirmed the cyclic voltammetry results.
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Figure I11. 15: Experimental current transients recorded at different applied potentials for ZnS on
ITO.

3.2 Mott-Schottky measurements

In order to determine the effect of applied potential on the charge carrier density of the ZnS
nanostructures, Mott-Schottky (M-S) analysis was performed. The 1/C? versus E plots for the

electrodeposited ZnS nanostructures obtained at a working frequency of 0.8 kHz. The positives
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slopes for all samples indicate the n-type conductivity of the ZnS nanostructures. The flat band

potential is found to shift from —0.699 V for films deposited at -1.0 V to -0.106 V for films deposited

at -1.3 V. The shift to a more negative flat-band potential leads to some sort of surface or structural

modification in ZnS nanostructures which was confirmed by XRD results. However, it is important

to note that the shift of flat-band potential to positives values is also observed for ZnS nanostructures

[102], [103]. Further study is required to understand this negative shift of flat band potential.
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Figure 111. 16: Mott-Schottky plots of the ZnS nanostructures electrodeposited at a) -1, b) -1.1, c) -
1.2 and d) -1.3V recorded at 0.8 kHz.
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The estimated of the charge carrier density of the ZnS nanostructures were found to be in the
range of 4.33x10%° to 3.21x10%% cm™. It can be noticed that these values are two order of magnitude

higher with more negative deposition potentials (Table I1I. 3).

Table I11. 3: Displays effect of applied potential on carrier density and optical band gap energy.

E(Vvs.SCE) Nb (cm?) En (V)
-1 4.33x10%° -0.699
-1.1 9.80x10% -0.426
-1.2 2.47x10% -0.364
-1.3 3.21x10% -0.106

3.3 Morphology analysis

Surface morphology was determined through SEM and AFM images of the deposits. The
observations by SEM indicate the film surface homogeneity and the shape of the grains and
aggregates. SEM micrographs were taken for ZnS nanostructures deposited at different applied
potential. However, the films deposited with lower precursor concentration are smoother. This can
be related to the increase in film thicknesses, which, confirms the extinction of interference fringes

in transmittance spectra.

The AFM images of the electrodeposits ZnS nanostructures are shown in figure I11. 18. It was
found that the crystallite size of the deposits was found in the nanometer range.
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Figure I11. 17: SEM images of ZnS nanostructures at: a) —1.0, b) —1.1, ¢) —1.2 and d) —1.3 V vs.
SCE.

As the deposition potential increased from -1 to -1.3 V, the crystallite size increased from
37.60 nm to > 100 nm. By comparing these values of average crystallite size obtained from Scherrer’s
formula and those obtained from AFM measurements (Table 111. 4), it was found that the inclusion
of strain has a significant effect on the average crystallite size of ZnS nanostructure. This variation
was caused by the difference in averaging the particle size distribution [104].

Table I11. 4: Grains size obtained from AFM images.

E(V vs. SCE) AFM analysis (hm)

-1 37.60
-1.1 37.80
-1.2 53.173
-1.3 104.053
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Figure 111. 18: 2D and 3D atomic force microscopic images of ZnS nanostructures electrodeposited
at different applied potential: a, a") =1.0 b, b') —1.1 ¢, c') —1.2 and d, d') —1.3 V/SCE.
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It was determined that samples with higher thickness and larger grains exhibit a very rough
surface due to the increased differences in height (Z range) at their boundaries as compared to the

smaller grains.

However, the morphology of the films prepared at potentials ranging from -1 to -1.3 V is
shown in figure Ill. 17, the particles are seen to be agglomerated leading to increasing the applied
potential and were found to be homogeneously distributed. These results show clearly that the

morphology of ZnS nanostructures depends on the applied potential.

3.4 Crystal Structure

Figure I11. 19 shows the XRD patterns of ZnS nanostructures formed by electrochemical
deposition at different applied potential ranging from -1 to -1.3 V vs SCE in the diffraction angle
ranging from 25° to 55°, the peaks marked with a star (*) are assigned to the ITO substrates. In all
cases, one dominant peak observed at 20 = 33.01° correspond to (200) orientation of the zinc blende
structure of ZnS (JCPDS 05-0566). As the applied potential increased, the intensity of this peak
increased drastically indicating better crystalline phase for the films deposited at -1.3 V.
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Figure I11. 19: XRD patterns of the ZnS nanostructures electrodeposited at different applied
potentials.
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Moreover, it is interesting to note that for all ZnS nanostructures, the XRD patterns showed
the presence of some impurity such as sulphur at 20 = 39.41° related to (310) plane [14] and metallic
zinc at 20 = 35.89° and 260 = 54.31 related to (002) and (102) planes, respectively [37].

Table I111. 5: Calculated values of the microstructural parameters of ZnS nanostructures

electrodeposited at different applied potentials.

potential 20 dhki Lattice Average Microstrain dislocation
(S\;\I/Es ) (A) constant cTystaIIite () x 107 delr:si-ty () (>2<
) (A size (nm) 10" lines/cm?)
-1.0 32.94 2.71 5.42 65.87 22.80 2.30
-1.1 33.05 2.70 5.41 96.40 15.30 1.07
-1.2 32.94 2.71 5.43 >100 12.20 0.75
-1.3 32.93 2.71 5.43 >100 12.00 0.74

These patterns showed that the structure of the deposited films was sensitive to deposition
potential used for the elaboration of ZnS nanostructures. In order to determine the variation of the
average crystallite size (D), the size of the crystallite oriented along the (200), different

microstructural lattice parameter was summarized in table I11.5.

In general, the larger crystallite size, the smaller lattice strains at a given applied potential
[105]. The increase in crystallite size is due to the increase in the thin film thickness by increasing
the potential. The rate of the deposition reaction increases with increasing the deposition potential

and the crystallites grow faster resulting in a larger grain size.

For further study, we have calculated the thickness of the obtained nanostructures using

profilometer AltiSurf 500, as well as, the growth rate was calculated using the following equation:
Gr="1 (Eq. 111.1)

While Gr(nm/s) is the growth rate, d thickness(nm) and t deposition time(s).

It is clear from table Ill. 5, that the small size of crystallite 65.87 nm to 96.40 nm were
observed in the ZnS nanostructures of thicknesses 202.60 nm to 229.92 nm, respectively. This small
grain size was observed due to the slow growth rate of the crystallite. However, large grain >100 nm
has been observed for the films with the thickness 365.50 nm to 401.54 nm. This could be attributed

to the differences in the growth rate under the applied potential. This latter was estimated from the
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thickness measurement of ZnS nanostructures grown in the same deposition time. The growth rate
was found to be increased significantly from 0.67, to 1.33 nm/s (Table I11.6). Therefore, the nucleation
frequencies of ZnS nanostructures tend to be higher when the deposition rate increases and the grain
size is increasing consequently. The increase in grain size with thickness, reported in the present
work, is in good agreement with those reported by other workers [104], [106].

Table I11. 6: Displays effect of the applied potentials on growth rate, thickness and roughness of ZnS

nanostructures.

Potential (V vs. Growth rate  Thickness (nm) Roughness

SCE) (nmis) (nm)
-1 0.67 202.60 08.67
1.1 0.76 229.92 13.23
-1.2 1.218 365.50 12.82
-1.3 1.338 401.54 33.11

The strain in thin film is defined as the disarrangement of lattice created during their
deposition and depends upon the deposition parameters. In this work, the strain decreases from
6.11x1072 to 3.21x102 with an increase of ZnS crystallite size (Fig. 111.20) and thin film thickness.
The low strain indicates the best lattice arrangement in the film deposited at -1.3 V. It is reported in
the literature that the decrease in strain shows a decrease in lattice imperfections that favors the

formation of an excellent crystalline quality.

65



Chapter 111 Growth and optimization of ZnS by electrodeposition

120 24
o o °
- 22
- 20
100 |
€ o =
= [}
~ =
Q 418 @
s A
= S
I =
2 - 16 ,>_<‘
j -
O 80 Q 3;,
414
~9 O o J1
60 1 1 1 1 1 1 1
-1,0 -1,1 -1,2 -1,3
E (V vs. SCE)
Figure I11. 20: Crystallite size (left axis) and microstrain (right axis) of electrodeposited ZnS

nanostructures as a function of applied potential.

The lattice constant for ZnS thin film deposited at different applied potential is found nearly
equal to 5.41 to 5.43 A. The observed lattice constant in the present study is in good agreement with
the standard value of 5.40 A (JCPDS05-0566). The slightest deviation in the values of the lattice
parameter of the ZnS nanostructures from the bulk value indicates the presence of small strain in the
deposits. The strain in the ZnS nanostructures may arise due to the change of lattice nature, the
concentration of native imperfections and the pressure of ions of different sizes during the

electrodeposition process [88].

The dislocation is imperfection in the crystal, which is created during the growth process of
the ZnS thin film. The determination of the dislocation density of nanostructures is crucial for
studying the crystallographic properties of nanostructures. The dislocation density decreases from
2.30 101 to 0.748 107° line cm with an increase of film thickness at higher cathodic deposition
potential. The minimum dislocation density (2,30 10 line cm™) is observed in the films with higher
thickness deposited at -1.3 V. These obtained dislocation density values are lower by one order of

magnitude than those reported by other investigators [107]. The decrement in the dislocation density
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with applied potentials indicates diminution in the lattice imperfections and may be attributed to the
lattice misfit in the film and improvement in the crystallinity [108].

3.5 Optical properties

The optical transmittance was measured in the wavelength range of 300-800 nm. Figure II1.
21 shows the transmittance spectra of prepared ZnS films at different applied potential on ITO glass
substrate. The absence of interference fringes in films transmittance spectra indicates that they have
a rough surface morphology. At first sight, we observed that all samples of ZnS nanostructures have
a lower transparency in the visible range, it’s due to the presence of Zinc element which give a gray
color to the resulted film. Also, when the samples have a lower transmittance they use annealing to
increase their transparency. The optical transmittance was decreased with the increase of potential
from-1t0o-1.3V.

—_— a
a5 | 1.0V )
—-11V
r——-12V
sl —— 13V
25
<
S 2}
c
S
2 151 z
g 3
|_
10 -
5}
0 _I L | L | L | L | L
300 400 500 600 700 800
Wavelenght (nm) Eg (eV)
Figure Ill. 21: a) Transmittance spectrum and b) (ahv)? vs. energy dependence for the

determination of the optical band gap energy.

From the optical absorption spectra measured in the wavelength range of 300- 800 nm, the
band gap of the films was determined as the variation of (ahv)? versus (hv)(Fig. 111.21), the linear
nature of the graph indicates the existence of direct transition. The values of Eg are evaluated from

the intercept of the straight-line portion at the horizontal axis (a = 0) from the relation (Eq.I1.6) used
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the Urbach Tail (Ey) as a signature of the disorder, which is related to the disorder in the film network
calculated from the expression (Eqg. 11.7) Eu can be estimated from the inverse slope of the linear plot

of In (a) versus hv.

The Eg values of ZnS at different applied potentials and the calculated values of Urbach energy are
presented in Figure 111. 22. As it can be seen, the variations of both Eg and Eu correlate very well, the
Eg values were found to decrease from 3.74 to 3.50 eV while the disorder varies inversely. This
indicates that the optical gap variation is mostly controlled by the disorder in the film and confirmed

the more realignment in orientations and improvement in crystallinity which was confirmed before

by XRD analysis.
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Figure 111. 22: Variation of the band gap energy and the disorder of ZnS thin film electrodeposited
at different applied potentials.

It’s well known that the variation of the optical gap and the variation of the crystallite sizes
reveals that the gap has an opposite behavior regarding the crystallite variation and as already
mentioned above, due to the large crystallite size obtained at more negative applied potential, the
optical gap is compressed. The compression of the gap is due to the increase of the disorder in the

film. The disorder is characterized by the band tail width (valence and conduction). The optical gap
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is the energy difference between the two band tail bands. Therefore, a disorder increasing is

accompanied by a compression of the optical gap[109].
111.4 Influence of the deposition time
4.1 Mott-Schottky measurments

As reported before M-S measurements were employed to determine the carrier concentration,
band plat potential and the thickness of the space charge area (W) at the ZnS/electrolyte interface.
figure 11l. 23 shows the Mott-Schottky curves of the ZnS nanostructures obtained at different
deposition time achieved in a supporting electrolyte of 0.5 M Na>SOas, while the frequency and
amplitude are set at 800 Hz and 10 mV/s. As it was reported in the previous M-S results, the linear
part of the curves of capacitance as a function of the applied potential in the depletion zone is positive,
this indicates that all the samples are n-type semiconductors. While the n-type conductivity origin is

attributed to Zns defect presented in the films, this last was reported in S-rich condition [93],[45].

—+— 10min
—+— 15min

20min
—+— 25min
30min

60 |

1/C2 *10? (e’ F)
»

n
(=]
T

0 i o

-800 -400 0
E (V vs. SCE)

Figure 111. 23 : Mott-Schottky plots of the ZnS films deposited at different deposition times a)10, b)
15, ¢) 20, d) 25 and )30 min.
Indeed, the determination of the value of the flat bands potential E is done by extrapolation of the

partial linear curves of Mott-Schottky to é =0(Ep, =E— %). When the carrier concentration was

estimated from the slope of this line. The deposition time have no effect on the flat band potential,
but influence the carrier concentration density as illustrated. The obtained values of Es and Np,

calculated at different deposition times are summarized at the table below.
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Table I11. 7: Experimental values of Es, and Np obtained at different applied potential.

Times (min) Np (102%cm) Em (V/ECS)
10 6.80
15 7.41
20 8.39 -0.0678
25 5.26
30 2.43

4.2 Morphology analysis

AFM is a convenient technique to study the morphological characteristics and surface
roughness of semiconductor nanostructures and to observe nanostructures of zinc sulfide
nanostructures. It is well known that AFM is one of the most effective ways for the surface analysis
due to its high resolution and powerful analysis software. The topography (3D images) and surface
roughness along with grain sizes (2D images) of the ZnS nanostructures deposited at different

deposition time are represent in Figure I11. 24.

Table I11. 8: Effect of the deposition time on the roughness of ZnS nanostructures.

times (min) RMS (nm)
10 23.39
15 26.97
20 26.99
25 38.54
30 24.81

With the electrodeposition time of 10 and 30 min, the films showed a granular structure with
the same shape and different size of the grain, which is different from the films electrodeposited at
15, 20 and 25 min we see that the grains doesn’t deposited regularly. The ZnS films show a better

coverage of the ITO substrate in the case of the films deposited at 15 and 30 min.
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Figure 111. 24: 2D and 3D atomic force microscopic images of ZnS nanostructures electrodeposited
at different deposition time: a, a") 10, b, b") 15, c, ¢') 20, d, d') 25, e, €') 30 min.

The three-dimensional atomic force microscopy images (3D) were used to understand the orientation
of the grains and to estimate the root mean square (RMS) surface roughness. At the left side of AFM images,
an intensity strip is shown, which indicates the depth and the height along the z-axis. It can be highlighted that
AFM observations depict rough films (RMS ranges from 26.97 to 38.54 nm), with a non-uniform growth over
the range of 15-25 min (Fig. 111.24) show a disturbed surface with randomly oriented crystallites showing.
Then, a relatively uniform distribution of spherical agglomerates and a relatively good connectivity over the
substrate surface is clear from the electrodeposited film at 10 and 30 min (Fig. 111. 24). This suggests that the
growth mechanism of electrodeposited ZnS is of two types: ion-by-ion and cluster-by-cluster. This influences
the change of the orientation observed by XRD analysis. Similar results were found by several researchers
[110]-[113]

4.3 Crystal Structure

Figure I11. 25, shows the XRD patterns of ZnS nanostructures formed by electrochemical
deposition at different time ranging from 10 to 30 min, in the diffraction angle ranging from 20° to
70°.
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Table 111. 9: Calculated values of the microstructural parameters of ZnS nanostructures

electrodeposited at different deposition times.

Samples FWHM (°) 20 (°) d(A) a () D (nm)
10min  (111) 0.32 28.57 3.12 5.407 50.03
(200) 0.25 33.11 2.70 5.406 64.74

15min  (111) 0.29 28.56 3.12 5.408 56.22
(200) 0.25 33.14 2.70 5.401 65.26

20min  (111) 0.26 28.71 3.10 5.381 61.55
(200) 0.21 33.18 2.69 5.395 66.05

25min  (111) 0.29 28.60 3.11 5.401 51.83
(200) 0.24 33.05 2.70 5.416 60.97

30min  (200) 0.21 33.01 2.71 5.422 75.43

Different diffraction pic was observed at 20~ 28.87°, 33.2°, and 51.30° corresponds to the
orientation (111), (200) and (311) [110], [113], respectively. Which indicate, the formation of Zinc
blende structure, the pic marked with a star are the peaks of the substrate, only one other pic at 20:
36.46 attributed to Zn impurities [37]. The main characteristics of the patterns remain the same for
all the samples, an increase in the intensities of the diffraction peaks with the thickness for the samples
deposited at 10, 15, 20 and 25 min. Which is proportional to the number of crystallites in the formed
films, the orientation (111) disappeared for the samples deposited at 30 min. The preferential
orientation of the ZnS nanostructures prepared is according to the plane (200), from to the results of
X-ray, it is concluded that the growth is mainly following the plane (200) having the lowest surface

energy.
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Figure 111. 25: X-ray diffraction patterns of ZnO films deposited at different time.
4.4 Optical properties
4.4.1 Ultra Violet Visible spectroscopy

In Figure I11. 26. a) we report the variation of the optical transmittance in the UV-VIS-NIR of
the deposited nanostructures deposited at different time. It is clear that the deposited nanostructures
exhibit a relatively high transmission ranged from 40 to 70 % for wavelengths greater than 350 nm.

In the UV region, all the films exhibit a sharp fundamental absorption edge.

By exploiting the transmittance curves of the deposited films, the energy of the optical gap was
estimated using the Tauc formula [92], taking into account the direct optical transition process of
ZnS. Figure I11. 26. b) shows the variation in bandgap energy as a function of deposition time. The
measured optical gap values range from 3.54-3.73 eV, which is in the range of the massive ZnS [11],

[22], [66].
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Figure I11. 26: a) Optical transmission spectra b) Tauc plots of ZnS nanostructures electrodeposited

at different deposition time.
4.4.2 Time Resolved Photoluminescence

Time-resolved photoluminescence (TRPL) decay curves of the ZnS/ITO/glass samples
collected for ZnS nanostructures using 325 nm pulsed diode laser with a 60 ps, are shown in
Figure I11. 27. a-d). The Best fits to the decay curves are achieved with double exponential decays,
described by the equation as follows [114]-[116]:

t

F(t) = B + Bye

5

& V.1

Where t1and 12 represent the slow and fast lifetime, respectively, and B1, Bz is the amplitude
of the components. The shorter lifetime is on a time scale of several nanoseconds, and the longer
lifetime is on a time scale of tens of nanoseconds. The shorter lifetime is generally attributed to the
intrinsic recombination of initially populated internal core states. However, the possible origin of the
longer lifetime remains relatively uncertain [117]. The obtained results are summarized in table I11.
10.
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Table I11. 10: Best Fit Values ofr;, and t,and of the Relative Weights A1 and A, for the films

deposited at different time.

Samples 11(5) B; (%) T,(S) B, (%)
10 min 4.39*10! 92.48 1.51*10° 7.52
15 min 1.44*10710 90.42 2.58*10°° 9.58
25 min 4.82*10! 92.79 1.71*10° 7.21
30 min 4.5%10%0 98.61 2.64*10° 1.39

A random variation of the slow and fast lifetime with the increase of the deposition time are
observed. The fast and slow decay of orange luminescence are attributed to two different relaxation
processes. The fast decay is assigned to the direct recombination of electrons and holes at luminescent
sites. The slow decay is due to the trapped electrons, which is captured by shallow defect states first
and then relax to the luminescent sites. The total quantity of defect states change dramatically as the
deposition time increases. The decrease in defect states makes the relaxation processes through
shallow defect states accelerate. The excited electrons and holes are generated in conduction and
valence bands of ZnS, respectively, when the excitation light is 325 nm [118]. The recombination
processes through shallow defect states are mutable for the different analyzed samples, since the
amount of shallow defect states is changed. Thus, the relative content of the slow lifetime relaxation
process change. On the other hand, the trapped electrons are generated directly near the luminescent
sites when 325 nm light is used as excitation source [118]. More defect states make more trapped
electrons relax nonradiatively. Consequently, less defect states in ZnS obtained for the sample
deposited at 15min mean that more trapped electrons can contribute to the emission. As a result, the
relative content of slow lifetime process change with the increase of the deposition time. Orange
luminescence are generally caused by donor—acceptor recombination [119].
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Figure I11. 27: A set of spectrally integrated Time resolved photoluminesence curves of the ZnS
nanostructures measured at room temperature for samples electrodeposited at different times. The

symbols are measurement data, and the solid lines are corresponding bi-exponential fit.
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1115 Influence of annealing under sulfurization

To remove the metallic zinc impurities presented in the obtained nanostructures, some annealing
experiment was carried out. Firstly, the oven was prepared by; putting the samples and the sulfur
powder in two different holders in the tube of the oven, as shown in figure I11. 28; after that the Tube
of the oven was cleaned using Ar gas for 5 min to eliminate all the impurities, even all impurities
dispersed we reduce the gas flow. This inert gas was used to prevent the formation of oxide in the
annealed films (Zn0O), two different experiment were carried out in order to study the effect of

annealing under sulfurization;

- Annealing at 500 °C for 1 hour at 250 mg of sulfur.
- Annealing at 300 °C for 1 hour at 60 mg of sulfur.

Figure I11. 28 : Tube furnace for annealing under a sulfurized atmosphere
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The first annealing test was carried out for the samples deposited at 15, 20 and 25 min at 500°C for
1h hour under sulfurization atmosphere. The obtained annealed films were characterized using XRD
and UV-Vis analysis. As first view the obtained nanostructures after annealing has a yellow color,

which may be related to the presence of high amount of sulfur in the samples.

5.1 Annealing at 500 °C

As a first test we had fixed the annealing temperature at 500 °C, and the S amount at 30 mg,
after passing 1h of annealing, a yellow color of the obtained nanostructures was obtained, in order to
study the influence of annealing under sulfurization at 500 °C a structural and optical characterization

are represented;

X-ray diffraction patterns show that the samples annealed at 500 °C exhibit the presence of
ZnS and S structure, the samples before annealing shown the presence of Zn and ZnS peaks. For the
samples deposited at 15 min. The presence of sulfur peaks confirms that the yellow color was
attributed to the excess of sulfur in the films. This result must be explained by the high quantity of
sulfur placed on the holder compared to the concentration of sulfur used for deposition, thus the
melting point of sulfur is very small compared to the temperature used for annealing. At the first time
of annealing before reaching 500 °C, the sulfur deposits directly on the film surface. The decrease in
the intensity of ZnS peaks was followed by the appearance of high sulfur peaks as shown in Figure
I11. 29. Three diffraction peak (206), (213) and (006) confirms the presence of high amount of sulfur
in the obtained nanostructures. While, the (111) and (200) peak intensity decreases compared to the
samples before annealing. The desperation of Zn with the decrease of ZnS plan intensity, might be
explained as follows, the low melting temperature of sulfur [120] allow us to explain that at the first
annealing time when the temperature begins to increase the sulfur start to deposits to the surface of
the films. While the flow of inert gas circulates on the furnace tube no other phases (such as oxides)
was formed. When the temperature reached 500 °C which is the melting temperature of Zn [121], all
the impurities of Zn have disappeared and the weak Zn-S bond is evaporated [67]. High annealing
temperature favors the disappearance of Zn [121], the same results were observed for the two other

samples as shown in figure I11. 29.
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Figure 111. 29: XRD-patterns of the samples deposited at different time deposition a) 15, b) 20 and

c) 25min before and after annealing.
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The optical measurements of the ZnS before and after annealing were carried out at room
temperature by UV-visible spectrophotometer, in the spectral range extends from a 200 nm to 1500
nm. The transmission spectra of the samples before and after annealing are present in figure I11. 30.
The shape of the set of spectra is identical for all the samples before and after annealing. According
to the transmittance curve, the samples after annealing absorbed in the UV range and had a low
transmittance in the range 320 nm to 450 nm, an increase in transmittance in the N-IR (800 nm-1500
nm) Intel 80% was obtained. From the transmittance spectrum, figure 111.30, a shift toward longer
wavelengths was obtained after annealing for all the annealed nanostructures, this is probably related

to the presence of a high sulfur there.
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Figure 111. 30: Optical transmission spectra of ZnS nanostructures electrodeposited at a) 15, b) 20
and c¢) 25 min before and after annealing at 500°C for 1h.
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5.2 Annealing at 300 °C
After carrying out the first annealing test, an excess of sulfur was obtained, so we suggest to

reduce the amount of sulfur and the annealing temperature to 60 mg and 300 °C respectively, this
time we have used only one sample (20 min). The annealing was carried out for a duration of 1 h.

While, the Ar gas was circulated in the tube to avoid any impurity.
The obtained film has a light yellow color, a series of characterization by XRD and UV-Vis was done

and the results will be presented:

Figure 111. 31 shows the XRD pattern of the sample deposited at 20 min before and after annealing at
300 °C for 1 h, almost we found the same result that we obtained in the first test before, the presence
sulfur peak was obtained after annealing. We note that in this second test the peak of zinc has not
disappear, while the ZnS decrease dramatically. The big challenge was, that the melting temperature
of sulfur is small compared to the annealing temperature of the sample. We have made two test it
doesn't work, then we suggest to use to tube-oven, where we put in the first one the sulfur in small

temperature and in the second one we put the samples with high annealed temperature.

Before annealing
—— After annealing at 300 °C
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Figure 111. 31 : XRD-patterns of the samples deposited at 20 min before and after annealing.

In the laboratory, we haven't more than one oven that’s why we didn't do more much test. Thus, the

quantity and the temperature of sulfur aren’t the only parameters to be controlled during annealing

experience, many other parameters should be controlled.

The optical transmittance of the deposited annealing is shown in Figure I1l. 32. The obtained

ZnS film deposited after annealing exhibited the maximum transmittance of 70 %, compared to that
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obtained before annealing, we conclude that annealing improves the transparency of the obtained

films
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Figure I11. 32: Optical transmission spectra of ZnS nanostructures electrodeposited at 20 min before
and after annealing at 300°C for 1h

Figure 111. 33: photograph of the samples obtained after annealing at a) 500°C and b) 300°C.
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111.6 Summary

The main objective of this chapter is to study the influence of the different parameters

(concentration, pH, potential, deposition time and annealing at sulfurization atmosphere) on the

elaboration of ZnS nanostructures, the obtained results allow us to draw some conclusions:

>

This study has shown that the deposition of ZnS nanostructures at the substrate interface has
been well achieved by electrodeposition method under well-defined conditions.

The zinc concentration has a great influence on the reduction of thiosulfate ions as well as the
deposition potential was estimated from the cyclic voltammetry, the Mott-Schottky analysis
confirms the n-type conductivity of the obtained ZnS nanostructures. A uniform distribution
of grains was obtained by SEM for the high concentration of Zinc, while the XRD shows a
(200) preferred orientation for zinc-blende phase, with the presence of some impurity.

The variation of the bath pH doesn't influence the conductivity type, whereas the morphology
of the obtained nanostructures is completely changed by decreasing the pH of the solution.
The applied potential has a significant influence on the different properties of the obtained
ZnS nanostructures.

The crystallinity of the obtained nanostructures increase by increasing the deposition time, in
addition the transparency of the obtained nanostructures was improved. The slow and fast
lifetime collected from the time-resolved photoluminescence curves are in good agreement
with the result obtained in the literature.

At the end of this chapter, a short study on the influence of annealing under sulfurization

doesn't successfully make.

85



Chapter IV

Doping ZnS nanostructure by electrochemical deposition

86



Chapter 1V Doping ZnS nanostructure by electrochemical deposition

Chapter 1V Doping ZnS nanostructures by electrochemical deposition

IV.1 Erbium doped ZnS nanostructures (EZS) 89
1.1 Electrochemical reactions and doping 89
1.2 Mott-Schottky measurements 91
1.3 Crystal structure 97
1.4 Optical charasterizations 99

IVV.2 Samarium doped ZnS 102
2.1 Electrochemical reactions and doping 102
2.2 Mott-Schottky measurements 104
2.3 Morphology analysis 106
2.4. Crystal Structure 108
2.5 Optical properties 109

V.3 Summary 112

87



Chapter 1V Doping ZnS nanostructure by electrochemical deposition

Chapter 1V Doping ZnS nanostructures by electrochemical deposition

This chapter is devoted to study the effect of rare-earth dopants (Erbium and Samarium) on

the properties of the electrodeposited ZnS nanostructures:

The characterizations of our doped nanostructures were conducted by different electrochemical
methods, namely cyclic voltammetry, chronoamperometry and Mott-Schottky.

The atomic force microscopy was used to study the topography of the obtained (Er:ZnS and Sm:ZnS)

nanostructures.

The XRD technique was used to study the influence of the rare-earth dopant on the structure and the

average crystallites size.

The fundamental optical properties were studied using Ultra Violet-Visible spectroscopy and time

resolved photoluminescence (TRPL).

IV.1 Erbium doped ZnS nanostructures (EZS)
1.1 Electrochemical reactions and doping

Sufficient Knowledge of the defect properties, which can be donors or acceptors, has an
essential interest for doping semiconductor nanostructures. Doping semiconductor by different
elements (Er, Sm, Al, Sn, In or Ga) has been the subject of several researches [122]-[129]. The
electrodeposition of rare earth (Er and Sm) doped ZnS nanostructures will be reported for the first
time in our work. For this, a systematic study was carried out, first we performed a series of
voltammograms at different concentrations of erbium chloride. The following table shows the

different concentrations of Er used in this study.

The addition of erbium chloride to the solution introduced several Er phases such as the Er3*
and Er(OH)s this last gives rise to the formation of a new erbium oxide phase (Er.0s). The E-pH
diagram allow us to identify the different phase present in the solution, it has been presented in the
figure VI. 1 [130]. In the range of pH from 5-10 the predominated species presented is Er(OH)..
Therefore, the reaction occurring during the deposition process is:

Er(OH), + OH™ = Er(0H); (Eq IV.1)

While in the acidic medium, the Er®* ion is predominant more than 80 % of the species presented in

the solution. The obtained results were calculated at room temperature.
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In the present study, the ErCls was added with different concentration to an acidic solution
containing ZnSO4 and NazS;03, while the pH of the solution was adjusted 2.4 using H2SO4. As the

first view, no other phases will be presented during the experiment the Er®* acts like dopant.

pH
0 2 4 (¥} B 10 12 14

lﬁg%

E/V vs NHE
i
%

Er*+ Er(OH),* | Er(OH),

Er T/

-3

Figure 1V. 1 : E-pH diagram of Er-Cl-H,O system at room temperature [130].

Figure IV. 2.a) shows a representative example of cyclic voltammograms of a sulfate medium
(ZnS04, Na2S»03) with different concentration of ErClz. The obtained curves of the undoped and Er-
doped ZnS seems similar, with an increase of the cathodic current density, the current value was -
0.28mA/cm? for the undoped ZnS (collected from figure 111.14). And the values of the doped film
increase from -1.69 to -2.02 mA/cm? by increasing the Er concentration. A similar result was obtained
by Goux et al [130]. They studied the effect of Er dopant elements on the ZnO nanostructures. A
well-marked cathodic wave is observed below -0.69 V vs. SCE related to the reduction of thiosulfate
in to sulfur, a shift of this peak to anodic potential was observed in the curve when the Er®*
concentration increase from 107 to 5.10°M , that’s confirm that the Er®" ions play a catalytic role in
the reduction of the thiosulfate ions. This phenomenon is surprising since Er (I11) is reported as

electrochemically stable over the potential range investigated as mention in the equation below [99]:

Er3* +3e~ - Er E.=—2.333V/ENH (Eq1V.2)
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Figure IV. 2: a) Cyclic voltammograms and b) Typical chronoamperometric curves obtained from
bath containing 10-*M NaS;03, 10*M ZnS, at different concentrations of ErCls.

Figure. 1V.3.b shows the evolution of current density after the application of a constant
potential of —1V vs SCE. In the presence of erbium in the solution, the deposition bath gives rise to
a well-defined nucleation growth behavior. Above 10" M ErCls, after a slow decline of the cathodic
current density, reaches a constant value. From the previous study (fig. 111.15) we can observe that
the cathodic current density is higher in the presence of erbium (I11). The obtained results confirm
that observed by CV.

1.2 Mott-Schottky measurements

Mott-Schottky analysis were used to study the effect of different erbium concentration on the
carrier concentration Np, the flat band potential Es, and the thickness of the space charge area (W) at
the ZnS/electrolyte interface. Figure 1.4 shows the Mott-Schottky curves of the ZnS nanostructures
obtained at different concentration of ErCls achieved in a supporting electrolyte of 0.5 M Na>SOs,

while the frequency and amplitude are set at 800 Hz and 10 mV/s. The obtained result show that
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doping ZnS nanostructures with Erbium has no influence on the conductivity type confirmed by the
linear slope of the obtained curves. The origin of n-type conductivity for the undoped ZnS samples
has been reported in Chapter 111, adding Er as a doping agent causes some changes in the electrical
properties of ZnS. A decrease of carrier concentration from 2.63 10%° to 0.4 10%° cm™ by increasing
the Er®* concentration from 107 to 5 10® M. Furthermore, the carrier concentration increase. A study
has been done to study the effect of rare earth on 11-VI semiconductor [131]. From the obtained
results, it is expected that Er®* in zinc blende (ZB) cubic ZnS lattice enters in Zn?* sites, in such a

way that n-type ZnS layers can be obtained.
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Figure 1V. 3. Mott-Schottky plots of the ZnS nanostructures electrodeposited at different
concentration of ErCls: a) 1077, b)5.107, ¢) 10¢, d) 5.10%, €) 10-° and f) 5.10°> M ErCls. Insert image

is the zoom of the electrodeposited ZnS nanostructures at a) 10" M ErCls.

It is clear that the increase of Er®* concentration from 107 to 5.10° M in the ZnS
nanostructures causes a shift of the curves towards the positive values of potential while the shift to
negative values was obtained for the concentrations greater than 10> M. Flat band potential can be

converted to Fermi level energy using the following equations [132]:
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Ef,(V vs NHE) = —Eg(eV vs Vaccum) + Vy (V) — 4.5 (Eq 1V.3)
Vu(V) = 0.059(pHpzzp — PH) (Eq. 1V.4)

Where V is the Helmholtz layer potential drop and pHezzp is the point of zero zeta potential. When
a literature pHpzzp value of ZnS is (1.7) is used [133], The calculated Fermi levels of n-ZnS may
differ slightly from the values estimated from the Mott—Schottky plots. The obtained values of Np,
Em and Er was recorder in table IV.1.

Table 1V. 1: Electrical values calculated from M-S plots obtained at different concentrations of
ErCls.

Sample Em (V/SCE) E (V/NHE) Er(eV vs Vaccum)  Np (10%cmd)
00 -0.06 0.17 -3.25 2.43
107 -0.51 -0.27 -3.69 3.84
5.107 -0.44 -0.20 -3.62 1.30
106 -0.34 -0.09 -3.51 0.62
5.10° -0.38 -0.13 -3.55 0.40
10° -0.30 -0.05 -3.47 0.98
5.10° -0.26 -0.01 -3.43 1.01

In the rest of M-S measurements, the flat band potential was also used to calculate band
energies (valence band and conduction band) at the ZnS/electrolyte interface according to the

following formula:
Eys=Ecs—Eg (Eq. IV.5)

The ZnS band gap Eg is known (Eg = 3.6 eV) and the energy of the conduction band at the
interface of the semiconductor Ec, s can be calculated according to the equation [99]:

Ecs = qEp + KT lnx—i (Eq. IV.6)

Where Np is the carrier concentration of donors and Nc is the effective density of conduction band
state, calculated using the following equation [134]:

21 mekT) 3/2
h2

N = 2( (Eq. IV.7)
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Where m; is effective mass of electron, k Boltzmann constant, T Temperature, h Planck
constant, and N; = 6.10 x 10*8¢cm ™3 [135].

In order to compare the energetics of a redox reaction with those of a semiconductor, we need
to express electrochemical potential (Ee, redox) Of electrons in solution on a vacuum or absolute scale.
As it was reported, Ee, redox O @ redox system is equivalent to the Fermi level Er, redox that is [136]:

Erredox = _eEE)SOZ_/SO_%_) —4.5 (Eq. IV.8)

The -4.5 represents the energetic level of NHE compared to energy of electron in the vacuum,

o

E(sof—/sog—) = —0.93 is measured in volts vs NHE. Which gives E° the value -3.57 eV.
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Figure IV. 4: Correspondence between the two scales of energy; a) In the solid (reference: immobile

electron in the vacuum) and b) in the electrolyte (reference: NHE).
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Table 1V. 2 : Experimental values of some physical parameters.

Concentration  Em (V/NHE) W (A) Ec(eV) Ev(eV) Ubs (eV)
00 0.17 7.70 -3.03 -6.63 0.54
107 -0.37 1.72 -3.47 -7.07 0.10
micro -0.25 11.25 -3.42 -7.00 0.15
10® -0.09 11.09 -3.25 -6.85 0.32
5.10° -0.13 16.6 -3.27 -6.87 0.30
10° -0.05 6.57 -3.22 -6.82 0.35
5.10° -0.01 2.89 -3.17 -6.77 0.40

The calculation of those parameters, allow us to draw the diagram of band energy
corresponding to the interface ZnS, (S0~ /S03™) redox couple. Figure IV. 5 shows afterward the
energy representation of all the quantities defined above in case of ZnS as well as for the
(502~ /S0%7) redox couple before the contact to the electrolyte. Dipping the semiconductor electrode
to the electrolyte, introduce an exchange of the electrons between the two phases until the equilibrium
condition is reached. Indeed, electrons are transferred by tunneling effect from the phase with a
smaller work function to that with higher work function. For the semiconductor, the work function of
electrons is given by Fermi level in the semiconductor. While that of electrolytes is determined by
the couple redox potential, this redox potential is also identified with Fermi level of the electrolyte.
The callibration of the two Fermi levels occurs by transfer of electrons from the semiconductor to the
electrolyte, this produces a positive space charge region in the semiconductor. While, in the
electrolyte side a negative zone is developed, thus it appears a potential barrier for the electrons "in
the electrolyte side". The height of Schottky potential barrier Usy is given by the difference between

the electrochemical potential of the solution (Ee) and the electronic affinityy [133].
Ups =Ee — X (Eq. IV.9)

The calculated values of Uys was recorded in the table 1V. 2.
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Figure 1V. 5: a) Energy diagram of the ZnS bands and the level of Redox couple and b) Band diagram

corresponding to the equilibrium of the ZnS electrode in a solution of 0.5 M NazSOa.

1.3 Crystal structure

Figure IV. 6 shows the XRD patterns of the electrodeposited films. The addition of a small
amount of erbium ions into the precursor solution does not change the crystal structure of the samples.
All the undoped and Er doped ZnS films have a Blende type structure, oriented along the (200) plane.
No extra diffraction peaks from Er-related second phase is observed (Er(OHas) or Er.Oz). This may
be explained by the fact that Er®* ions substituted for Zn?* ions in the ZnS host semiconductor without
changing the structure. The (200) peak position shifted to lower angle compared to the undoped ZnS
film (Fig.IV.6). This means that the lattice parameter increases with Er doping, which is an expected
result. Because the ionic radius of Zn?* (0.74 A) is smaller than the ionic radius of Er** (0.89 A) and
the larger lattice constant denotes that Er** ion incorporates into the ZnS lattice and substitutes the
Zn?* site. The incorporation of this latter is more effective in Cd (0.95 A) chalcogenides than in Zn
chalcogenides. The bigger radius of the Er*® atom alters the (200) interplanar distance d, that gives
place to the distortion of the ZB-ZnS lattice. Triply ionized Er atom in cubic CdS [137], CdTe, ZnO
[138] and ZnSe [139] enters substitutionally in cation sites and interstitially in symmetric octahedral
interstitial positions. We have assumed that both substitutional, and interstitial sites of Er** occur on
ZB-ZnS. In the case of substitution, the Er®* ion is surrounded by four S? neighbors same as in the
positions occupied in the perfect crystal. While in the second case the Er3* are placed in the interstitial
site surrounded by a tetrahedron of four Zn?* ions and 6 S* ions [139].
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Figure 1V. 6 : XRD patterns of the undoped and Er-doped ZnS nanostructures.

Table IV. 3: Microstructural parameters of the Er doped ZnS

sampless FWHM  206(°)  dwi(A) a(A) V(A% D(nm) ex10?

()

00 0.219 33.01 2.711 5.42 159.44 75.43 10.52
107 0.213 33.00 2.712 5.42 159.59 77.60 10.23
5.107 0.206 32.98 2.713 5.42 159.87 80.35 9.86
10°® 0.248 32.93 2.717 5.43 160.58 66.69 11.91
5.10° 0.256 32.89 2.720 5.44 161.15 64.51 12.31
10° 0.300 32.88 2.721 5.44 161.29 55.20 14.39
5.10° 0.305 32.87 2.722 5.44 161.38 54.20 14.65

Previously, the XRD results of the undoped ZnS nanostructures elaborated with different
parameters show the presence of metallic zinc impurities. Doping ZnS with Er (107 to 10" M) avoid

the presence of Zn, beyond the concentration of Er** 5x10° the zinc impurities turn back. The
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increasing of Er concentration leads to deterioration of the ZnS crystal structure, this is associated

with the formation of the amorphous structure.
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Figure IV. 7: Variation of crystallites size and microstrain of the obtained films at different

concentrations of Er3*.

The average volume (V) and the crystallite size (D) determined from the peak position (200)
of the cubic structure of all the deposits film are collated in table 1VV.3. The volume of the undoped
and doped ZnS at different concentrations of erbium has been calculated by the following relation
[140]:

V=g (Eq. IV.9)

In the Figure IV. 5 we report the variation of the crystallite size and microstrain as a function of Er
concentration. According to this last figure, the crystallites size of the ZnS nanostructures increases
for the concentration between 0 to 10° M Er then it decreases. In addition, it has been observed that
the micro-strain values are increased. This clearly shows that the incorporation of Er to the ZnS matrix

affects the crystalline structure.

1.4 Optical charasterizations
1.4.1 Ultra Violet Visible spectroscopy
The transmittance-wavelength graph of the undoped and Er doped ZnS nanostructures is

shown in figure 1V. 8. According to the optical transmission spectrum, a sharp absorption is observed
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in the wavelength range between 200-310 nm. When Er ions are incorporated into the ZnS structure,

a significant shift is not observed in the absorption edge.

It is observed that the average optical transmittance is about 80 % in the visible region, it
exhibits an absorption edge at a wavelength of about 350 nm for undoped ZnS film. The average
transmittance values of all doped ZnS films are above 60 % and their transmittances are higher than
undoped ZnS sample. The transmittance of ZnS based nanostructures can be affected by defects such

as film thickness, surface roughness and grain size.
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Figure 1V. 8: a) Optical transmission spectra and b) Tauc plots of ZnS nanostructures doped with

different concentrations of Er.

Tauc’s plots of function (ahv)? versus to energy (hv) for ZnS and ZnS:Er nanostructures are
given in figure 1V. 8. The optical band gap energy (Eg) values for undoped and Er doped ZnS

nanostructures are calculated using the formula:

(ahv)? = A(hv — Ey) (Eq. IV.10)

Where A is constant, a is the absorption coefficient, is the discrete photon energy, Eg is the
band gap energy, and n depends on the type of optical transmission in the band gap. n=1/2 is for direct

band gap crystalline semiconductors. The Tauc plot which is extrapolating the linear portion to zero
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absorption coefficient gives the optical band gap energy of the films. While the optical band gap
energy is about 3.74 eV for undoped ZnS film, it is in the range of 3.74-3.94 eV for Er doped
nanostructures as shown in figure 1V. 8. Bandgap energy of the doped films is bigger than the undoped
film. The optical absorption edge has a blue shift to the region of higher photon energy with an
increase in Er concentration. The blue shift behavior in the band gap can be attributed to an increase
in the carrier concentration that blocks the lowest states in the conduction band, known as the
Burstein—Moss effect. An increase in the carrier concentration in Er doped ZnS will cause the Fermi
level to move into the conduction band. Therefore, the low energy transitions are blocked [20, 21].

The filling of the conduction band by electrons generally causes a blue shift in the band gap.
1.4.2 Time resolved photoluminescence

Time resolved photoluminescence decay of undoped and ZnS doped with Er ions is shown in
figure 1V. 9. The decay curves can be fitted into bi exponentials. The decay times are indicative of
donor—acceptor pair recombination. It can be noted that undoped ZnS sample has comparatively fast
decay, doping increases its decay time as shown in figure IV. 9. The decay times of each sample at
peak emission wavelength under UV excitation and relative contribution of each component are listed
in table 1V. 4.

5x10° =
—8—Decay 1.10° M
—rFir1.10°M
y . ~@—Decay 5.10° M
4x10° — Fit5. 107 M
s —®— Decay 1.10°M
3 FieL10%M
gsxlo‘ - —8— Decay 5.10°M
E —Fit5.10°M
Cé Decay 1.10° M
QL% Fit L10°M
§ i —®—Decay 5.10°M
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Figure 1V. 9: A set of spectrally integrated Time resolved photoluminescence curves of the ZnS:Er
films measured at room temperature. The symbols are measurement data, and the solid lines are

corresponding bi-exponential fits.
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To further explore the effect of the charge carrier transfer of ZnS with the Er doping, TRPL
measurements were conducted and are shown in figure 1V. 9. All the decay curves can be well-fitted

to a bi-exponential function described by the equation reported in the previous chapter.

Table IV. 4 : Best Fit Values of 74, and 7, and of the Relative Weights Al and A2 for the films

deposited at differents ErCI3 concentration.

Concentration T4 Bl T, B2
107 9.14x1010 67.90 6.24x10° 32.1
5.107 9.17x1010 67.70 6.34x10° 32.3
10°® 8.28x101° 69.59 4.33x10° 30.41
5.10°° 4.28x101° 96.91 3.45x10°%° 3.09
10° 4.02x101° 99.28 2.32x10° 0.72
5.10° 8.61x10% 72.99 4.54x10° 27.01

IVV.2 Samarium doped ZnS

In the second part we are going to present the obtained results of the Sm doped ZnS thin film
stating by the electrochemical study than the morphological structural and optical properties. The
following table summarizes the different concentration of the SmCls used during the deposition of

Sm doped ZnS nanostructures.

2.1 Electrochemical reactions and doping

Cyclic voltammograms (CVs) were recorded for all the Sm doped ZnS films with linear
potential sweep between 0.5 and -1.2 V at scan rates 20 mVs™ in the electrolyte of 10 M NazS203
and 10 M ZnSO4 with respect to SCE. From the figure V. 10 we can see that Sm doping has an
obvious influence on the ZnS nanostructures. The increasing of the Sm doping amount from 107 to
5x10° M lead to reduce the current density as it was observed in the figure IV. 10. a). A previous
study was done by Niu et al. where they doped TiO> by two rare earth (Sm and Ce) [141]. Adding
Sm as dopant had a great influence on the TiOz, the addition of this latest with a small amount
enhances the formation of the product compared to that without adding it. In our case, we had found
the same result to that obtained for doping TiO2 by Sm. Whereas increasing the Sm amount from 10
"'to 10°° M fast forward the reduction of thiosulfate ions, confirmed by the anodic shift of this peak.

On the other side, when we increase the concentration more than 5x10°M we observe a cathodic shift
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was obtained, which mean that when we enhance the concentration more than 5x10 give an opposite

effect.
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Figure 1V. 10: a) Cyclic voltammograms and b) Typical chronoamperometric curves obtained from

bath containing 10-3M NazS203, 10*M ZnS, at different concentrations of SmCls.

Chronoamperometric measurements were made at various bath concentrations of SmClz to
explore the nucleation and growth process associated with electrochemical deposition of the Sm
doped ZnS. Figure IV. 10. b) represents a series of current—time transients for the deposition of the
Sm doped ZnS in different concentrations of SmCls. The shape is typical of a 3D electrocrystallization
growth process, the current density decreases with increasing Sm concentration. This result confirms

that obtained by CV measurements.
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Table IV. 5: Experimental values of some electrical parameters.

Doped Np (10%%cm’®) Em(V/SCE) Em(V/NHE) Er(eV vs
concentration Vaccumm)
107 1.68 -0.18 0.06 -3.36
5x107 1.35 -0.22 0.02 -3.40
106 1.30 -0.25 -0.01 -3.43
5x10 1.21 -0.30 -0.06 -3.48
10° 0.82 -0.33 -0.08 -3.50
5x10° 0.56 -0.49 -0.24 -3.66

2.2 Mott-Schottky measurements

In order to study the effect of the Sm dopant concentration on the carrier density Np and the
flat band potential Em, the Mott-Schottky analysis was employed. Figure IV. 11 represents the
obtained M-S plots for the Sm doped ZnS nanostructures at different concentration of SmCls,
achieved in a supporting electrolyte of 0.5 M Na2SO4, while the frequency and amplitude are set at
800 Hz and 10mV/s. the linear slope of the obtained curves confirms that doping with Sm doesn’t
have an effect on the conductivity type. The calculated carrier concentration was reported in the table
IV. 5, we observe that the increase of the Sm amount reduces the carrier concentration value. While

the curves shift towards the negative values of potential.
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Figure 1V. 11: Mott-Schottky plots of the ZnS nanostructures electrodeposited at different concen-

tration of SmCls.

In order to study the effect of the presence of samarium in the ZnS lattice, we had used the
flat band potential to calculate different parameters such as W, Ec, Ev and Us. It is also noted that
the space charge region (W) decrease by increasing the amount of the Sm from 107 to 10° M, when
we increase the amount of Sm more than 10°® M we observe the opposite effect the increase in this

area was explained by the decrease of the carrier concentration in the semiconductor.
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Table IV. 6: Experimental values of some physical parameters.

Sm concentration  Em(V/NHE)

(M)

107 0.061
5.107 0.023

10 -0.010
5.10° -0.061

10° -0.087
5.10° -0.248

2.3 Morphology analysis

W(A)

5.55

3.80

2.55

6.54

9.48

19.38

Ec(eV)

-3.12

-3.15

-3.18

-3.23

-3.25

-3.40

Ev (eV)

-6.72

-6.75

-6.78

-6.83

-6.85

-7.00

Doping ZnS nanostructure by electrochemical deposition

Ubs (EV)

0.44

0.42

0.39

0.34

0.32

0.17

The surface morphology of the deposited films was investigated by AFM analyses. The

ZnS:Sm nanostructures exhibit a fairly uniform distribution of grains with a smooth surface. The

surface of the films has firmly packed grains without any voids and cracks. It was observed when the

Sm concentration increases from 107 to 10° M, the root means square decrease.it is clearly noted that

the Smooth of the coating surface increase as a result of increasing Sm doping utile 10~ M.

These results indicate that the surface of the Sm doped ZnS film is smoother than that of the

undoped ZnS films. A more scattered structure is noticed and the average surface grain size slightly

decreases with the increase of the concentration. The opposite effect was observed for the

concentration of 5x10° M.
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Figure 1V. 12: 2D and 3D images atomic force microscopic images of ZnS nanostructures
electrodeposited of the samples doped with different Sm concentration a), a') 107, b), b") 5x1077, ¢),
¢') 106 d), d') 5x10°6, e), e) 10° and f), ') 5x10° M.

2.4. Crystal Structure

Figure 1V. 12 illustrates the XRD patterns of the Sm-doped ZnS nanostructures. The main
dominant peak was identified for pure ZnS at around 26° value of 32.93° which are related to the
(200) plane of cubic blende ZnS (JCPDS Card-05-0566), without any diffraction peaks from
samarium oxides or other impurities. The diffraction value of the diffracted plane revealed a shift to
lower angles in the case of the Sm-doped ZnS in comparison with the pure ZnS (Fig. Ill. 25),
indicating the insertion of Sm** ions into the ZnS.
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Figure 1V. 13: Diffractograms of ZnS:Sm electrodeposited on ITO at different concentrations of Sm*

3ions.

This shift can be described by the expansion of the ZnS lattice through samarium doping due
to the larger ionic radius of Sm®* (0.964 A) compared to Zn?* (0.74 A). Suggesting that Sm** ions are
uniformly substituted into the Zn?"* sites in the lattices of ZnS [142], [143].

The average crystallite size of samarium doped ZnS nanostructures was determined from the
broadening of XRD peak using the Scherer’s formula. The estimated average crystallite size of
samarium doped ZnS is given in table IV. 7. It is observed that there is a variation in the crystallite
size of ZnS nanostructures from 44 to 33 nm when the concentration of Sm** ion varies from 10 to
5x10°M. The presence of different concentration of Sm3* ion in the ZnS lattice might cause various

effects such as influenced on the native defects or segregate the Sm** ion in the grain boundaries

[142].
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Table 1V. 7: Microstructural parameters of the Sm: ZnS nanostructures.

sm FWHM  20(°) dhki AA) D (nm) Eg (eV)
concentration (o) (A)

(M)

107 0.335 32.93 2.717  5.435 44.94 3.61
5.107 0.346 32.90 2.720  5.440 43.64 3.63

10 0.346 32.89 2.720  5.441 43.63 3.78
5.10 0.370 32.89 2,720  5.441 40.76 3.69

10’ 0.370 32.88 2.721  5.443 40.79 3.69
5.10° 0.453 32.86 2.723  5.446 33.30 3.69

2.5 Optical properties
2.5.1 Ultra Violet Visible spectroscopy

For further investigating the influence of Sm doping process on ZnS optical transmittance,
UV-visible spectroscopy was used to study the change of transmittance. As shown in figure 1V. 14,
all the films exhibit a sharp fundamental absorption edge in the range of 200-325 nm can be attributed
to the intrinsic band gap of pure ZnS ( = 3.7 eV), which was generally associated with the electronic
excitation of the valence band S 3p electron to the conduction band Zn 4s level. It was easy to observe
that the presence of Sm®" ions in the ZnS lattice made the absorption band edge shift toward shorter
wavelength, namely bleu shift, which meant the Sm-doped ZnS nanostructures possessed a narrower
band gap that was good for transmitting sunlight. So adding small amount of samarium lead to

increase the transmittance as shown in the figure 1V.14.
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Figure 1V. 14: a) Optical transmission spectra and b) Tauc plots of ZnS nanostructures

electrodeposited at different concentrations of Sm.

2.4.2 Time resolved photoluminescence

Time resolved photoluminescence decay spectra recorded for Sm doped ZnS nanostructures
were fitted into bi exponentials due to the emission from bi-level trapping states. Figure 1VV.15 shows
the luminescence spectra recorded for Sm doped ZnS nanostructures. Two values of decay time have
been calculated from each spectrum. The faster of the two calculated lifetime is interpreted to be due
to the recombination transitions from shallow trapping levels, whereas the longest lifetime is
tentatively attributed to the decay from the deeper levels of the respective set of traps.
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Figure 1V. 15: A set of spectrally integrated TRPL curves of the ZnS:Sm films measured at room

temperature. The symbols are measurement data, and the solid lines are corresponding bi-

exponential fits.

Table 1V. 8: Best Fit Values of 7, and 7,and of the Relative Weights A1 and A2 for the films deposited

at differents SmCls concentration.

Sm T4 Bi1 T, B2
concentration

™) ©) (%) ) (%)

107 5.99 1010 71.02 2.91 10° 28.98
5.10”7 6.43 10710 73.4 3.11 107 26.6

10 4.25 1010 68.13 2.18 10° 31.87
5.10° 1.61 10710 60.44 1.54 107 39.56

10° 7.95 1010 65.72 4.10 10°° 34.28
5.10° 4.87101° 66.12 3.8710% 33.88
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1V.3 Summary

In this chapter, we had shown the effect of rare-earth doping on the ZnS nanostructure. A significant
influence on the different properties of the ZnS nanostructures was obtained by electrodeposition on

an ITO substrate.
The most significant results are summarized as follows:

» Comparing the voltammetry curves obtained at different concentrations of Er and Sm. it shows
that the Er®* and Sm®" ions reduce the reduction reaction of S,03~ and Zn?*. From the Mott Schottky
measurements, the estimation of the carriers charges density confirms the decrease of the conductivity
of the ZnS deposits with different Er and Sm doping.

» X-ray diffraction analysis showed that all the samples of Er: ZnS and Sm: ZnS have a Cubic
structure of Blende type having a preferential orientation along the direction (200). The increase in
Er and Sm concentration led to a decrease in the average crystallites size, a very marked deterioration
of the crystallinity. The results obtained by DRX confirm the substitution of the Zn?" ion by the Er®*
and Sm** ion in the ZnS crystal lattice.

» Doping with Er and Sm improve the transparency of the obtained nanostructures.
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Conclusion

This work focuses on the electrodeposition and characterization of undoped and doped zinc
sulfide nanostructures (ZnS) on ITO glass substrate. The effect of different deposition parameters
was studied to get a good quality which can be used in several applications such as: solar cells and
gas sensor. The investigated parameters in this study were: zinc concentration, pH, applied potential
and deposition time. The investigation of zinc concentration lead to even we reduce the concentration
from 107 to 10 M of ZnSO4 a good quality of films was obtained, Mott-schottky plot’s show a
positive slope indicate the n-type of the obtained films, the obtained nanostructures crystallize with
zinc blend structure for both concentration with the crystallite size was 63.48 and 93.55nm and we
observe the presence of some Zn impurity in the XRD results. The resulted films shows a low
transmittance, this is related to the technique and the presence of Zn impurities, the optical band gap
increase when we decrease the ZnSQO4 concentration. However, the films deposited at different pH
grow with high growth rate. The SEM images show a uniform and homogenous films, when the XRD

exhibits a zinc blende structure with the presence of zinc metallic in the diffractogramms.

When we run cyclic voltammetry we observe two large peaks related to the reduction of
different species presented in the solution that’s why a range of applied potential was studied (from
-1 to -1.3V/SCE). The results was correlated, the Mott-Schottky measurement show a high carrier
concentration values (102t cm®), when we increase the applied potential an increase of crystallite size
was obtained (which mean the improvement of crystallinity). A large band gap was estimated from
transmittance curves (3.54-3.74 eV) at the end of this part the effect of deposition time was presented,
XRD show the presence of the preferential orientation (111) which is rarely obtained by
electrodeposition, the variation of the deposition time is varied from 10 to 30 min, this last parameters
show an improvement of the obtained nanostructures, high transmittance value (70 %) comparted

with previous results.

In the second part of this work, Er and Sm doped ZnS thins films was presented. The
measurements carried out by the Mott-Schottky technique for the Er and Sm doping have shown that
all samples have an n-type conductivity. These measures have also made to get several characteristics
of semiconductors such as: the flat band potential, the thickness of the space charge area and the
carrier concentration values. Thus, it has been demonstrated that the incorporation of Er®* and Sm**
ions in the crystal lattice of ZnS considerably reduces the thickness of the space charge area, which
leads to a significant increase in the density of the carrier’s concentration and varies the flat band

potential.
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Conclusion

The morphological characterizations conducted by AFM of the ZnS is composed of spherical
grains with a homogeneous distribution over the entire surface of the substrate. The introduction of
Sm ions into the ZnS lattice leads to a notable change in topography. Alteration in the shape and grain

size is obtained when we increase the concentration of Sm3* dopant.

The XRD measurements show the presence of zinc blend structure with the desperation of Zn
metallic phases for both dopants, the increase of Er and Sm amount lead to deterioration of the
structure of the obtained films, it confirmed by the decrease of the intensity of the (200) diffraction

peak.

At the end the optical characterization by UV-visible spectroscopy showed that the deposits
films are highly (85%) transparent in the visible region. A shift to blue is observed the ZnS absorption
edge with the increase in the concentration of Er and Sm. The optical gap values of the Er and Sm
doped ZnS nanostructures are also determined, they are in good agreement with doping under the
effect of Moss-Burstein phenomenon. On the other hand, the effect of Er and Sm doping on the optical

properties was studied by Time Resolved Photoluminescence (TRPL).

As a conclusion to this work it’s far away to put an end to this study. It's still many areas
which justify further results and research in this area. It's still very large to study different material,

the obtained results are the subject of a second work that ends very soon.
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Abstract

This thesis deals with the elaboration and characterization of zinc sulfide (ZnS) nanostructures for
photovoltaic applications. We used the electrochemical deposition method to synthesize these films,
and this, for its simplicity and low cost. The deposit solution is composed of zinc sulfate and sodium
thiosulfate (Na2S203) as sources of Zn and S, respectively. This work is devised on two part. First,
the samples were prepared by varying several parameters such as zinc concentration, pH, deposition
potential and time deposition. The obtained nanostructures were subjected to various
characterizations such as electronic (Mott-Schottky), morphological (SEM, AFM), Structural (XRD)
and optical properties (UV-Vis). The Mott-Schottky measures showed that the films have an n-type
conductivity when the carrier concentration and flat band potential was strongly depend on the
different parameters. The morphological characterization of the samples by AFM and SEM showed
a significant change of the with topography different parameters. The structural analysis shows that
the obtained films are monocrystalline, they exhibit a zinc blend structure. The preferential orientation
is strongly related to the experimental parameters. Studied at the end of this part the optical results
show a lower transmittance. The second part is devoted to the doping of ZnS nanostructures by rare
earths (Er, Sm). An improvement of optical properties (transmittance 80%) was obtained when we
increase the dopants concentration and the optical band gap increases after doping from 3.54 to 3.8
eV for both dopants. The time-resolved photoluminescence decay were used to determine the charge
carrier transfer (life time) of ZnS with the Er and Sm doping.

Key words; Electrodeposition, nanostructures, ZnS, Mott-Schottky, TRPL.
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Etude de composé nanostructure & base de semi-conducteurs 11-V1 (ZnS)

Résumé :

Cette these est basé essentiellement sur I'élaboration et de la caractérisation des nanostructures de
sulfure de zinc (ZnS) pour les applications photovoltaiques. Nous avons utilisé la méthode
électrochimique pour synthétiser ces films, ce qui, pour sa simplicité et son faible co(t. La solution
de dépot est constituée par le sulfate de zinc(ZnSOg) et le thiosulfate de sodium (Na.S:0z) en tant
que sources de Zn et S, respectivement. Ce travail est congu sur deux parties. La premiére partie a été
consacré a I’effet des paramétres d’électrodéposition a savoir la concentration de zinc, le pH, le
potentiel et le temps de déposition sur les propriétés des dépdts. Les nanostructures ainsi obtenues
sont caractérisés par diverses technique a savoir les mesures Mott-Schottky, MEB, AFM, DRX et
UV-Visible. Les mesures de Mott-Schottky ont montré que les films ont une conductivité de type n.
et la concentration de porteur de charge et le potentiel de la bande plate dépendent fortement des
différents paramétres. La caractérisation morphologique des échantillons par AFM et MEB a montré
un changement significatif de la topographie des nanostructures avec les parametres de déposition .
L'analyse structurale montre que les films obtenus se cristallisent selon la phase cubique (structure
blende) avec la présence des impuretés de zinc métallique. L'orientation préférentielle est fortement
liée aux paramétres expérimentaux étudiés a la fin de cette partie, les résultats optiques montrent une
transmittance faible. La deuxiéme partie est consacrée au dopage des nanostructures de ZnS par les
terres rares (Er, Sm). Une amélioration des propriétés optiques (transmittance 80 %) a été obtenue
avec 1’augmentation de la concentration de dopants et I'écart de bande optique augmente aprés dopage
de 3,54 a 3,8 eV pour les deux dopants. La décroissance de TRPL a été utilisée pour déterminer le

transfert de charge (durée de vie) de ZnS avec le dopage Er et Sm.

Mots clés; Electrodéposition, nanostructures, ZnS, Mott-Schottky, TRPL.
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