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ABSTRACT

One of the challenges for the development of future electronic technologies is the realization of
devices that control not only the electron charge, as in present electronics, but also its spin,
setting the foundation for future spintronics. In this scenario dilute magnetic semiconductor
materials (DMS), with electron charge and spin characteristics, are the ideal candidates to meet
these challenges. The spin can induce new functionalities in the spintronics devices which have
no analogue in today’s semiconductor devices. The study of DMS at nanoscale can provide the
possibility of tuning the lattice constants and band gap parameters by varying the amount of the
dopant atom and the size of nanomaterials. However, till date, few efforts have been made
towards exploiting the room temperature ferromagnetism in transition metals-doped
semiconductor nanostructures, but, a concrete universal model is yet to be developed to explain
the possible cause of ferromagnetism in doped semiconductor nanostructures. Therefore, it has
stimulated a great interest in both basic and applied research.

In present thesis work, the structural, optical and magnetic properties of transition metals-doped
ZnS nanostructures, nanoparticles and nanorods, synthesized using chemical synthesis route,
have been analyzed. The properties have been studied using various techniques viz. transmission
electron microscope (TEM), High resolution (HRTEM), X-ray diffraction (XRD), energy
dispersive spectroscopy (EDS), UV-Visible spectroscopy (UV-Vis.), photoluminescence
spectroscopy (PL) and vibrating sample magnetometer (VSM). The properties of transition
metals-doped ZnS nanostructures found altered than their bulk and undoped counterparts.
Magnetism has been observed at room temperature in case of undoped and transition metals-
doped ZnS nanostructures; however, the dopants concentration, leading to various exchange

interactions, plays a decisive role in inculcating altered optical and magnetic character in ZnS.
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PREFACE

This thesis presents structural, optical, and magnetic studies of transition metals-doped ZnS
nanostructures, synthesized via chemical synthesis route. These properties have been analyzed
using various advanced characterization techniques. The possible mechanisms responsible for
the interactions between the guest and host elements have been discussed in detail. This thesis
consists of four chapters. Chapter-wise description of thesis is given below:

Chapter 1 includes in-depth introduction of DMS. It includes the importance of nanotechnology
and nanomaterials in various applications. Stress is given on the need of DMS, particularly at
nanoscale, in spintronics devices. Various theoretical mechanisms responsible for magnetism in
DMS materials have been discussed in detail. The chapter provides a comprehensive literature
review to fill the gaps in the existing studies. At the end of the chapter, the potential of ZnS as
DMS material has been presented.

Chapter 2 includes various materials used in synthesizing undoped and transition metals-doped
(Ni, Fe and Co) ZnS nanostructure. The chapter consists of various methods used to synthesize
undoped and transition metals-doped ZnS nanostructures. These techniques include chemical
synthesis routes like, low temperature solvothermal/hydrothermal, reflux technique and chemical
precipitation, leading to the different morphology of nanostructures e.g. nanoparticles and
nanorods. Characterizations techniques used include transmission electron microscope (TEM),
X-ray diffraction (XRD), energy dispersive spectroscopy (EDS), UV-Visible spectroscopy (UV-
Vis.), photoluminescence spectroscopy (PL) and vibrating sample magnetometer (VSM).
Chapter 3 includes the detailed results and discussions of transition metals-doped ZnS
nanostructures. The various results obtained using the characterization techniques such as TEM,

HRTEM, XRD, UV-Vis., PL, and VSM were done with minute details. The chapter starts with

13



the analysis of transition metal-doped nanoparticles. Later part of the chapter consists of analysis
of the corresponding nanorods.

Chapter 4 summarizes the results of present thesis work. The summary of main results, in case
of nanoparticles as well as nanorods, has been given along with an insight into the future scope

of the present research work.
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Chapter 1

Introduction



Chapter 1

Introduction

This chapter starts with a brief introduction of nanotechnology, quantum confinement and dilute
magnetic semiconductors (DMS). Different mechanisms, responsible for the inculcation of
magnetic behaviour in host semiconductors, when doped with transition metals atoms, have been
discussed briefly. A detailed literature review has been presented to give the idea of background
of ZnS based DMS. Potential of ZnS as DMS material and ferromagnetic transition metals, Fe,

Co, and Ni have been introduced briefly at the end of chapter.

1.1 Nanotechnology

Since the inception of human race, man is developing different novel techniques to make his life
better in all aspects. In this realm, nanotechnology is the newest among the various techniques,
which are proving to be useful in all circles of life. Nanotechnology is the study and
manipulation of materials, devices, and systems at the nanoscale. The prefix ‘nano’ in the word
‘nanotechnology’ means ‘dwarf’, indicating that nanotechnology is science of miniatures. One
nanometer (nm) i.e. 10 m is one billionth part of one meter and materials, which fall under this
regime having at least one dimension in 1-100 nm, are known as nanomaterials. These
nanomaterials are the cluster of few atoms, just equal to or greater than the size of a molecule.
The nanomaterials may be natural or manmade. Many nanomaterials observed in nature include
DNA, viruses, natural colloids, colourful dust on butterfly wings, coating on lotus flower and
bottom area of gecko feet etc. — just to name a few. The popular man made nanomaterials

include quantum dots, quantum rods, nanotubes and quantum wells. To have an idea of
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nanoscale, some of the objects encountered in nature and daily life have been compared on

nanometer scale as shown in Figure 1.1.
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Figure 1.1 A comparative view of different commonly known objects on nanometer scale
It has been proposed that nanotechnology is used since ancient times. It was the popular lecture
“There’s Plenty of Room at the Bottom” by Professor Richards Feynman at American Physical
Society meeting in 1959 which gave impetus to realize the power of nanoscale among the
scientific fraternity [1]. The word nanotechnology was first introduced by Norio Taniguchi in
1974. Later in 1980s, Drexler made this term more popular by analysing the molecular motors
and robots at nanoscale, claiming it as the engineering of functional systems at molecular scale
[2]. In 1981, Binning and Rohrer invented scanning tunneling microscope (STM), which was
followed by development of other scanning probe microscopes, like atomic force microscope
(AFM). However, the powerful high resolution instruments i.e. scanning electron microscope
(SEM) and transmission electron microscope (TEM) were developed in early 1930s. These
microscopic tools are indispensable in nanoscale analysis. In addition to these, new
semiconducting nanoparticles, popularly known as quantum dots, were discovered in the same

period. In 1990s, the miraculous nanomaterials such as Buckyballs by Richard E. Smalley and
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carbon nanotubes (CNTs) by Sumio lijima were discovered which offered plethora of
applications in different fields. In 1994, first report on zinc sulphide (ZnS)-based DMS at
nanoscale was also realized with manganese-doped ZnS semiconductor. Since early 2000s, many
other novel nanomaterials and their applications are under development [3-6]. Many regulations
and policies are being framed regarding the safety of using nanomaterials in different areas all
over the world [7].

1.2 Quantum confinement

Surface area to volume ratio and quantum confinement are two important parameters of
nanomaterials, which play a major role in altering their properties at nanoscale. These
nanomaterials may be zero dimensional (0-D), one dimensional (1-D), and two dimensional (2-
D). In 0-D nanostructures the particles are confined in three dimensions, in 1-D nanostructures
the particles are free to move in one dimension but their motion is restricted in remaining two
dimensions. In 2-D nanostructures, the particles are free to move in two dimensions but their
motion is confined in remaining third dimension. The confinement in the motion of a particle is
termed as quantum confinement, which, in turn, alters the properties of nanostructures as
compared to their bulk counterparts as can be analyzed from the density of states’ plots shown in
Figure 1.2. The discreteness in density of states depends upon the dimensionality of the
nanostructures. From these plots, one can easily estimate different electronic and optical
properties of the materials at nanoscale based upon the dimensionality of materials. The
examples of 0-D nanostructures are- quantum dots, nanoparticles and nanodots. Carbon
nanotubes, nanorods and nanowires etc. are the examples of 1-D nanostructures. 2-D

nanostructures include graphene, ultra thin films, nanosheets and nanoribbons. Due to their
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increased surface area to volume ratio, the researchers, all around the world, are working on

different aspects of nanostructures to exploit their properties.
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Figure 1.2 Energy verses density of states plots of (a) 0-D (b) 1-D (c) 2-D (d) 3-D structures

1.3 Dilute magnetic semiconductors

Semiconductor industry is growing with fast pace with new developments. In modern era, the
development of multifunctional materials is the need of hour in semiconductor industry as we are
heading towards the collapse of Moore’s law [8]. A lot has been achieved to save Moore’s
predictions but much more can be done for its sustainability for long time. Modern research is
heading towards exploiting novel multifunctional materials, which can give multiple
functionalities as a single entity. One possible solution to tackle this severe problem is using the
nanostructured materials so that more and more transistors could be assembled on a single chip.
Another aspect to tackle this problem is the doping of the host semiconductors with a small

amount of guest transition metals or rare earth metals, which develop a novel class of materials
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popularly known as dilute magnetic semiconductors (DMS). Figure 1.3(a) represents a non-
magnetic host semiconductor, which is doped with guest transition metals atoms, indicated with

red circles in figure 1.3 (b).
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Figure 1.3 Pictorial representation of (a) non-magnetic host semiconductor material and (b)

doped semiconductor material (red circles with arrow mark represent doped magnetic ions)
The main advantage of using DMS materials is to make use of the net spin of the doped atoms
along with the charge leading to development of spin-controlled electronics, popularly known as
spintronics. Spintronics is composed of two words- spin and electronics. It includes study of spin
freedom of the electrons. The spintronics exploits the spin of electron in addition to the charge.
The main advantage of DMS is that their properties can be altered by varying the dopant
concentration in the host semiconductor. Such materials can have applications in light emitting
diodes, spintronics devices, band-gap engineering devices, field detectors, lasers, magnetic
resonance imaging (MRI) [9-13]. DMS materaisl have been projected as potential candidate for
solar cells applications. It is known that long excited state lifetimes in the intermediate levels are
necessary for photovoltaic conversion, as the long excited lifetimes improve the chances of
photo-generated carriers to be promoted to conduction band. The conventional inorganic
semiconductors do not have a straightforward equivalent long lifetime spin states as in these

semiconductors one always finds free carriers with both spin states for which recombination is
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readily allowed. However, DMS may exhibit such properties. Hence, the use of ferromagnetic
DMS to mimic the triplet states in bulk inorganic semiconductors for photovoltaic power
conversion has been proposed in recent time [14].

The substitution of ferromagnetic ions in the host semiconductors may also help in data storage
and quantum computers. In current times, the main challenge in development of future
technologies is the fabrication of spin controlled devices, so DMS are building blocks for the
future electronics industry. During the last few years, scientific community has shown keen
interest in the studies of impurity induced materials, including 11-V1 and 111-V semiconductors in
addition to other semiconductor materials [15-18].

Current semiconductor technology alters the conductivity of the semiconductor with the doping
of external agents, which may cause change in the magnetic, optical, and other properties of the
host semiconductor. DMS dependent devices will be based on spin degree of freedom that will
increase the storage capacity of future semiconductor devices. The spin can induce new
functionalities in the Spintronics devices which have no analogue in today’s semiconductor
devices [19]. Realizing the DMS at nanoscale can have great impact on current semiconductor
technology because these may be the indispensable tool for the Moore’s law survival. In recent
times, in addition to bulk compounds, attempts have been made to study the magnetism at
nanoscale in various compounds. At nanoscale the advantage of quantum confinement effects
can be clubbed with impact of doping of host semiconductor, which would pave the path of
versatile future spintronics devices [20-25]. Such devices will lead to the realization of altered
magnetic optical and electronic properties which will be the beginning of a new chapter in the

future electronics industry.
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1.4 Mechanisms involved in DMS

In DMS, the magnetic and optical properties are altered with doping of very small amount of
guest metals in host semiconductor; hence, understanding the interactions between guest metal
and host semiconductor is of utmost importance. Although, the origin of the magnetism in DMS
is a peculiar issue; however, some theoretical models have been predicted to justify the magnetic
origin in these materials [26]. Some of these theoretical models are summarized below:

1.4.1 The Zener model

This model was presented by Zener in 1951 [27]. It explains the origin of magnetism due to the
direct and indirect super exchange interactions. The direct interaction involves the exchange
between half filled d-electrons of the transition metals and fully filled p-orbitals of anion. The
interaction leads to antiferromagnetic coupling of nearest neighbour transition metal cation

through a shared anion as represented in Figure 1.4(a).
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Figure 1.4 Zener model (a) direct super exchange mechanism indicating coupling through

shared anion represented with black circle (b) Indirect super exchange mechanism indicating
coupling through conduction electron represented with small dot with spin down.
Whereas, indirect exchange involves the interaction between half filled d-electrons of the
transition metals cations mediated by the band carriers which tends to align the half filled spin in

ferromagnetic manner as indicated in Figure 1.4(b). According to Zener model the
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ferromagnetism is induced only if the indirect exchange dominates over its direct counterpart. In
general the direct exchange mechanism dominates at lower distance between the moments,
whereas, indirect exchange mechanism works at large distances and super-exchange is effective
when the moments are too far away from each other.

1.4.2 Ruderman-Kittel-Kasuya-Yosida (RKKY) model

RKKY model elaborates the magnetic interaction between magnetic ions and delocalized
conduction band electrons [28, 29]. In this type of interaction the conduction electron in the close
vicinity of the magnetic ion gets magnetized, which influences the polarization of neighboring
ions which decays in oscillatory manner. The oscillations can have ferromagnetic or
antiferromagnetic type of exchange coupling on the basis of the separation of doped magnetic
ions. RKKY model predicts that such interaction dominates at high concentration of delocalized
carriers in the host material.

1.4.3 The mean-field Zener model

This model was suggested by Dietl et al. [30] and it is based on indirect super exchange
interaction as suggested by Zener model. Such an interaction is generally mediated by holes
which mediate RKKY type of interaction between the doped transition metal ions leading to
ferromagnetism. Dietl et al. explained the experimentally observed Curie temperature, T, values
for Mn doped GaAs and ZnTe.

1.4.4 Bound magnetic polaron (BMP)

In this mechanism, a magnetization cloud, popularly known as BMP, is formed during the
exchange interaction of electrons or holes in the vicinity of the dopant ion in the host. When such

BMPs are large in number, they get overlap with their immediate neighbors leading to a long
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range ferromagnetic ordering in DMS. Coey et al. [31] have presented a BMP model in oxides

DMS as shown in Figure 1.5.
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Figure 1.5 Schematic representation of bound magnetic polaron in DMS.
Smaller circles show cation of host semiconductor and rectangles indicate the vacancies. The
circles with arrow marks are doped magnetic ions. The vacancies in the host semiconductor trap
the charge carriers and the magnetic ions interact through the trapped charge carriers, which give
rise to an effective magnetic field. This causes the alignment of the neighboring charge carriers
in their direction which leads to formation of bound polarons. These bound polarons may overlap

with each other giving rise to ferromagnetic ordering in the DMS.

1.5 Literature review

To get a comprehensive idea about the ZnS based DMS, a deep literature review has been
presented.

As far as the use of transition metals in semiconductors is concerned, the first report on bulk

multifunctional materials dates back to 1866 when the luminescence properties of ZnS:Cu were
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analyzed [32]. It was observed that the phosphorescence is due to the presence of Cu in ZnS.
Later in 1920s, Cu incorporated ZnS has been used to obtain green luminescence [33]. During
1960s and 1970s, the semiconductors magnetic research was focussed on the compounds such as
EuS, NiO, polymers, ferrites and few complex systems e.g. MnSh, CdCr2S4, SeCuO3, MnAs
[34]. The term DMS was first coined around 1978 by the Scientist Robert R. Galazka at 14"
International Conference on Physics of Semiconductors. Galazka et al. studied the magneto-
optical properties of various 11-V1 alloys; however, the observed Curie temperature (T¢) was very
low [35]. Furdyna et al. in 1982 explored the semiconducting and magnetic properties of Mn
incorporated CdTe and HgTe alloys. The spin-spin exchange interactions were found in the
magnetic ions and band electrons of the semiconductors. They later extended their studies to
other A", Mn,B" type DMS materials [9, 36-37].

During the 1980s, the main focus of research was on I11-V, II-1V and 11-VI group compounds.
Group 111-V DMS include, (In, Mn)As, (Ga, Mn)As, (Ga, Mn)N whereas 1I-VI DMS includes
(Zn,Mn)Te, (Zn,Mn)Se, (Cd,Mn)Te, (Cd,Mn)Se [38-41]. The 1I-IV DMS materials include
(Pb,MnSb)Te, (Pb,Mn)Te. Of these DMS, 11-VI group are considered the potential candidates for
the advanced applications in optoelectronic devices. The popular compounds of this group
include CdS, ZnS, ZnSe, CdSe, CdTe, ZnO and ZnTe etc. These materials are generally doped
with transition metals and rare earth metals. These doped materials, presenting either spin glass
behaviour or weak ferromagnetism, with very low Tc, therefore, considered inadequate for
applications requiring ferromagnetic order at room temperature when in bulk form. The obvious
choice was to exploit these materials at nanoscale to remove the abnormalities weak
ferromagnetism and low Curie temperatures. Since last two decades a tremendous research on

studying these DMS at nanoscale has been fascinating the scientific fraternity. Many reports are
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available on the transition metals incorporated semiconductors based DMS. Various reports are
available on DMS nanostructures of CdS, CdSe, ZnS, ZnO, ZnTe, ZnSe, SnO; and other II-1V
semiconductor materials doped with various transition metals [42-64]. Among these
semiconductors, ZnS could be a potential candidate as DMS material. ZnS, due to its wide band
gap, can offer enormous possibilities in spintronics based devices. It was in 1994 when the first
Mn-doped ZnS nanocrystals, synthesized by Bhargawa et al., encouraged scientific community
to explore the optical and magnetic properties of ZnS based DMS materials at nanoscale [65]. It
was proposed that Mn®* doped ZnS nanosemiconductor could give high quantum luminescence
efficiency and lifetime shortening simultanously [66]. Since then, there have been a lot of studies
on the various properties of the doped ZnS nanostructures. Although the photoluminescence
studies are main focus in studying the properties of these nanostructures, but in recent times few
efforts have been made in studying the magnetic properties of transition metals doped ZnS
nanostructures. Some reports on magnetic studies of transition metal doped ZnS nanostructures
were found during the literature review.

Tsujii et al. in 2003 [67] studied the magnetism induced in Mn and Eu incorporated ZnS
nanocrystals. The studies reveal that most of the Mn ions coordinate with each other on the
surface of the nanocrystals, and the amount of Mn doped inside the nanocrystals does not exceed
one per nanocrystals in the matrix. Low-temperature magnetization indicates the absence of
antiferromagnetic interaction between Mn ions, in contrast to the bulk materials.

Yuan et al. in 2004 [68] studied synthesis, optical, and magnetic properties of Zn;Mn,S
nanowires (x = 13.6). Two PL emission bands were observed at 503 and 570 nm. The peak at
around 503 nm was attributed to the recombination of free charge carreiers at defect sites on the

surface of ZnS, whereas the peak at 570 nm was attributed to Mn2". In this study, magnetization
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was measured against temperature during cooling in an applied magnetic field of 500 Oe for the
ZnS: Mn nanowires. The results indicate that the Mn doped ZnS nanowires have paramagnetic
behaviour.

Biswas et al. in 2005 [69] reported optical and magnetic properties of Mn-doped (Mn = 0-20%)
ZnS nanorods. It has been observed that Mn insertion in the ZnS matrix causes a phase change
from hexagonal wurtzite to cubic zinc blende structure. Electron paramagnetic resonance (EPR)
results support the presence of magnetic dipole interaction for the Mn-incorporated ZnS
nanorods with a higher Mn concentration.

Kar et al. in 2006 [70] studied the magnetic properties of MnxZn;S nanorods synthesized by
solvothermal method. Highly intense orange emission at 585 nm was obtained from the Mn,Zn;.
xS nanorods. Maximum intensity was obtained for 1 atomic% Mn-doped ZnS nanorods. Six
hyperfine lines EPR spectra was obtained for the lower Mn content ZnS nanorods, whereas a
single line spectra were observed for higher Mn contents, indicating the formation of Mn clusters
at higher Mn concentrations.

Bhattacharya et al. in 2007 [71] studied electrical and magnetic properties of Fe-doped (1-5%)
ZnS nanoparticles having size ~3 nm. A regular increase in magnetization was observed in case
of 5% doped samples as the temperature is lowered. Magnetization studies at low temperature
indicate a ferromagnetic behaviour resulting in 1-D magnetic system having anti-parallel spin
alignment.

Wang et al. in 2007 [72] reported the cluster spin-glasslike behaviour of Mn doped ZnS DMS.
Zn;—«Mnys nanoparticles (x = 0.008, 0.16, and 0.32), synthesized by a co-precipitation method.
The magnetic properties of the Zn;_\Mnys nanoparticles were analyzed using alternating-current

(ac) susceptibility and direct-current magnetization measurements. For the ZngesMng32S
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nanoparticles, there was strong evidence for appearance of cluster spin-glasslike behaviour,
indicated by two maxima at 15 and 25 K in temperature dependence of ac susceptibility. The
frequency independence of the peak observed at higher temperature is termed due to intra-cluster
ferromagnetic (FM) interactions, and the frequency dependence of the peak at lower temperature
is related with the spin glass.

Sarkar et al. in 2007 [73] reported ferromagnetism induced in ZnS nanocrystals and the effect of
Mn concentration (Mn = 1.5%, 2.5%, 3.5%, and 6%) on the ferromagnetic behaviour of the ZnS.
Magnetic studies were carried out up to 7 T. Ferromagnetic ordering and giant Zeeman splitting
are observed below 30 K in these nanoparticles for doping above 1.5%. Samples having Mn
concentration above 1.5% showed hysteresis, and detailed investigation confirmed the existence
of ferromagnetism in these ZnS nanocrystallites having 2.5%, 3.5%, and 6% Mn doping. The
1.5% doped sample showed paramagnetism down to 2 K. The values of blocking temperature Tg
and Hc are found to be maximized for a doping level of 2.5%.

Sambavisham et al. in 2008 [74] reported the magnetism in Fe-doped ZnS nanoparticles.
Nanoparticles of Zn;xCoxS with x = 0.00, 0.1, 0.2, 0.4 and 0.6, synthesized by chemical co-
precipitation method. The optical absorption studies exhibit a blue shift in absorption edge with
increased Fe doping. The undoped ZnS samples indicate diamagnetic behaviour, whereas, x =
0.10 and 0.2, Fe-doped ZnS samples exhibit a weak ferromagnetism behaviour termed as
superparamagnetic behaviour indicating with partially resolved hysteresis loop.

Kang et al. in 2009 [75] studied synthesis and magnetic properties of single-crystalline Mn and
Fe-doped and cobalt doped ZnS nanowires and nanobelts. Strong emission bands were found
from photoluminescence spectra of Mn/Fe-doped and Co doped ZnS nanowires. The M-H curves

were measured at 5 and 300 K. The magnetic hysteresis loops were seen at both temperatures,
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indicating that these ZnS nanostructures are ferromagnetic at room temperature. Fe doped ZnS
nanowires exhibit the largest magnetization value. The magnetic property measurements show
that the Curie temperature is above the room temperature.

Sambavisham et al. in 2009 [76] reported induced magnetism in Co doped ZnS nanoparticles.
Zn1xCoxS nanoparticles with x = 0, 0.1, 0.2, and 0.3 were obtained by the co-precipitation
method. In the Co doped samples, room-temperature magnetic hysteresis loop is observed and
the magnetization reducesas the cobalt content is increased. However, these samples indicate
paramagnetic behaviour instead of ferromagnetic at both 300 and 80 K, suggesting that the origin
of room temperature magnetization in these cobalt doped ZnS nanoparticles involves the
antiferromagnetic interactions.

Li et al. in 2010 [77] reported the computational studies on magnetic properties of Cr-doped ZnS
nanowires. At a doping concentration of 2.08%, the Cr atom prefers to substitute for the Zn atom
in the bunch of the ZnS nanowires having diameter of 1.2 nm; at a higher doping concentration
of 4.17%, the Cr atoms preferably substitute for Zn atom and its neighbouring surface three-
coordinated Zn atom. | as been observed that Cr atoms in ZnS nanowires are always
ferromagnetically coupled to each other and antiferromagnetically coupled to the mediating
sulphur atoms; moreover, the ferromagnetism is not sensitive to surface passivation. The
ferromagnetism in Cr-doped ZnS nanowires is associated to a double-exchange mechanism.
Chen et al. in 2011 [78] presented first-principles studies to show the comparative study on the
magnetic properties of ZnS nanowires doped with different transition metal atoms. ZnS
nanowires doped with one or two transition-metal atoms simultaneously. The results indicate that
the doped transition metal atoms prefer to be at the middle position of the nanowires and have no

tendency to form clusters. It was reported that the formation energies of transition metals doped
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nanowires were smaller than that of the pure counterparts, showing that doping process is an
exothermic type of reaction. The Cr atoms induced antiferromagnetic (AFM) interactions,
whereas Mn, Fe, Co, and Ni atoms induced ferromagnetic (FM) interactions between the
surrounding Zn and S atoms of the host semiconductor.

Eryong et al. in 2011 [79] reported optical and magnetic properties of Fe-doped (x = 0.00, 0.1
and 0.2) ZnS nanoparticles synthesized chemical co-precipitation technique. It was concluded
that Fe doping did not create new energy bands or defect states in ZnS, but reduced the intensity
of PL peaks. The M—H curves analyzed at 5 K and 300 K, respectively, indicate no remanence or
coercive force. This phenomenon indicates that the Zn; yFexS (x = 0.10) nano-particles are
superparamagnetic.

Owens et al. in 2011 [80] reported high temperature magnetic order in ZnS doped with Cu.
Ferromagnetic resonance (FMR) study shows non-zero absorption above room temperature
indicating a high value of Curie temperature. Field-cooled and zero-field-cooled magnetization
data indicate a bifurcation at about 300 K. The muon spin rotation measurements confirm highly
non-uniform magnetic order. It was shown that about 25% of the sample volume fraction
exhibits strong magnetism.

Reddy et al. in 2011 [81] reported room temperature ferromagnetism in EDTA capped Cr-doped
ZnS nanoparticles. The results indicate that ZnS nanoparticles with lower Cr concentration
exhibited strong ferromagnetism, but at higher Cr concentrations the ferromagnetism was found
suppressed. The EPR spectra of the nanocrystals showed the resonance of electron centres with a
g-value of 1.989. The signal intensity and line width of the EPR signal increased with increasing

Cr concentrations. Magnetic studies indicate decrease in ferromagnetism with increase in
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annealing temperature, supposed due to appreciable variation in structural defects which are
sensitive to the annealing temperature.

Reddy et al. in 2012 [82] studied structural, optical and magnetic properties of Zng g7-xCuxCro03S
(x =0.000, 0.01, 0.02, 0.03, 0.04 and 0.05) nanoparticles. It was predicted that doped Cr and Cu
atoms were inserted at the Zn sites in the cubic structure without altering the original ZnS matrix.
As the dopant concentration is increased, a strong quenching in PL intensity is reported. PL
emission peak indicated a red shift at increased Cu concentration. Magnetization studies showed
that Cu and Cr co-doping cause enhanced the room temperature ferromagnetism.

Reddy et al. in 2012 [83] studied the annealing temperature effect on optical and magnetic
properties of Cr incorporated ZnS nanoparticles. Photoluminescence studies of Cr-doped ZnS
nanoparticles showed that the emission wavelength in 440-675 nm range is tunable with
annealing temperature. Magnetic studies indicated decrease in ferromagnetism with increased
annealing temperature, predicted due to change in structural defects sensitive to annealing
temperature.

Senthilkumaar et al. in 2012 [84] studied the synthesis and magnetic properties of Mn-doped
ZnS nanorods synthesized via chemical route with mercaptoethanol as surfactant. The magnetic
studies at room temperature predicted paramagnetic behaviour for the doped nanorods. The
observations showed that Mn ions existed mainly as a single impurity and no Mn—Mn clusters or
pairs were observed and hence no antiferromagnetic behaviour in doped ZnS nanorods was
indicated.

Ragam et al. in 2012 [85] reported ferromagnetism induced in Mn,Zn;S (x = 0.000-0.07)
nanoparticles at room temperature. From M-H measurements, it was seen that ZnS nanoparticles

exhibit ferromagnetism at 4 K temperature and MnyZn14S with x = 0.05 and 0.07 exhibit
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ferromagnetism at room temperature. The possibility of the ferromagnetism was predicted due to
defects at the surface of the nanoparticles.

Rozale et al. in 2012 [86] reported ferromagnetism induced in Eu-doped ZnS nanocrystals via
density functional theory (DFT) and presented a mechanism of ferromagnetism induced in the
ZnS nanocrystals when doped appropriately with rare earth elements. It is found that with
insertion of Eu in ZnS matrix, a new localized band is found between valence and conduction
bands corresponding to the majority spin of Eu-4f states. Zn;xEusS (x = 0.000, 0.25, 0.5 and
0.75) nanostructures exhibit a half-metallic feature and it was concluded that the emerged
ferromagnetic state is more probable in energy as compared to the antiferromagnetic state.

Patel et al. in 2012 [87] studied the impact of swift heavy ions (SHI) on the magnetic behaviour
of cobalt doped ZnS thin films in which the Co ions were substituted on Zn sites. The doped
materials were synthesized using pulsed laser deposition technique on the substrates held at high
temperature of 600 C for obtaining films having wurtzite crystal structure and it showed
ferromagnetic ordering up to room temperature with some paramagnetic component. The higher
order correlation between paramagnetic spins on Co ions was diminished by ions irradiation and
the doped ZnS films were found to be purely paramagnetic in nature. This effect was ascribed
due to the formation of cylindrical ion tracks resulted due to the thermal spikes obtained from
electron and phonon coupling.

Kumar et al. in 2013 [88] reported room temperature ferromagnetism inculcated in chemical co-
precipitation technique synthesized Zn;_xNixS nanoparticles with x = 0.01, 0.03 and 0.05. The
ZnS nanoparticles at lower Ni concentration indicated saturated M-H hysteresis loop at room
temperature with ferromagnetic behaviour, but at higher Ni concentrations no such behaviour

was observed which confirm the intrinsic nature of the ferromagnetism at smaller Ni-doping.
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Wei et al. in 2013 [89] reported the structure and room temperature ferromagnetism induced in
copper doped ZnS nanoparticles. Cu-doped ZnS nanoparticles synthesized via solvothermal
technique found to have diameters of 10-20 nm and cubic zinc blende structure. The Cu ions
were incorporated into the ZnS lattice and the maximum concentration of the Cu ions reported in
the ZnS nanoparticles was 2.84%. The ferromagnetism induced in Cu-doped ZnS nanoparticles
was observed at room temperature, was attributed to the super-exchange mechanism.

Patel et al. in 2014 [90], analyzed surfactant assisted Fe doped nanocrystals. It was predicted that
the magnetization increases to an optimum level with increase of Fe concentration up to 0.08.
Increase in Fe concentration lead the decrease in magnetization. The decrease in ferromagnetism
at higher concentration has been correlated with antiferromagnetic interaction between Fe-Fe
ions.

Fang et al. in 2014 [91], studied the room temperature ferromagnetism induced with Co-doping
in ZnS nanoparticles using first principle calculations. It was proposed that the induced
ferromagnetism is due to antiferromagnetic coupling of Co-S-Co and the ferromagnetic
coupling of Co—S—-Zn-S—Co attributed to p—d hybridization interaction and RKKY interaction.
Zhang et al. studied in 2014 [92], the H*-mediated ferromagnetism in Co-Doped ZnS wurtzite
nanoparticles of size ~4 nm. It was concluded that the interstitial H" ions in ZnS matrix may
have provided the efficient ferromagnetic order between the neighboring Co?* ions.

In a very recent study, Yang et al. in 2015 [93], reported the room temperature ferromagnetism
induced in Co incorporated ZnS nanorods. The cobalt doped ZnS nanorods exhibited the room
temperature ferromagnetic behaviour and the magnetic saturation in M-H curves was found

increased as the Co doping ratio is increased.
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From above discussion, it is clear that with the introduction of transition metals in ZnS
nanostructures, ferromagnetism is induced in ZnS nanostructures. Most of the reports on
transition metals-doped ZnS nanostructures are focused on photoluminescence studies and some
efforts have been made on magnetic studies of transition metals-doped ZnS nanostructures,
separately. These include room temperature ferromagntic studies by Zhang et al. in which the
saturation magnetization has been found increased with increased annealing temperature [94].
Peng et al. and Shan et al. observed the magnetism in undoped ZnO and ZnS nanostructures [95-
96]. Sarkar et al. have reported the suppression in magnetic field dependent photoluminescence
in Mn-doped ZnS nanocrystals [97]. Wei et al. reported the the quenching in ZnS nanowires
photoluminescence due to Fe doping [98]. Goktas et al. observed the paramagnetism at 5K and
ferromagnetism at 300K in Mn-doped ZnS nanorods [99]. Besides these, some other reports on
optical properties of doped ZnS nanostrutcures were also observed in literature. [100-113]. In
this work, we have tried to unite both studies, optical as well as magnetic, along with the
structural properties, so as to exploit ZnS as potential DMS material in future electronics.

1.6 ZnS as potential DMS material

ZnS is a popular semiconductor compound of I1-VI group. It is an inorganic compound having
chemical formula ZnS consisting of Zn and S atoms. ZnS has been used as phosphor and as
pigment in many applications. It can be doped as p-type as well as n-type semiconductor. The
wide band gap, 3.6 eV, of ZnS provides ample opportunities to tune its band gap at nanoscale.
The properties of ZnS can be engineered to greater extent by inserting transition metals in ZnS
matrix, creating new energy levels in the ZnS band gap. Ever since the first report on Mn-doped
ZnS nanoparticles there has been a great interest in the ZnS based DMS materials research. It can

be used in various applications all forms i.e. 0-D in the form of ZnS quantum dots, 1-D in form
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of ZnS nanorods or nanowires form or as 2-D films, all giving unique optical and magnetic
properties. Meng et al. studied the properties of ZnS nanowires grown on silicon substrate [114].
Cao et al. reported the decrease in particle size as the Mn-doping concentration is increased but
the peak intensity was found increased with Mn doping and maximum intensity was reported at
3% Mn [115]. Yang etl al. observed strong green luminescence in Ni** -doped ZnS nanocrystals
[116]. Karar et al. reported enhancement in Mn doped ZnS nanocrystals [117]. Quan et al.
reported that emission intensity is Mn dependent due to the enrgy transfer from host ZnS to Mn
[118]. Kumar et al. studied the reflective characteristics of Ni-doped ZnS nanoparticle-pigment
and their coatings [119]. Dinsmore et al reported the light emitting properties of Mn-doped ZnS
nanoparticles at annealing temperature of 525 °C and observed a dramatic increase in
cathodoluminescence emission [120]. Chauhan et al. reported then catalytic activities of the Cu
doped ZnS nanoparticles. It was reported that Cu doped ZnS bleaches methylene blue much
faster than its undoped counterpart when exposed to visible light as compared with ultraviolet
light [121]. Some other reports on properties of doped ZnS nanostructures have also been
observed in literarature [122-132].

1.6.1 Structure of ZnS

The structure of ZnS comprises zinc (Zn) and sulphur (S) atoms. The size of the Zn cation is
smaller as compared to the S anion. The S atoms form face centered cubic (fcc) structure. All
these S atoms form a tetrahedron within the unit cell. Each of the Zn atoms are surrounded by
four S neighbouring atoms indicating a co-ordination number as 4. Generally, ZnS exhibits two
types of structures namely- cubic and wurtzite as shown in Figure 1.6. Cubic structure is more

stable than wurtzite counterpart.
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Figure 1.6 Unit cell structure of ZnS (a) cubic and (b) wurtzite. [133]
The coordination geometry in both forms of ZnS is tetrahedral. Both forms have different band
gaps, cubic form has 3.6 eV and that of wurtzite is 3.8 eV. ZnS has many useful properties
associated with it in both forms, some of these are summarised in Table 1.1.

Table 1.1 General properties of ZnS

Chemical formula ZnS

Molecular weight 97.46

Crystal structure Cubic and wurtzite

Lattice constant 5.4093 A (cubic)

Band gap (300 K) 3.6 eV (cubic), 3.8 eV
(wurtzite)

Thermal conductivity | 25.01 W/mk

Melting point 1850 C

Electron mobility 180 cm“/Vs

Hole mobility 5 cm“/Vs

Refractive index 2.378 (for wurtzite structure

with, a = 0.3811 nm and ¢ =
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0.6234 nm at A = 632 nm)

Toxicity Low

Electrical behaviour Semiconductor

Magnetic behaviour Diamagnetic, magnetic
susceptibility y = -25 x 10°
(cgs).

Zn and S atoms have the electronic congigurations (1s% 2s* 2p°, 3s?, 3p®, 3d™, 4s?) and (1s?, 25°
2p®, 3s%, 3p”), respectively. In ZnS structure, s, p, and d-orbitals take part in bonding, which are
completely paired. The ZnS band consists of filled valence and empty conduction bands, as no
electron is left unpaired, so ZnS behaves as diamagnetic in nature.

1.7 Transition metals- iron (Fe), cobalt (Co), and nickel (Ni)

These are the popular d-block elements in modern periodic table having partially filled d sub-
shell. The partially filled d sub-shell of these metals makes them suitable in doping of various
DMS as will be discussed in literature review. The magnetic behaviour of these metals is
ferromagnetic in nature. The atomic radius of Zn ions (Zn®*) is ~74 pm, whereas the ionic radii
(+2 valence state with coordination number = 6) of transition metals, iron (Fe), cobalt (Co), and
nickel (Ni) are 61 pm, 65 pm and 69 pm respectively [134]. Hence, when doping is done, it is
expected that when higher ionic radii ions, Zn*, are replaced with lower ionic radii ions e.g.
Fe?*, Co®*, and Ni** compressive strain will be developed in ZnS lattice. Change in lattice

parameters is expected due to the compressive strain in the doped ZnS nanostructures.
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1.8 Objectives of current thesis

Current thesis work focuses on synthesis of transition metals (Ni, Fe and Co) doped ZnS
nanostructures viz., nanoparticles and nanorods, synthesized via chemical route. The synthesized
nanostructures have been characterized using TEM, HRTEM, XRD, EDS, UV-Vis., PL
spectroscopy, and VSM. The idea is to investigate the changes induced in structural, optical and
magnetic behaviour of the transition metals doped ZnS with their respective undoped

counterparts at nanoscale.
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Chapter 2

Synthesis and Characterizations

Synthesis and characterization techniques are integral part of nanomaterials. Synthesis
techniques play an important role in deciding the morphology and properties of nanomaterials.
Characterization techniques help in determining the morphology and properties of synthesized
nanomaterials. The control of certain parameters in various techniques may lead to different
geometry of the nanostructures. In this chapter various methods used to synthesize transition
metals doped ZnS nanostructures, nanoparticles and nanorods have been described. The
techniques used in synthesizing nanostructures are low temperature solvothermal/hydrothermal
and chemical precipitation leading to the different morphology of nanostructures.
Characterization techniques used include transmission electron microscopy (TEM), X-ray
diffraction (XRD), energy dispersive spectroscopy (EDS), UV-visible spectroscopy (UV-Vis),

photoluminescence spectroscopy (PL), and vibrating sample magnetometer (VSM) measurement.

2.1 Chemicals used in synthesizing transition metals-doped ZnS nanostructures

Various types of precursors are used in synthesis of transition metals-doped ZnS nanostructures.
These are given below:

Zinc precursors- Zinc acetate, Zn(CH3COO).2H,0; Zinc chloride, ZnCl,

Sulphur precursors- Sodium sulphide, Na,.9H,0; Thiourea, SC(NH>),

Transition metals precursors- Nickel chloride, NiCly; Iron chloride, FeCls; Cobalt chloride,

COC|2.
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Solvents- De-ionized water, methanol, ethanol, ethylenediamine (EN), ethylene glycol, sodium
hydroxide
2.2 Transition metals doping concentrations used to doped ZnS nanostructures
Following transition materials with at given concentrations were used to synthesize doped ZnS
nanoparticles and nanorods:
e Doped ZnS nanoparticles

Ni-doped ZnS nanoparticles, Zn;«xNixS, where x = 0.00, 0.01, 0.05 and 0.10.

Fe-doped ZnS nanoparticles, ZnixFeyS, where x = 0.00, 0.01, 0.05 and 0.10.

Co-doped ZnS nanoparticles, Zn;.xCoxS, where x = 0.00, 0.01, 0.05 and 0.10.

e Doped ZnS nanorods

Ni-doped ZnS nanorods, Zn;4NixS, where x = 0.00, 0.01, 0.05 and 0.10.

Fe-doped ZnS nanorods, Zn;.xFexS, where x = 0.00, 0.01, 0.05 and 0.10.

Co-doped ZnS nanorods, Zn;xCo,S, where x = 0.00, 0.01, 0.05 and 0.10.
2.3 Synthesis of ZnS nanostructures
Generally an ideal technique used to synthesize nanostructures is the one, which gives high
quality nanostructures with minimum impurities and, of course, such a technique should be facile
and environment friendly. There are wide varieties of techniques available in literature generally
used to synthesize ZnS nanostructures. These techniques include chemical co-precipitation [135],
thermal decomposition [136], sol-gel [137], low temperature solvothermal/hydrothermal
techniques [138], molecular-beam-epitaxy [139] and refluxed technique [140]. These methods
can be used to synthesize various nanostructures including, nanoparticles, nanorods, nanosheets,

nano-flowers and other nanostructures [141-155]. Among these techniques, the chemical
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synthesis routes involving chemical co-precipitation and solvothermal/ hydrothermal techniques
aptly fit in the criteria of being less expensive and simple.

In current studies, chemical synthesis routes such as chemical reflux technique and low
temperature solvothermal/hydrothermal techniques have been used to synthesize transition
metals doped ZnS nanoparticles and nanorods.

2.3.1 Chemical reflux technique

Reflux technique is a chemical synthesis route generally used to synthesize small sized
nanocrystals [140]. It is based on distillation which involves the condensation of chemical
vapours formed due to the heating of chemical reactants. The vapours formed get condensed in

condenser tube and return to the solution again.

:ll Water out
- —>

Reflux tube
« Reflux condenser

— Water in

<« Container

Round bottom flask
Reactants

Silicone oil

Heat

Figure 2.1 Chemical reflux technique set up for synthesizing nanoparticles
A typical reflux technique involves a liquid reaction mixture placed in an open-ended flask fitted
with a condenser having water inlet and outlet. The reaction mixture is heated while continuous

stirring and condensate are allowed to collect again in the reaction mixture. In current study,
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separately prepared solutions of zinc and sulpher precursors in desired concentration (0.5 M
each) have been mixed in a round bottom flask with reflux condenser attached as shown in
Figure 2.1. The mixture is stirred constantly at the temperature of 80 °C for 3 hour until the
white precipitates appear. The precipitates are washed with water and acetone 4-5 times and the
resultant mixture is dried at temperature of 80 °C for 6 hour. For transition metals doping,
desired transition metal precursor, in suitable concentration (x = 0.01, 0.05 and 0.1), is added to
the above mixture. The size of the nanocrystals depends upon the concentration of precursors,
temperature, and duration of the reflux process.

2.3.2 Solvothermal and hydrothermal techniques

Solvothermal and hydrothermal techniques are used to synthesize wide variety of nanomaterials,
including nanoparticles and nanorods, at elevated temperatures ranging between 100-1000 °C. In
a solvothermal technique, different precursors in desired concentration are mixed with
appropriate solvent, which may be an organic ligand compound depending on desired
morphology of the nanostructures, in an air tight Teflon lined stainless steel cylinder as shown in
Figure 2.2. The air tight cylinder is kept in an oven at desired temperature for some time ranging
between 3-24 hour. The reaction mixture heated up to a stipulated time period is then allowed to
cool at room temperature. The reaction mixture is then washed thoroughly and resultant sample
is allowed to dry at an appropriate temperature in an oven. If the solvent used is water then the
process is termed as hydrothermal, and if the solvent is other than water, it is termed as
solvothermal. Temperature, solvent and time etc. are the crucial parameters for deciding the size

and morphology of the nanostructures.
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Figure 2.2 Teflon lined stainless steel cylinder

2.3.2.1 Synthesis of transition metals-doped ZnS nanoparticles

Transition metals-doped ZnS nanoparticles have been synthesized using low temperature
solvothermal technique [138]. In the current study, zinc acetate as source of Zn, thiourea as a
source of sulpher, nickel chloride as source of dopant Ni, cobalt chloride as source of dopant Co,
iron chloride as source of dopant Fe, in desired concentrations, have been used, whereas, ethanol
has been used as a solvent. In this process zinc acetate and thiourea (1:3), in desired
concentrations, are dissolved in the 70 ml ethanol. For transition metals doping, corresponding
precursor, in desired concentration, is added to the above mixture. The solution mixture is then
sealed in a Teflon lined stainless steel chamber of 100 ml capacity, and placed in an oven at a
temperature of 180 °C for 10 hour. The reaction has been shown in Figure 2.3. The resultant
mixture was cooled at room temperature and washed with water and acetone for several times.
The obtained samples were dried for 6h at 80 °C. It is important to note here that when ethanol is
used as solvent, ZnS nanoparticles obtained has been found having cubic structure, whereas,

when EN and ethylene glycol (1:5) mixture is used as solvent, wurtzite structure is obtained.
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+
Ethanol

ZnS nanoparticles

Figure 2.3 Solvothermal reaction mechanism for synthesizing ZnS nanoparticles
Fe-doped ZnS nanoparticles have been synthesized by using EN and ethylene glycol (1:5)
mixture as solvent and Co-doped ZnS nanoparticles have been synthesized this technique
replacing ethanol as solvent.
2.3.2.2 Synthesis of transition metals-doped ZnS nanorods
Undoped and transition metals doped ZnS nanorods have been synthesized at low temperature by
solvothermal technique, as described in the literature, with little modifications [138]. In this
study, zinc acetate is used as source of Zn, thiourea as a source of sulpher, nickel chloride as
source of dopant Ni, cobalt chloride as source of dopant Co, iron chloride as source of dopant
Fe, whereas, mixture of EN and water (1:1) as solvent. Zinc and sulphur precursors taken are
dissolved (1:3) in 70 ml en-water solvent. For transition metals doping, a desired dopant
concentration, is added to the above mixture. This mixture is put inside a Teflon lined stainless
steel chamber of 100 ml capacity as shown in Figure 2.4. This cylinder is then sealed and placed
in a hot air oven at a temperature of 180 °C for 10 hour. In this process homogenous nucleation

occurs and the size of ZnS nanostructures is time and temperature dependent.
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Figure 2.4 Solvothermal reaction mechanism for synthesizing ZnS nanorods
The resultant solution was allowed to cool at room temperature and washed with water and
acetone many times. The powder obtained was dried for 6 hour at temperature of 80 °C.
2.4 Characterization techniques
Various techniques were used to characterize the undoped and transition metals doped ZnS
nanostructures. The techniques used include X-ray diffraction (XRD), Transmission electron
microscopy (TEM), Energy dispersive spectroscopy (EDS), UV-Visible (UV-Vis.) spectroscopy,
Photoluminescence (PL) spectroscopy and Vibrating sample magnetometer (VSM). The particle
size calculated using XRD was confirmed with the TEM results; the band gap obtained using
UV-Vis. spectroscopy was confirmed using PL spectroscopy. Different techniques used in
present work are discussed briefly as given below:
2.4.1 XRD
XRD is an analytical technique, discovered by Max Von Laue. It is based on high energetic rays,
X-rays, with wavelength of 0.01 to 0.1 nm. The X-rays suffer diffraction as they are allowed to

fall on the crystalline materials, which produce the diffraction patterns as shown in Figure 2.5.
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These patterns are analyzed to collect the information about the crystal structure of materials
with the help of popular Bragg’s law equation, introduced in 1913 by W.H. Bragg and W.L.
Bragg. According to this law, when the X-rays are allowed to incident at the glancing angle 6 on
the surface of a crystalline material, the waves diffracted at the same angle @ are in phase
according to the equation [156]:

2dsinf = nA
Where ‘A’ is incident wavelength, ‘0’ is glancing angle, ‘d’ is inter-atomic spacing, and ‘n” an

integer.

Atomic plane
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5, :
% N
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Figure 2.5 Bragg’s law of diffraction
2.4.1.1 XRD instrumentation and working
The instrument used to generate the X-ray diffraction pattern is known as X-ray diffractometer.
It consists of an X-ray tube, X-ray detector and a sample holder. The X-rays are originated in the
X-ray tube and these rays are accelerated towards the sample at incidence angle 6. The waves
interact with the samples and the diffracted waves are detected by the detector in the range of 20

as shown in Figure 2.6. CuKa radiations (A = 1.5418 A) are most commonly used X-rays source.
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Figure 2.6 Block diagram of X-ray diffractometer
XRD provides the exact peak positions in a sample which helps in determining the strains or
defects induce in a crystal. At nanoscale, there is broadening in diffraction peaks, which is used
to estimate the average crystallite size using the Scherrer formula as given below [157]:

D= KA
~ Pcosd

where, ‘D’ is the mean crystallite size, ‘K’ is constant shape factor with value 0.94 in spherical
nanoparticles, ‘A’ is the wavelength of CuKa radiation (A = 1.5418 A), ‘B’ is full width at half
maxima (FWHM), and ‘0’ is Bragg’s angle. A pictorial view of PANalytical X’Pert PRO X-ray

diffractometer is shown in Figure 2.7.
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Figure 2.7 Pictorial view of PANalytical X’Pert PRO X-ray diffractometer [158]
2.4.1.2 Sample preparation for XRD
The sample under observation should be in the form of fine powder as well as the powder should
be enough to comlpetely fill the sample holding plate.
2.4.1.3 Applications of XRD
XRD is one of the best non-destructive techniques used to get accurate information about a
sample.
e It is used in phase analysis, crystallites size and orientation determination, qualitative
phase identification.
e It is used in quantification of strains and defects induced in the crystals due to some

impurities.
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e XRD is used in determining the lattice parameters of a crystal structure.

In the current thesis work, XRD analysis of the transition metals doped ZnS nanostructures have
been carried out using PANalytical X Pert PRO X-ray diffractometer with CuKo (A = 1 .5418 A)
radiation operated at 45 kV and 40 mA.

242 TEM

TEM is a high resolution electron microscopic technique generally used to give an idea of the
morphology of the materials. It works like a slide projector. TEM makes use of an electron beam
to generate the image of the specimen. It provides much higher magnifications and has a more
resolving power as compared to an optical microscope. It allows the users to finer details of
small objects. The main components of TEM include an electron gun, electromagnetic condenser
lenses, specimen holder, objective lenses, projector lenses and fluorescent screen as shown in
Figure 2.8. The materials used as electron gun are tungsten filament or lanthanum hexaboride
(LaBHg). Among these two, tungsten filament is the most commonly used as electron gun source
to produce monochromatic electron beam. The emitted electrons from the heated tungsten
filament are attracted towards anode and the beam is focused by the Wehnelt cap. The focused
beam is accelerated towards the condenser lenses, which produce a coherent beam. The coherent
beam is allowed to pass through very thin specimen. The transmitted electrons are focused by
objective and projector lenses, which finally strike on a fluorescent screen, producing an image.

Pictorial view of TEM instrument is shown in Figure 2.9.
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Figure 2.8 Block diagram of TEM [159]

Figure 2.9 Pictorial view of TEM instrument [160]
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2.4.2.1 TEM sample preparation
Sample preparation is a crucial part of TEM characterization. For having high resolution image
the specimen must be thin. The TEM analysis of nano powdered samples is easy as compared to
the bulk samples as such materials are needed to be polished appropriately to make them thin
enough for characterization. In nano powdered samples, the samples are just dispersed in
appropriate solvent and, resultant solution is allowed to spread on specially designed metal mesh
grid. The grid is then placed in a sample holder to take the images of the samples. In the present
study, carbon coated copper grids have been used to characterize the undoped and doped ZnS
nanostructures.
2.4.2.2 Applications of TEM
TEM can be used in different modes to obtain the information:

e TEM gives the information about the morphology and topography of the sample.

e In high resolution (HRTEM) mode, it provides molecular information about the sample.

e In selected area electron diffraction (SAED) mode, it gives the information about

crystalline nature of the sample.

e TEM are used to identify the defects and flaws in the samples.
In the present thesis work, TEM images of the synthesized samples have been recorded using
transmission electron microscope (TEM; Hitachi (H-7500)). HRTEM images were recorded
using TEM (FEI-Tecnai F30 G? STWIN) operated at 200 keV.
2.4.3 EDS
EDS is also termed as energy dispersive X-ray spectroscopy (EDX) or energy dispersive X-ray
analysis (EDXA). This technique is very useful in current study for the elemental analysis of the

doped samples. It generally comes as an accessory with scanning electron microscope (SEM).
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EDS analysis comprises the generation of X-ray spectrum from the scanned area of SEM. It uses
characteristic X-ray beam to give the idea of different elements present in a sample. The
characteristic X-ray beam is allowed to fall on the specimen under observation. This beam may
knock off the inner shell electrons bound to the nucleus creating a hole in place of knocked off

electron.

Incident electron N

Secondary electron

Figure 2.10 Characteristic X-ray production mechanism

This hole is filled with electron from upper energy levels with a release of energetic beam in the
form of X-ray beam. The energy of the released beam is characteristic of a particular atom,
which can be measured and an exact idea about the element present in the samples, can be taken.
The whole process has been depicted in Figure 2.10.

2.4.3.1 EDS instrumentation and working

EDS system is attached with either SEM or TEM instrument. It consists of an electron gun, X-
ray detector and software to collect and analyze energy spectra. An electron gun produces high
energy electron beam, which falls on the specimen surface and different types of interactions

take place as shown in Figure 2.11.
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Figure 2.11 EDS detection scheme
A specially designed X-ray detector absorbs the energy of the X-rays and converts these to
useful electrical signals. These signals are fed to the software for further analysis which gives the
energy diagram of different elements present in the sample. EDS provides the quantitative
analysis of the sample under observation. The detector detects the weight percentage and atomic

percentage of elements present in the sample.

- -

Figure 2.12 Pictorial view of SEM attached EDS system [161]
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2.4.3.2 Sample preparation for EDS
The sample preparation for EDS analysis is similar to that used in SEM characterization. Carbon
or gold coating is generally required particularly for non-conducting samples and
characterizations must be done under vacuum.
2.4.3.3 Applications of EDS
The applications of EDS include:

e Qualitative and quantitative analysis of the samples

e Detection of the elements with atomic numbers, Z>3 to Z = 92; with minimum detection

limit as low as 0.1% to a few weight percent, depending on specimen under observation.

In the current thesis work, the presence of different elements has been confirmed using EDS
system of OXFORD Analytical Instrument.

2.4.4 UV-Vis. spectroscopy

UV-Vis. spectroscopy, an indispensable tool to characterize optical properties of samples, is
based on Beer-Lambert’s law. UV-Vis. region ranges between 200-800 nm of electromagnetic
spectrum corresponding to the energy range of 6.2-1.5 eV. The energy given in this energy range
is sufficient to excite the ground state electrons to the excited state, which gives idea about the
maximum absorbance of a particular sample. It helps in determining the band gap and maximum
absorbance wavelength (Amax) Of the samples. In UV-Vis. spectroscopy, the samples can be used
in solution and solid forms.

2.4.4.1 Beer-Lambert’s law

According to Beer-Lambert’s law, the absorbance, i.e., the amount of monochromatic light
absorbed by the homogenous solution of a given sample is proportional to thickness, L, and
concentration, c, of the sample: A = ecL, where, ¢ is extinction coefficient and is called molar

absorptivity.
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Figure 2.13 Illustration of Beer-Lambert’s law

Absorbance (A) depends upon the intensity of incident and transmitted light i.e. A = log (170)

Hence, A = log (170) = ecL, where, lp and | are respectively the intensities of incident and

transmitted light. A typical illustration of Beer-Lambert’s law is shown in Figure 2.13.

2.4.4.2 Working of UV-Vis. spectrophotometer

The components of UV-Vis. spectrophotometer include a stable beam source, monochromator,
sample holder, radiation detector or transducer and signal processing unit, as shown in Figure
2.14. A radiation source must provide good continuous intensity in UV and visible region.
Generally, deuterium lamp is used as beam source for UV measurements (190-400 nm) and
tungsten-halogen lamp is used for visible measurements (400-800 nm). The spectrophotometers
consist of both types of beams sources to give the UV-Vis. spectra. To get a beam of desired
wavelength from source beam, a monochromator is used, which may be a prism or grating type.
The monochromatic beam is allowed to fall onto a quartz cuvette of length 1.0 cm containing a
sample solution. The signal emitted from the solution is detected by a detector and converted into

an electrical signal; this signal is processed and displayed on the display device.
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Figure 2.14 UV-Vis. experimental setup

Pictorial view of UV-Vis. spectrophotometer system is shown in Figure 2.15.

Figure 2.15 Pictorial view of UV-Vis. spectrophotometer system [162]
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2.4.4.3 Sample preparation for UV-Vis. analysis
For obtaining a good UV-Vis. Spectrum, it is desired that the samples must be dispersed
thoroughly. Proper sample dispersion is important because if the samples are not dispersed
properly in the solvent then the light can be scattered by the particles of the sample which may
not provide suitable data. The dispersion can be improved by sonicating the samples for
sometime in a solvent. In this study, ethanol has been used as solvent and the samples have been
sonicated until they are dispersed properly.
2.4.4.4 Applications of UV-Vis. spectroscopy
UV-Vis. spectroscopy has many applications including:

e Detection of the impurities in the samples,

e Determination of energy band gaps in semiconductors,

e Measurement of maximum absorbance wavelength of the samples,

e Analysis of molecular weight the samples,

e Qualitative and quantitative analysis of samples.
In the present thesis work, the optical absorption spectra have been recorded with UV-visible
spectrophotometer of Analytic Jena, SPECORD 205.
2.4.5 PL spectroscopy
PL spectroscopy is another powerful non-destructive technique to study the optical properties of
the materials. Experimental setup of PL spectrophotometer has been shown in Figure 2.16. In
this technique, a laser light falls onto a sample which excites its electrons. The excited electrons
return to their ground state with the emission of light. This emission of light is known as

photoluminescence. In a typical PL spectroscopic technique, a laser light having energy greater
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than the optical band gap of the given sample, is directed towards the filter, which throws the

selected wavelength light towards the cuvette containing sample.

Sample

@ -

Laser source Filter

V-
| |

Detector and Spectrometer
display

Figure 2.16 Experimental setup of PL spectrophotometer
The orientation of sample is chosen in such a way that the reflected laser light and PL emission
propagate in different directions. The emitted light propagates through fiber optic cable and
spectrophotometer. The diffraction grating inside spectrophotometer diffracts different
wavelengths in different directions. The detector measures signal intensity corresponding to each
wavelength and the output device displays PL spectra of the sample under investigation. Pictorial

view of Perkin Elmer LS55 spectrometer has been shown in Figure 2.17.
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Figure 2.17 Pictorial view of Perkin Elmer LS55 spectrometer [163]

2.4.5.1 Sample preparation for PL
Sample preparation for obtaining a PL spectrum is same as in UV-Vis. technique. The sample
must be dispersed thoroughly in appropriate solvent in a sonicator. In this study, ethanol has
been used as solvent and the samples have been sonicated until a clear solution is obtained.
2.4.5.2 Applications of PL spectroscopy
Various applications of PL spectroscopy include:

e Determination of the band gaps of semiconductors,

e Determination of the defects induced in the semiconductor lattice,

e Assessment of the quality of the semiconductors.
In the current thesis work, the PL spectra of the undoped and doped ZnS samples were recorded
using Perkin Elmer LS55 spectrometer.
2.4.6 VSM
Vibrating sample magnetometry (VSM) technique is used to study the magnetic behaviour of the
materials. This technique was invented in 1956 by Simon Foner at MIT and is based on
Faraday's law [164]. In a typical VSM system a piezoelectric material is used to produce
sinusoidal vibrations, which induce an electrical signal in pick-up coils generally translated by
the transducer family into vertical vibrations. The electrical signal produced is directly
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proportional to the sample magnetization. VSM has the capability of measuring extremely week
signals of the order of ~10” emu. The upper range for magnetic field measurement in VSM is 2
Tesla (T).

2.4.6.1 VSM instrumentation and working

In a VSM system, the sample is placed inside the sample holder, which is fixed between pair of
pick-up coils of the electromagnet. The block diagram of a typical VSM system is shown in

Figure 2.18.

Transducer assembly

| Oscillator
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Figure 2.18 Block diagram of VSM system
The application of magnetic field produced by the electromagnet induces magnetization in the
sample. The sample is allowed to vibrate along the vertical axis, which induces a voltage in
pickup coil which depends upon magnetic moment of sample. The pickup coils pick the induced

signal which depends on the amplitude and frequency of sample vibration. The magnetic
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moment (m) as a function of magnetic field (H) is displayed as output. Pictorial view of VSM

magnetometer has been shown in Figure 2.19.

Figure 2.19 Pictorial view of VSM magnetometer [165]
2.4.6.2 Applications of VSM
e Measurement of the magnetic properties of materials in powdered, thin films, and liquid
form,
e Study of ferromagnetic, diamagnetic, paramagnetic, ferromagnetic, and antiferromagnetic
curves of the materials,
e Study of GMR, TMS, and other magneto-optical materials analysis.
In the present thesis work, the magnetic measurements (M-H) have been carried out using

vibrating sample magnetometer (Lake Shore).

60



Chapter 3

Results & Discussions



Chapter 3

Results & Discussions

This chapter contains the detailed results and discussions of transition metals (Ni, Fe and Co)
doped ZnS nanostructures. The various results obtained using the characterization techniques
such as TEM, HRTEM, XRD, UV-visible, PL, and VSM have been analyzed with minute details.
The chapter starts with the transition metal doped nanoparticles. Later part of the chapter
consists of analysis of the corresponding nanorods. The detailed results and discussions have
been presented as given below:

3.1 Transition metals-doped ZnS nanoparticles

ZnS nanoparticles have been doped with transitions metals- Ni, Fe and Co, individually. Various
studies of these nanoparticles are presented below:

3.1.1 Zn14NixS (x = 0.00, 0.01, 0.05 and 0.10) nanoparticles

This section comprises morphological, structural, optical and magnetic studies of Zn;xNixS (X =
0.00, 0.01, 0.05 and 0.10) nanoparticles synthesized using technique as discussed in chapter 2.
The properties have been analyzed using TEM, EDS, XRD, UV-Vis., PL and VSM techniques.
3.1.1.1 Morphological studies

The morphological analysis was carried out using TEM instrument. The TEM images of the
ethanol dispersed ZnixNixS (X = 0.00 and 0.10) nanoparticles are shown in Figure 3.1. The
images indicate nearly spherical shaped nanocrystals with average size ~5 nm in case of x = 0.00

and 0.10 (Figure 3.1a and 3.1b) ZnS nanocrystals.
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Figure 3.1 TEM images of Zn;«NiyS nanocrystals (a) x = 0.00 and (b) x =0.10

The aggregation in the nanocrystals may be attributed to very small size of ZnS nanocrystals. It
is clear that there is no significant change in the morphology of the Ni-doped nanocrystals as
compared to the undoped counterparts [166].

3.1.1.2 Elemental studies

The elemental analysis of Zn;«NixS nanocrystals has been carried out using EDS. The elements
present in Zni«NixS nanoparticles have been shown in Figure 3.2. The spectra obtained exhibit
the presence of Zn, S in undoped samples, whereas, doped samples indicate Zn, S and Ni atoms
present in the samples. The two or more peaks corresponding to an atom indicate different shells
electron emission. From the spectra obtained it is clear that Ni is present in the doped samples.
The observed atomic percentages of Ni are 0.82%, 3.72% and 7.06% respectively corresponding
to x = 0.00, 0.01, 0.05, and 0.10 concentrations, which indicate that the observed amount of Ni is
less as compared to the actual doped Ni. The same may be attributed to the removal of non-

reacted Ni atoms during washing process.
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KeV
Figure 3.2 EDS spectra of Zn;«NixS (x = 0.00, 0.01, 0.05, and 0.10) nanocrystals

3.1.1.3 Structural studies

The XRD patterns of Zn1xNixS (x = 0.00, 0.01, 0.05, and 0.10) nanocrystals have been shown in
Figure 3.3. The spectra obtained indicate cubic zinc blende structure of synthesized ZnS
nanocrystals (JCPDS No. 05-0566). The diffraction peaks are observed at 20 = 28.8°, 47.6°, and
56.45° corresponding to, respectively, the lattice planes (111), (220), and (311). As clear from
XRD patterns, no separate peaks of Ni impurity phase have been observed in the Ni-doped ZnS

nanoparticles, which indicate that Ni has been inserted in the ZnS matrix.
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Figure 3.3 XRD patterns of Zn; «Ni,S (x = 0.00, 0.01, 0.05, and 0.10) nanocrystals

A slight shift in the peak positions for Ni-doped ZnS nanoparticles w.r.t. the undoped counterpart
also confirms the doping in ZnS matrix. It can be seen that the intensity of the XRD peaks
decrease with increase in doping concentration, which may be associated with the strains and
defects induced in ZnS lattice. The broadening of peaks indicates the nanometer regime of the
ZnS nanocrystals. The average crystallite size was estimated by using Scherrer formula [155].
The diameter of the nanocrystals was found to be ~5 nm which is in close agreement with the
TEM observations. The lattice parameter of ZnS nanocrystals has been calculated using the
relation:

1 _hz+k2+l2

2 2
dppi a

where, ‘a’ is lattice parameter, ‘d3,,’ is square of inter-planar spacing corresponding to the plane

(hkl). The value of ‘dq has been obtained from X’Pert High Score software and for x = 0.00
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concentration it is 3.13 A, whereas for x = 0.10 concentration it is 3.08 A. The calculated value
of lattice parameter, a = 5.40 A, for undoped (x = 0.00) ZnS nanoparticles, is more than those for
Ni-doped (x = 0.01, 0.05 and 0.10) ZnS nanopatrticles. In case of x = 0.10 concentration, this
value is 5.31 A. The Scherrer equation assumes that peak broadening is due to nanometer size of
the crystallite, however, the peak broadening can be caused due to the instrumental broadening
and due to strain broadening. Hence the average crystallite size and the strain induced in the
lattice due to the doping have been estimated using the Williamson-Hall (W-H) plots using the
equation [167]:
BCosd ==2 + 4zSing

where, ‘D’ is mean size of crystallite, ‘K’ is constant shape factor with value 0.94 in spherical
nanoparticles, ‘A’ is the wavelength of CuKa radiation (A = 1.5418 ), ‘B’ is FWHM, ‘0’ is
Bragg’s angle and ‘g’ is strain induced. The size and strain induced in the lattice has been
calculted by plotting BCos® along y-axis and Sin6 along x-axis. The W-H equation when
compared with general equation of line, y = mx + ¢, where ‘m’ is the slope and ‘¢’ is the
intercept, indicates that factor KA/D is the intercept and 4¢ is the slope of the line. Hence from
the intercept, one can obtain the value of average crystallite size, wherease from the slope of line,
the strain induced can be calculated. W-H plots for different Ni concentrations (x = 0.00, 0.01,
0.05 and 0.10) have been plotted as shown in Figure 3.4. The BCosb versus Sinf plots exhibit a
negative slope indicating that lattice is under compressive strain due to the different ionic radii of
Zn ions and Ni ions. Various lattice parameters, size and strain induced at different Ni-doping

concentrations are shown in Table 3.1.
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=01
Table 3.1 Structural parameters of Zn;.xNiS (x = 0.0, 0.01, 0.05, and 0.1) nanocrystals
20 Lattice | d-spacing Crystallite size Strain
_ constant (A) (nm) (2)
NI R
doping (111) (220) (311) Debye W-H
(x) Scherrer’s | plot
equation
0.00 28.44 47.35 56.19 5.40 3.13 571 5.36 | -0.002
0.01 28.47 47.40 56.26 5.37 3.11 5.60 5.18 | -0.004
0.05 28.51 47.43 56.43 5.32 3.10 4.98 451 |-0.007
0.10 28.58 47.55 56.52 5.25 3.08 4.59 4.38 | -0.008
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The reduction in lattice parameters in case of Ni-doped ZnS nanoparticles may be ascribed to
compressive strain induced due to the replacement of bigger Zn ions with smaller Ni ions. From
table it is clear that strain increases as the doping concentration is increased. In cases the
crystallite size calculated using W-H plots is smaller than that of Scherrer’s formula.

3.1.1.4 Optical studies

The optical studies have been analyzed on the basis of the spectra obtained via UV-Vis. and PL
spectroscopy. The results obtained are discussed below:

3.1.1.4.1 UV-Vis. studies

UV-Vis. spectra obtained for Zn;«NixS nanocrystals have been shown in Figure 3.5.
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Figure 3.5 UV-Vis. spectra of Zn;«NixS (x = 0.00, 0.01, 0.05, and 0.10) nanocrystals

The spectra exhibiting the absorption edge appearing at 317 nm for undoped ZnS nanocrystals

corresponding to a band gap of 3.90 eV - blue-shifted when compared with bulk ZnS (3.6 eV) -
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may be associated to quantum confinement effects [166]. The blue shift is more prominent as the
doping concentration is increased. For x = 0.10, the absorption edge appears at 305 nm
corresponding to the band gap of 4.06 eV. The blue-shift in Ni-doped ZnS nanoparticles may be
attributed to the small radii of Ni?* ions as compared to Zn?*, indicating that the Zn?* ions have
been replaced with Ni?* ions in the doped ZnS nanocrystals. The increase in band gap of Zn,.
xNixS nanocrystals may be attributed to quantum confinement of ZnS nanocrystals. The blue-

shift may also be associated with the strain induced in ZnS lattice due to doping.

3.1.1.4.2 PL studies

The room temperature PL emission spectra obtained at excitation wavelength of 300 nm (Aex, =
300 nm) are shown in Figure 3.6. The spectra obtained indicate two broad peaks centered at 360
nm and 435 nm. The peak centered at 360 nm may be attributed to wide band edge emission;
whereas, the blue emission peak at 435 nm, may be attributed to radiative recombination
between sulphur vacancies related donor energy levels and purity of phase of host ZnS material
[166]. The PL intensity increases with x = 0.01 Ni doping, but, as the Ni-doping concentration is
increased to x = 0.05 and 0.10, the intensity has been found to decrease. The increase in PL
intensity at lower doping concentration may be attributed to a vacancy at interstitial sites or at the
lattice position due to the doping. It may create new radiation centers, resulting in an increase in
the PL intensity [168, 169]. As the concentration is increased to x = 0.05 and 0.10, the doped Ni

ions interfere with the radiative recombination process.
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Figure 3.6 PL spectra of Zn;.xNiS (x = 0.00, 0.01, 0.05, and 0.10) nanoparticles

This effect overshadows the effect of creating new radiation centers, resulting in the quenching
of fluorescence intensity at higher doping concentrations. Similar observations have been
reported in literature with Ni-doping in ZnS nanoparticles [170].

3.1.1.5 Magnetic studies

Magnetic studies of Zn;«NixS nanocrystals have been analyzed on the basis of M-H curves up
to 1.5 Tesla (T), obtained using VSM at room temperature, as shown in Figure 3.7 (a, b). M-H

curves have been analyzed to study the magnetism induced in ZnS nanoparticles due to Ni-

doping.
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It is clear that at x = 0.00 and 0.01, Ni concentration the ZnS nanocrystals exhibit a weak
ferromagnetic magnetic behaviour; whereas, at x = 0.05 and 0.10 Ni concentrations the ZnS
nanoparticles indicate highly ferromagnetic behaviour. The increased ferromagnetic behaviour
with increased Ni-concentration confirms that ferromagnetism induced is caused due to presence
of Ni in ZnS matrix [166]. The values of remanent magnetizations for x = 0.00, 0.01, 0.05 and
0.10 Ni-doping are 0.0001 emu/g, 0.00125 emu/g, 0.0002 emu/g and 0.00015 emu/g
respectively; whereas, the coercivity values are 70 Oe, 100 Og, 200 Oe and 50 Oe respectively.
Sambasivam et al. [74] and Eryong et al. [79] have also observed the weak ferromagnetism,
termed as superparamagnetism, in Fe-doped ZnS nanoparticles caused due to small size of
nanoparticles. Similar superparamagnetic behaviour has also been observed in literature in Co-
doped ZnO nanoparticles due to small particle size [171, 172]. The magnetization increases as
the Ni concentration is increased in ZnS lattice. As indicated in PL studies that the defects
increase with increased doping concentrations, hence the magnetic behaviour may also be
influenced by the increased Ni ions concentration. As in XRD spectra no extra phases of Ni, NiS
or other impurities have been observed; hence, the magnetism induced is solely due to the Ni-
doping. It has been observed that the saturation is exhibited at lower Ni ions concentrations;
whereas, no saturation was observed at x = 0.10 Ni concentration. It has been reported in
literature that at higher Ni-doping concentration, the distance between Ni-Ni ions is decreased,

which leads to the non-saturation in the M-H curve [88].

3.1.2 Fe-doped ZnS nanoparticles
This section comprises the morphological, structural, optical and magnetic studies of Fe-doped

ZnS nanoparticles. The Zni4FesS (x = 0.00, 0.01, 0.05 and 0.10) nanoparticles have been

71



synthesized using technique as discussed in chapter 2. The properties have been analyzed using
TEM, HRTEM, EDS, XRD, UV-Vis., PL and VSM techniques.

3.1.2.1 Morphological studies

Morphological analyses have been made using TEM and HRTEM images. The TEM and
HRTEM images of Zni«FexS (x = 0.00 and 0.10) nanoparticles are shown in Figure 3.8. It is
clear that the Fe-doped ZnS nanoparticles are morphologically identical to the undoped

counterparts.

L

Figure 3.8 TEM images of Zn;xFexS nanoparticles (a) x = 0.00 and (b) x = 0.10 (Inset: HRTEM
images)

The TEM images indicate the average particle size as ~12 nm in case Zn;xFesS nanoparticles
with almost spherical symmetry. The HRTEM images (Figure 3.7 inset) indicate the atomic
spacing as 0.33 nm for undoped ZnS nanoparticles and 0.29 nm for doped counterpart. The
slightly low atomic spacing in case of Fe-doped ZnS nanoparticles, due to the strain induced in
ZnS lattice supports the insertion of Fe in ZnS lattice. These values accord well with d-spacing

values of (110) plane in XRD spectra of standard ZnS [173].
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3.1.2.2 Elemental studies
The doping percentage of doped Fe in ZnS nanoparticles has been confirmed by EDS analysis.
The EDS spectra of Znj.«FexS (x = 0.00, 0.01, 0.05 and 0.10) nanoparticles are shown in Figure

3.9. The spectra obtained indicate the presence of Fe in ZnS matrix.

D 2 4 <] 8 10

Energy (eV)

Figure 3.9 EDS spectra of Zn;xFeS (a) x =0.00 (b) x =0.01 (c) x =0.05 and x = 0.10
nanoparticles
Multiple peaks in EDS spectra for a particular element may be caused due to X-rays emission

from different shells. The observed amount of Fe at x = 0.01, 0.05 and 0.1, doping concentrations
is 0.73%, 4.05% and 7.40% respectively, indicating that the observed amount is less as compared
to the actual doped amount. It may be attributed to extensive washing of samples leading to a

decrease in observed percentage of doped Fe [173].
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3.1.2.3 Structural studies

Structural properties and phase of Zn;.xFe,S (x = 0.00, 0.01, 0.05 and 0.10) nanoparticles have
been determined using XRD technique. The XRD patterns have been shown in Figure 3.10. The
XRD patterns exhibit broadening in the XRD peaks, indicating the nanometer regime of Zn;.

xFexS nanoparticles.

20 (degrees)
Figure 3.10 XRD patterns of Zni«Fe,S (x = 0.00, 0.01, 0.05 and 0.10) nanoparticles

The peaks are obtained at 27.011, 28.766, 30.521, 47.681, 51.971 and 56.651 corresponding to
the (100), (002), (101), (110), (103) and (112) planes, which correspond to hexagonal crystal
structure (JCPDS card No. 79-2204). No extra peak of impurity phase has been observed,
indicating the single phase of all samples, which supports the substitution of Fe ions in ZnS
lattice. The particle size of undoped (x = 0.00) ZnS nanoparticles as estimated from Scherrer’s
formula [157] is ~15 nm which accords well with TEM size. The particle size is found slightly

reduced as the doping concentration is increased; it may be attributed to smaller ionic radii of Fe
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ions as compared to ZnS ions. The intensity of the XRD peaks diminishes as the doping

concentration is increased, which indicates the deterioration of structural quality of ZnS with Fe

doping.
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Table 3.2 Structural parameters of Zn;.xFexS nanoparticles (*indicated few 260 positions)
= 20* Lattice d- Crystallite size (nm) Strain
e .
constant (A) spacing (e)
doping (A)
(x) (002) | (110) | (112 Scherrer’s W-H
equation plot
0.00 28.34 | 47.21 | 56.14 |a=3.84,c=6.25 3.18 15.20 15.62 0.00327
0.01 28.38 | 47.27 | 56.19 |a=3.81,c=6.23 3.14 15.34 14.67 | -0.00142
0.05 28.47 | 47.33 | 56.31 |a=3.77,c=6.19 3.11 14.60 13.94 | -0.00247
0.10 2850 | 47.46 | 56.42 |a=3.75,c=6.14 3.09 14.37 13.35 | -0.00350
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The crystallite size and strain induced in the lattice have been calculated using W-H plots. W-H
plots for different Fe concentrations (x = 0.00, 0.01, 0.05 and 0.10) have been plotted as shown
in Figure 3.11. The BCos0 versus Sinf plots again exhibit a negative slope indicating that lattice
is under compressive strain. Different lattice parameters and strain induced at different Fe-
doping concentrations are shown in Table 3.2. Clearly, as the Fe concentration is increased, the
lattice parameters have been found slightly decreased, which indicates that the Fe-doped ZnS
lattice is under compressive strain due to smaller radii of Fe?* ions as compared to Zn* [173].
3.1.2.4 Optical properties

Optical studies are based on the UV-Vis and PL studies as presented below:

3.1.2.4.1 UV-Vis. studies

The UV-Vis. spectra for Zni4FesS (x = 0.00, 0.01, 0.05 and 0.10) nanoparticles have been

recorded between 280-450 nm as shown in Figure 3.12.
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Figure 3.12 UV-Vis. spectra of Zn;.4FexS (x =0.00, 0.01, 0.05, and 0.10) nanoparticles
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The spectra indicating absorption edge at 319 nm in case of undoped ZnS nanoparticles,
corresponding to a band gap of 3.88 eV - blue-shifted as compared to bulk ZnS (3.8 eV) - may
be attributed to quantum confinement effects [166, 168]. The absorption edge is further blue-
shifted in case of Fe-doped ZnS nanoparticles as compared to the undoped counterpart and it
becomes more prominent as the dopant concentration is increased. The variation of absorption
edge and corresponding change in energy band gap with Fe concentration in ZnS lattice is
illustrated in Table 3.3.

Table 3.3. Variation of band gap with Fe concentration (x)

Fe concentration (x) Absorption edge (nm) Band gap (eV)
0.00 319 3.88
0.01 317 3.91
0.05 314 3.94
0.10 311 3.98

The blue-shift in absorption edge of Fe-doped ZnS nanoparticles as compared to undoped
nanoparticles may be ascribed to the small size of Fe?* ions as compared to Zn** ions. As the Fe
doping concentration is increased the absorbance edge is again blue-shifted as compared to the
undoped ZnS nanoparticles. It may be attributed to fact that the doped Fe ions are forming new
energy levels in the ZnS energy band [173, 174]. The blue-shift may also be associated with the
strain induced in ZnS lattice due to doping.

3.1.2.4.2 PL studies

The room temperature PL emission spectra of ZnjxFexS nanoparticles, obtained at excitation
wavelength of 300 nm (Aex, = 300 nm), recorded between 325-550 nm range, are shown in Figure
3.13. The emission spectra of Zn;.4FexS (x = 0.00, 0.01, 0.05 and 0.10) nanoparticles exhibit two

peaks, at 360 nm and 438 nm, respectively.
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Figure 3.13 PL spectra of Zn;xFexS (x = 0.00, 0.01, 0.05, and 0.10) nanoparticles

Wide peak at 360 nm may be associated band edge emission of ZnS; whereas, blue emission
peak at 438 nm may be attributed to radiative recombination between sulphur vacancies related
donor energy levels and purity of phase of host ZnS material. It has been observed that as the Fe
concentration is increased, the corresponding PL intensity of ZnS nanoparticles is decreased,
which indicates that Fe®* ions are acting as quenching centers [175]. In general in the PL
process, an electron is stimulated from valence band of semiconductor, ZnS, to the conduction
band which then decays via a normal recombination process to some defect or surface states

existing within the valence and conduction bands [173]. In the Fe-doped ZnS, this electron can
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occupy a tetrahedral cationic site and it may be captured by the Fe®* ions in intermediate state,
leading to the decrease in PL intensity. The decrease in PL intensity at higher Fe concentration
may also be attributed to decrease in defect states due to increased Fe concentration [74].

3.1.2.5 Magnetic studies

M-H curves of Zn;«FesS (x = 0.00, 0.01, 0.05 and 0.10) nanoparticles have been studied using
VSM, recorded up to 1.5 T, as shown in Figure 3.14 (a, b). The M-H curves obtained indicate the
magnetic behaviour induced in the Fe-doped ZnS nanoparticles with well resolved hysteresis
loops, whereas, undoped ZnS nanoparticles indicate a diamagnetic type behaviour. The values of
remanent magnetization at x = 0.01, 0.05 and 0.1 Fe-doping concentrations are 0.0005 emu/g,
0.0003 emu/g and 0.001 emu/g respectively, with low coercivity values. The increased
ferromagnetic behaviour may be ascribed to the intrinsic coupling between the doped Fe atoms
and not due to the aggregated Fe atoms in the ZnS lattice, as no secondary phases have been
observed in XRD analysis. ZnS nanoparticles with x = 0.05 Fe-doping concentration exhibit a
weak ferromagnetic or paramagnetic like behaviour [173]. Weak ferromagnetic character, in case
of Ni-doped ZnS nanocrystals, has also been observed in literature [166]. Li et al. have reported
a weak ferromagnetic character in x = 0.05 Fe-doped ZnS nanoparticles, termed as paramagnetic
[176]. Bhattacharya et al. reported a weak ferromagnetic or superparamagnetic behaviour at
same concentration, however, at lower temperature, 6 K [71]. The variation of magnetic moment
(emu/g) and coercivity with Fe concentration has been depicted in Figure 3.13. Sambasivam et
al. and Eryong et al. also reported the weak superparamagnetic character in Fe-doped ZnS
nanoparticles, which is attributed to the small size of nanoparticles [74, 79]. The occurrence of

superparamagnetism in other DMS materials has also been observed in the literature.
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Figure 3.15 Variation of magnetization and coercivity with Fe concentration
Norton et al. and Park et al. observed superparamagnetic character in Co-doped ZnO

nanoparticles, associated with the small size of nanomaterials [171, 172]. Chen et al. observed

the superparamagnetism, at high temperatures, in Mn-doped CdSe nanorods [177].

3.1.3 Co-doped ZnS nanopatrticles

In this section, structural optical and magnetic properties of Co-doped ZnS nanoparticles with
different Co concentrations (x = 0.00, 0.01, 0.05, and 0.1) have been studied. The Zn;CoxS
nanoparticles have been synthesized using technique as discussed in chapter 2. The solvent used
in synthesizing these nanoparticles is ethanol. The resultant nanoparticles have been analyzed

using TEM, HRTEM, EDS, XRD, UV-Vis., PL spectroscopy and VSM.
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3.1.3.1 Morphological and elemental studies
Morphology of Zn;CoxS nanoparticles have been studied using TEM images as shown in

Figure 3.16. Size of Zn;.,Co,S nanoparticles (x = 0.00 and 0.10) is found ~9 nm.

Figure 3.16 TEM images of Zn;«CoxS nanoparticles at (a) x = 0.00 and (b) x = 0.10; HRTEM
images at (¢) x = 0.00 and (d) x = 0.10; EDS spectra at (¢) x = 0.00 and (f) x = 0.10.
The nanoparticles with x = 0.00 and 0.10 have almost same size and morphology as indicated

from images. The inter-atomic spacing values, as observed from HRTEM images in Figure 3.16

(c, d), have been found, 3.3 A and 3.1 A, for x = 0.00 and x = 0.10 concentrations, respectively.
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The decrement in inter-atomic spacing values with Co-doping has been confirmed in XRD
studies, which may be associated with strain induced in the ZnS lattice due to the different ionic
radii of Co ions and ZnS ions. Figure 3.14 (e, f) shows the EDS spectra of Zn;«CoxS
nanoparticles which indicates the presence of Co in the doped ZnS samples. The elemental
composition of samples is illustrated in Table 3.4.

Table 3.4 Elemental composition of Zn;.,Co,S (x = 0.00, 0.01, 0.05 and 0.10) nanoparticles

Co concentration (x) Atomic%
0.00 Zn =57.37, S=42.63, Co=0.00
0.01 Zn =55.40, S=43.72, Co=0.87
0.05 Zn=51.24, S=44.74, Co=4.02
0.10 Zn=51.13, S=41.02, Co=7.85

The observed doped amount of Co has been found to be less as compared to actual doped
percentage, which again may be ascribed to the excessive washings of samples due to which the
non-reactant Co particles may have been washed away [178].

3.1.3.2 Structural studies

Structural properties and phase analyses have been carried out using the XRD patterns as shown
in Figure 3.17. Peaks have been obtained at 26 = (111), (200), (220) and (311) corresponding to
the Bragg’s angles 28.65°, 33.05°, 47.95° and 57.13°, respectively, which accord well with the
JCPDS data card (JCPDS 80-0020) indicating the cubic phase of the synthesized nanoparticles.
Broadening in the XRD peaks indicate the nanometer regime of Zn;«CoxS nanoparticles. No
extra peak of impurity phase or other compound has been observed in the XRD patterns,
indicating the single phase of Zn;.xCoxS nanoparticles, supporting the substitution of Co ions in
ZnS lattice. The average particle size is estimated from Scherrer’s formula has been found to be

~10.41 nm, which accords well with TEM size [157].
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Figure 3.17 XRD patterns of Zn;.,CoxS (x = 0.00, 0.01, 0.05, and 0.10) nanoparticles
The intensity of the peaks is found reduced with increased Co doping concentration, indicating
the deterioration of structural quality of ZnS. Shifting of XRD peaks towards higher Bragg’s
angles again support the doping of Co in ZnS [177]. The size and strain induced in the lattice
have been obtained using W-H plots. W-H plots for different Co concentrations have been
plotted as shown in Figure 3.18. W-H plots indicate a negative slope indicating compressive
strain in the lattice due to Co doping. The slope is found increased as the doping concentration is

increased indicating that lattice is under strain with increased doping concentration.
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Figure 3.18 W-H plots of Zn;.4Co,S nanoparticles at (a) x = 0.00, (b) x = 0.01, (c) x =0.05 and
(d)x=0.10
Table 3.5 Structural parameters of Zn;.xCo,S (x = 0.00, 0.01, 0.05, and 0.10) nanoparticles

20 Lattice d- Crystallite size Strain
constant | spacing (nm) ()
. A A
Codoping | (111) (220) (311) Debye W-H
(x) Scherrer’s | plot
equation
0.0 28.29 47.25 56.28 5.45 3.15 10.41 10.03 | -0.0016
0.01 28.43 47.41 56.39 5.36 3.11 11.55 11.16 | -0.0027
0.05 28.51 47.43 56.54 5.31 3.10 10.36 9.45 | -0.0047
0.10 28.58 47.52 56.64 5.28 3.08 9.88 8.72 | -0.0060

Different lattice parameters along with the size and strain induced at different Fe-doping

concentrations are presented in Table 3.5. Decrease in the lattice parameters may be ascribed to

strain induced in ZnS lattice with insertion of Co ions in ZnS lattice as the ionic radii of Co ions

differs from replacing Zn ions.

85




3.1.3.3 Optical studies

The optical properties have been analyzed using UV-Vis. and PL studies. The detailed optical
properties of Zn;«Co,S nanoparticles are given below:

3.1.3.3.1 UV-Vis. studies

UV-Vis. spectra of Zn;xCoxS nanoparticles have been shown in Figure 3.19. The spectra

indicate blue shift in absorption edge in Zn;«CoxS nanoparticles as compared to bulk ZnS.

16
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Figure 3.19 UV-Vis. spectra of Zn;.4Co,S (x = 0.00, 0.01, 0.05, and 0.10) nanoparticles
Maximum absorbance edge in case of undoped ZnS nanoparticles has been found at 320 nm,
corresponding to the band gap of 3.86 eV - blue-shifted as compared to bulk ZnS. The blue-shift
in undoped ZnS nanoparticles may be ascribed to quantum confinement effects [168]. Also, as
the Co concentration in ZnS nanoparticles is increased, the absorbance edge is found to be blue-
shifted as compared to the undoped ZnS nanoparticles. The maximum absorption edge appears at

313 nm for x = 0.10 Co-doped ZnS nanorods corresponding to a band gap of 3.95 eV. This
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behaviour has been illustrated in Figure 3.20. The blue shift in Co-doped ZnS nanoparticles may
be attributed to the fact that the radii of Co ions are smaller as compared to the replaced Zn ions.
It may also be attributed to fact that the doped Fe ions are forming new energy levels in the ZnS
energy band [178]. It again supports the replacement of Zn ions with doped Co ions in the ZnS

lattice. The blue-shift may also be associated with the strain induced in ZnS lattice due to doping.

314

w
=
N
" 1 "

w

e

o
1

S

w

o

(o¢]
]

w

o

»
]

9

Maximum absorption wavelength (nm)

304 I ’ I ’ I ’ I ’ I ’ I
0.00 0.02 0.04 0.06 0.08 0.10

Co concentration (X)

Figure 3.20 Variation of maximum absorption with Co concentration
3.1.3.3.2 PL studies
The room temperature PL emission spectra obtained, at excitation wavelength of 280 nm (Aex =
280 nm), recorded between 350-600 nm are shown in Figure 3.21. The spectra obtained indicate
the peak centered at 450 nm and 525 nm due to blue and yellow emission respectively. Broad
emission band exhibited at 450 nm may be ascribed to surface defect states originating due to
sulphur vacancies [179]. The blue emission peak may ascribe to radiative recombination between

sulphur vacancies related donor energy levels and purity phase of host ZnS material [180].

87



Intensity (a.u.)

3£I30 | 460 | 4é0 | 5(l)0 | séo | 660
Wavelength (nm)

Figure 3.21 PL spectra of Zn;.4CoxS (x = 0.00, 0.01, 0.05, and 0.10) nanoparticles
Another peak centered at 525 nm may be associated with self activated zinc vacancies of
synthesized ZnS nanoparticles [181]. The photoluminescence intensity increases with the doping
of cobalt ions at x = 0.01 and x = 0.05 concentrations, but it reduces as the Co concentration is
increased to x = 0.10. This behaviour has been demonstrated in Figure 3.19. The enhancement of
photoluminescence intensity may be ascribed to creation of new radiation centers or size
reduction caused due to Co doping [182]. As the Co concentration is increased up to x = 0.10,
the doped Co ions interfere with the radiative recombination, which overshadows the effect of
creating new radiation centers, resulting in the quenching of fluorescence intensity at higher

doping concentrations [166, 170, 178].
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Figure 3.22 Variation of PL intensity with Co concentration

3.1.3.4 Magnetic studies

Magnetic behaviour of Co-doped ZnS nanoparticles has been analyzed using M-H curves
obtained using VSM up to 1.5 T. The M-H curves, obtained at room temperature, are shown in
Figure 3.23 (a, b). The M-H curves indicate the magnetic behaviour induced in the Zn;CoxS
nanoparticles. Increase in Co concentration up to x = 0.10 induces increased ferromagnetic
character at lower magnetic fields, however, no saturation has been observed till 1.5 T. The
variation of coercivity and remanent values with Co concentrations has been illustrated in Figure
3.24. Decrease in coercivity values indicating the soft magnet character of the Co-doped ZnS
nanoparticles. The retentivity is reduced at x = 0.01 Co concentration, but, as the Co
concentration is increased to x = 0.05 and 0.10, a substantial increase has been observed in

retentivity of ZnS nanoparticles as compared to x = 0.01 Co concentration.
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Figure 3.23 M-H curves of Zn;4CoxS (x = 0.00, 0.01, 0.05, and 0.10) nanoparticles (a) up to 1.5
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Figure 3.24 Variation of remanent magnetization and coercivity with Co concentration in ZnS

nanoparticles

The indication of ferromagnetic character with the insertion of Co ions in ZnS matrix supports
the presence of Co in ZnS matrix. The induced ferromagnetism at lower concentration may be
associated with super-exchange interaction between the doped Co?* ions whereas, at higher Co
concentrations it may be ascribed to direct exchange as the distance between moments is reduced
at higher concentrations [27]. The possibility of magnetism due to aggregated Co atoms can be
ruled out as no secondary phases have been observed in XRD analysis [178]. The room
temperature ferromagnetism may be ascribed to the sulphur vacancies and zinc interstitials [183,
184]. The results obtained contradict the earlier reports, where it has been found that the
ferromagnetic character is decreased with increased cobalt ions concentrations due to
antiferromagnetic interactions [76]. However, in some reports, at higher Co ions concentrations,
a ferromagnetic behaviour is observed at room temperature [185].

To summarize, Table 3.6 provides a comparative chart of properties of Ni, Fe and Co-doped ZnS

nanoparticles at different transition metals concentrations.
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Table 3.6 Comparative chart of various properties of (Ni, Fe, Co)-doped ZnS nanoparticles

Sample

Ni-ZnS

Fe-ZnS

Co-ZnS

Doping (x)

Properties

0.00

0.01 0.05

0.10

0.00

0.01

0.05

0.10

0.00

0.01 0.05

0.10

Solvent

De-ionized water

EN and ethylene glycol (1:5)

Ethanol

Average
size (nm)

~5

~12

Doping
(%)
observed

0.0

0.82 3.72

7.06

0.0

0.73

4.05

7.40

0.0

0.87 4.02

7.85

Structure

Cubic

Hexagonal

Cubic

Band gap
(eV)

3.90

3.94 4.0

4.06

3.88

3.91

3.94

3.98

3.86

3.89 3.92

3.95

PL
intensity
(w.r.t.
undoped)

Increase Decrease

Decrease

Decrease

Decrease

Decrease

Increase Increase

Decrease

Magnetiza
-tion
(emu/g)

0.00

0.0033 0.0052

0.0178

0.002

0.006

0.031

0.038

0.002

0.03 0.01

0.014
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3.2 Transition metals doped ZnS nanorods

3.2.1 Undoped and Ni-doped ZnS nanorods

This section deals with the morphological, structural, optical and magnetic properties of Zn;.
xNixS (x = 0.00, 0.01, 0.05 and 0.10) nanorods. The Ni-doped ZnS nanorods have been
synthesized as discussed in chapter 2. The synthesized nanorods have been analyzed using TEM,
HRTEM, EDS, XRD, UV-Vis., PL spectroscopy and VSM techniques.

3.2.1.1 Morphological studies

The undoped ZnS nanorods (x = 0.00) and Zn;.xCoxS (x = 0.10) samples indicate cylindrical

nanorods as shown in Figure 3.25(a) and Figure 3.25(b) respectively.

T

Figure 3.25 TEM images of Zn;4NiS nanorods (a) x = 0.00 (b) x = 0.10; HRTEM images of (c)
x =0.00 and (d) x =0.10 Ni concentrations

The variation in length ranges between 50-300 nm and diameter ~10 nm. TEM images indicate

that morphologically the undoped and Ni-doped ZnS nanorods are similar [177]. HRTEM
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images of undoped and Ni-doped ZnS nanorods have been shown in Figure 3.25 (c, d). The
HRTEM images indicate sharp lattice fringes in undoped and Ni-doped ZnS nanorods indicate
high crystalline nature of synthesized nanorods. Lattice spacing values, 0.32 nm and 0.31 nm, for
undoped and Ni doped ZnS nanorods, accord well with (002) plane of standard ZnS JCPDS card
no. 36-1450.

3.2.1.2 Elemental studies

EDS analysis has been performed to confirm the presence of Ni in ZnS nanorods samples. The
EDS patterns exhibiting the elements present in undoped and doped ZnS nanorods are shown in
Figure 3.26. Inspecting the spectra, it has been observed that Ni is present in the doped ZnS

nanorods; however, the observed amount is less than the actual doped amount [186].

Figure 3.26 EDS patterns of Zn; «NixS (x = 0.00, 0.01, 0.05 and 0.10) nanorods

In case of x = 0.00, 0.01, 0.05, and 0.10 Ni-concentrations, the observed amount of Ni has been

found to be 0.71%, 3.89% and 7.88%, respectively, as shown in Table 3.7.
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Table 3.7 Elemental distribution in Zn;4NixS (x = 0.00, 0.01, 0.05 and 0.10) nanorods

Ni concentration (X) Elemental composition
0.00 Zn =57.37,S =42.63, Ni=0.00
0.01 Zn=55.19,S=44.10, Ni=0.71
0.05 Zn=52.31,S=43.80, Ni=3.89
0.10 Zn =50.44,S =42.68, Ni=7.88

The reason for the decrease in observed Ni content may be due to the fact that Ni atoms, not
substituted in the ZnS lattice or non-reacted, may have been washed away during the washing of
samples.

3.2.1.3 Structural studies

The XRD patterns of undoped and Ni-doped nanorods are shown in Figure 3.27. The diffraction
peaks have been observed at 20 = 26.5°, 28.8°, 30.54°, 39.77°, 47.6°, 51.83° and 56.45°
corresponding to the planes (100), (002), (101), (102), (110), (103), and (112) respectively.
These planes can be indexed to wurtzite phase (JCPDS card no. 36-1450) with lattice parameters,
a = 3.86 and, ¢ = 6.30 in case of undoped ZnS nanorods. No extra peaks of secondary phases
have been indicated in Ni-doped samples, supporting that the dopant, Ni, has been substituted in
the ZnS lattice [186]. The XRD peaks have been found shifted slightly towards higher Bragg’s
angles. The preferential growth direction about a plane can be obtained by calculating the texture
coefficient by using the equation [187]:

I(hkl) 1 I(RKD)
I'(hkl) 5 I'(hkl)

TC(hkl) =

where, TC(hKI) is the texture coefficient along (hkl) plane, 11hkl) is intensity of standard JCPDS
peaks, I(hkl) is the intensity of corresponding observed XRD peaks, and ‘n’ is the number of

peaks in the XRD patterns.
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Figure 3.27 XRD patterns of Zn;«NixS (x = 0.000, 0.01, 0.05 and 0.1) nanorods
From calculations, it has been observed that the value of TC(002) is maximum, indicating it to
be a preferred direction of growth. For wurtzite structure, the lattice parameters have been

calculated using the raltion:

dz 3 o2

1 4 [h2+hk+kzl 12

a
where, (hkl) are Miller indices, ‘d’ is interplanar spacing. W-H plots for undoped and Ni-doped
ZnS nanorods have been shown in Figure 3.28. W-H plots indicate negative slopes in all samples

which again indicate that in case of Ni-doped ZnS nanorods the lattice is under compressive

strain.
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Figure 3.28 W-H plots of Zn;.«NiS nanorods at (a) x = 0.00 (b) x =0.01, (c) x = 0.05 and

(d) x = 0.10

Various structural parameters calculated are shown in Table 3.8.

Table 3.8 Structural parameters of Zn;«NixS nanorods (*indicated few 26 positions)

] 20% Lattice d- Crystallite size Strain
N_' constant (A) spacing (nm) (e)
doping A)

(x) (002) | (110) (112) Scherrer’s | W-H
equation plot

0.00 |28.34 4721 | 56.14 |a=3.86,c=6.30 3.15 20.88 19.69 |-0.0012

0.01 |28.38 4727 | 56.19 |a=3.82,c=6.28 3.14 18.78 18.21 | -0.0022

0.05 |28.47 4733 | 56.31 |a=3.80,c=6.26 3.13 14.14 13.16 | -0.0034

0.10 |28.50 4746 | 56.42 |a=3.74,c=6.18 3.10 12.86 11.60 | -0.0052
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From Table 3.8, it is clear that as the doping concentration is increased, there results a slight shift
in the peak position in case of Ni-doped nanorods, and the values of lattice constants also register
a decreasing trend, indicating that the Ni ions replaced the Zn ions in the lattice. Reduced lattice
parameters and shifting of XRD towards higher Bragg’s angles may be attributed to smaller ionic
radii of Ni atoms replacing the comparatively larger Zn ions in the ZnS lattice; hence lattice is
under compressive strains [186].

3.2.1.4 Optical studies

The optical properties have been analyzed using UV-Vis. and PL studies. The detailed optical
properties of Zny«NiyS (x = 0.00, 0.01, 0.05 and 0.10) nanorods are given below:

3.2.1.4.1 UV-Vis. studies

The UV-Vis. spectra of Zn;«NixS (x = 0.00, 0.01, 0.05 and 0.10) nanorods have been recorded

between 300-450 nm range. The UV-Vis. patterns obtained are shown in Figure 3.29.
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Figure 3.29 UV-Vis. spectra of Zn;.xNixS (x = 0.00, 0.01, 0.05 and 0.10) nanorods
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Maximum absorbance recorded at 325 nm, in case of undoped ZnS nanorods, corresponding to
the band gap of 3.81 eV, blue-shifted as compared to bulk counterpart. Further, as the Ni-doping
IS increased, the absorbance edge is blue-shifted as compared to undoped ZnS counterparts. The
absorption in case of x = 0.01, 0.05 and 0.1 Ni concentration has been at 320 nm, 316 nm and
311 nm corresponding to the band gaps of 3.87 eV, 3.93 eV and 3.98 eV, respectively. The blue
shift in Ni-doped nanorods may be ascribed to the lower ionic radius of Ni ions as compared to
the replaced Zn ions in host ZnS, as we assume that Ni ions, having smaller ionic radii, have
replaced the Zn ions, leading to smaller size of doped ZnS or it may be associated with creation
of energy levels within the ZnS band gap. Sambasivam et al. in case of Fe-doped ZnS
nanoparticles and Feng et al. in Fe-doped ZnS thin films have reported similar observations [74,
188]. Increase in band gap with the Ni doping, again supports the substitution of Ni ions in the
ZnS lattice [186]. The blue-shift may also be associated with the strain induced in ZnS lattice
due to doping.

3.2.1.4.2 PL studies

The PL emission spectra, recorded between 325-550 nm, obtained at excitation wavelength of
300 nm (Aex = 300 nm), are shown in Figure 3.30. The spectra depict two main peaks, at 340 nm
and 435 nm, in undoped and Ni-doped ZnS nanorods. The peak at 340 nm may be attributed to
wide band edge emission and blue emission at 435 nm may be attributed to self activated
luminescence and recombination of carriers between sulphur vacancies related donor and
valence bands [186]. The blue emission band in Ni-doped ZnS nanorods may also be attributed
to the transition from the conduction band of ZnS to an intermediate state of Ni which lies
between the conduction band and valence band of ZnS [189]. The PL intensity reduces in Ni-

doped ZnS nanorods as compared to undoped counterpart.
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Figure 3.30 PL spectra of Zn;.xNixS (x = 0.00, 0.01, 0.05 and 0.10) nanorods

The PL intensity registers a quenching with increased Ni concentrations from x = 0.00 to 0.1.

Observations of photoluminescence intensity quenching have been reported in the literature in

case of doped ZnS nanostructures. It may be attributed to the fact that doped transition metals

act as electron trapping centers, resulting into non-radiative recombination. Hence, as the

concentration of transition metal is increased the electron trapping centers also increase, resulting

in non-radiative recombination, leading to subsequent quenching in PL intensity [190, 191].
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3.2.1.5 Magnetic studies

Magnetic properties of Zn;«NixS (x = 0.00, 0.01, 0.05 and 0.10) nanorods have been studied

using
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Figure 3.31 M-H curves of Zn;4NiyS (x = 0.00, 0.01, 0.05 and 0.10) nanorods (a) upto 1.5 T

and (b) up to 4000 Oe [Inset: magnified view of M-H curves]
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VSM. The M-H curves obtained at room temperature are shown in Figure 3.31 (a, b). It has been
observed that in addition to Ni-doped ZnS nanorods, the undoped ZnS nanorods also exhibit
ferromagnetic like behaviour. As the Ni concentration increase, the magnetization registers an
increase indicating that magnetism caused is due to Ni in ZnS matrix. The ferromagnetic
character in undoped ZnS nanorods may be ascribed to the Zn vacancies [192]. The enhanced
ferromagnetic character may be ascribed to the substitution of Ni in ZnS lattice, but not due to Ni
clusters or other compounds e.g. NiS, as in XRD spectra, no such secondary phases have been
observed. The observed values of retentivity for x = 0.01, 0.05 and 0.1 concentrations are
0.00025 emu/g, 0.0005 emu/g and 0.0004 emu/g respectively and that of coercivity are 80.0 Oe,
105.0 Oe and 85.0 Oe respectively. Increase in Ni-doping concentration up to x = 0.05, increases
the magnetization with increased magnetic field. The induced magnetism with high carrier
concentration may be ascribed to the hybridization between the transition metal atoms and S
atoms of ZnS lattice [193]. The ferromagnetism may be ascribed to exchange interactions
between the dopant atoms [78, 194]. However, the saturation magnetization reduces as Ni-
doping concentration is increased to x = 0.10. Variation of magnetization with doping
concentration has been illustrated in Figure 3.32. Sambasivam et al. also observed similar trend
in Fe-doped ZnS nanoparticles. It has been observed that with increase in Fe-doping
concentration, the magnetization reduces at higher concentrations [74]. Decrease in
magnetization at x = 0.10 Ni-doping concentration may be attributed to more grain boundaries
[195]. The probability of inducing grain boundaries are high at increased doping of external
agents i.e. Ni. In literature, decrease in magnetization at higher concentration has been associated
with the super-exchange interaction caused due to increase in nearest neighbour

antiferromagnetic coupling of Ni ion pairs in doped ZnS nanorods [175].
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Figure 3.32 Variation of saturation magnetization with Ni-doping concentration
The antiferromagnetic coupling is enhanced at higher concentrations due to increased number of

doped Ni ions, leading to suppression in magnetization.

3.2.2 Fe-doped ZnS Nanorods

This section deals with the morphology, structure, optical and magnetic analysis of ZnjxFeyS (x
=0.00, 0.01, 0.05 and 0.10) nanorods. The properties of Zn; «NiS (x =0.00, 0.01, 0.05 and 0.10)
nanorods have been analyzed using TEM, HRTEM, EDS, XRD, UV-Vis., PL and VSM
techniques.

3.2.2.1 Morphology and elemental studies

The morphology of Zn;.«FesS (x = 0.00 and 0.10) nanorods have been studied using TEM and
HRTEM images. The images obtained are shown in Figure 3.33. It is clear that Fe-doped ZnS

nanorods (x = 0.10) have identical morphology when compared with undoped counterparts (x =
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0.00). The average diameter of nanorods has been found to be ~10 nm and length varying

between 50-400 nm.

Figure 3.33 TEM images of Zn;.xFexS nanorods (a) x = 0.00 and (b) x = 0.10; HRTEM images
(c) x=0.00 and (d) x = 0.10; EDS spectra (e) x =0.00 and (f) x =0.10
The HRTEM images, Figure 3.33(c, d), indicate sharp lattice fringes with atomic spacing of 3.12

A and 3.10 A for x = 0.00 and 0.1, respectively. These values match with (002) plane of standard
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ZnS (JCPDS card no. 36-1450). Clearly, the atomic spacing of Fe-doped ZnS nanorods is
slightly less as compared to the undoped counterpart. The observed atomic spacing values, of
undoped and doped ZnS nanorods, accord well with d-spacing values of (002) plane as obtained
from XRD spectra and decrement may be caused due to the strain induced in ZnS lattice [196].
To confirm the presence of Fe in ZnS samples, the elemental analysis has been made on the basis
of EDS spectra. The EDS spectra for Zn;.xFexS (x = 0.00 and 0.10) nanorods are indicated in
Figure 3.33 (e, f). The detailed elemental analysis of Zn;«FesS (x = 0.00, 0.01, 0.05 and 0.10)
nanorods is shown in Table 3.9.

Table 3.9 Elemental composition of Zn;4Fe.S (x =0.00, 0.01, 0.05, and 0.10) nanorods

Fe concentration (x) Atomic%
0.00 Zn =57.37, S=42.63, Fe=0.00
0.01 Zn=56.72, S=42.44 ,Fe =0.84
0.05 Zn=54.24, S=4181, Fe=3.95
0.10 Zn=50.23, S=41.72 ,Fe =8.05

The undoped ZnS samples indicate the presence of Zn and S atoms; whereas, the doped ZnS
samples indicate the presence of Fe; however, the observed Fe amount is lower than the actual
doped amount, which may be associated with the removal of Fe during the extensive washing of
the ZnS samples [196].

3.2.2.2 Structural studies

The structural properties have been analyzed using XRD patterns. The XRD patterns of Zn;.
xFexS (x = 0.00, 0.01, 0.05 and 0.10) nanorods are shown in Figure 3.34. The diffraction peaks
have been observed at 20 = 26.5°, 28.8°, 30.5°, 39.8°, 47.6°, 51.8° and 56.5° corresponding to
the peaks (100), (002), (101), (102), (110), (103), and (112) respectively. These peaks can be

indexed to wurtzite phase (JCPDS card no. 36-1450).
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Figure 3.34 XRD patterns of Zn;«Fe,S (x = 0.00, 0.01, 0.05 and 0.10) nanorods

No extra peaks of secondary phases have been observed in case of Fe-doped samples, which

supports that Fe has been substituted in the ZnS lattice. Clearly, there is a slight shift in the peak

position towards a higher diffraction angles as the concentration is increased, which may be

ascribed to smaller ionic radius of Fe?" as compared to Zn*". The preferred orientation of a

particular crystal plane has been determined by texture coefficient [187]. It has been observed

that the value of TC(002) is maximum, indicating (002) plane as preferred direction of growth.

W-H plots for undoped and Fe-doped ZnS nanorods have been shown in Figure 3.35. Plots again

indicate negative slopes in all samples which again show that in case of Fe-doped ZnS nanorods

the lattice is under compressive strain.
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The lattice parameters, crystallite sizes and strain induced are presented in Table 3.10.
Table 3.10 Structural parameters of Zn;.xFexS nanorods (*indicated few 20 positions)
20* Lattice d- Crystallite size (nm) | Strain
Fe constant (&) | spacing
doping A)
(x) (002) | (110) | (112) Scherrer’s | W-H
equation plot
0.00 28.34 47.21 | 56.14 | a=3.86,c=6.30 3.15 10.57 10.11 | -0.0012
0.01 28.41 47.34 | 56.21 |a=3.83,c=6.29 3.13 10.22 9.65 |-0.0023
0.05 28.48 47.45 | 56.33 | a=3.82,¢c=6.27 3.10 9.54 8.76 | -0.0037
0.10 28.61 47.60 | 56.45 |a=3.81,c=6.23 3.09 8.32 7.41 | -0.0060
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It has been observed that as the Fe concentration is increased, the lattice parameters are slightly
decreased, which indicates that the Fe-doped ZnS structure is under compressive strain due to
different ionic radii of Fe ions as compared to replaced Zn ions. The d-spacing values decrease
with increased Fe concentrations. These results accord well with HRTEM observations [196].
The strain induced increases as the Fe concentration is increased.

3.2.2.3 Optical studies

Optical properties of Zn;.4FesS (x = 0.00, 0.01, 0.05 and 0.10) nanorods comprise UV-Vis. and
PL studies. The detailed discussions of UV-Vis. and PL studies are given below:

3.2.2.3.1 UV-Vis. studies

The absorption spectra of Zn;.4Fe,S (x = 0.00, 0.01, 0.05 and 0.10) nanorods, recorded in 250-

400 nm range, have been shown in Figure 3.36.

Absorbance (a.u.)

T T T T | T
300 325 350 375 400 425
Wavelength (nm)

Figure 3.36 UV-Vis. spectra of Zn;.xFesS (x = 0.00, 0.01, 0.05, and 0.10) nanorods
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It is clear that maximum absorbance wavelength (inax) appears at 320 nm, 318 nm, 315 nm and
310 nm for x = 0.000, 0.01, 0.05, and 0.10 Fe concentration, respectively, indicating a blue-shift
as compared to the bulk counterpart. The blue-shift continues as the dopant concentration is
increased from x = 0.00 to 0.1. Blue-shift in undoped nanorods as compared to bulk ZnS may be
ascribed to quantum confinement effects [166], whereas, the blue shift in absorption edge of Fe-
doped ZnS nanorods may be attributed to the smaller radii of Fe ions as compared to the replaced
Zn ions in ZnS lattice. Similar observations have been reported in literature in Fe-doped ZnS thin
films and nanorods [74, 188, 196]. The blue shifting of absorption edge with Fe concentration
has been summarized in Table 3.11.

Table 3.11 Variation of band gap with Fe concentration (x)

Fe concentration (x) Amax (NM) Band gap (eV)
0.00 320 3.87
0.01 318 3.89
0.05 315 3.93
0.10 310 4.00

In literature, the cause of blue-shifting in band gap with external doping has also been associated
with the formation of new energy levels by the dopant ions in the host semiconductor [174]. The
blue-shift may also be associated with the strain induced in ZnS lattice due to doping.

3.2.2.3.2 PL studies

The PL emission spectra, obtained at excitation wavelength A.x = 300 nm, are shown in Figure
3.37. The two wide peaks at 447 nm and 533 nm have been obtained, indicating the blue and
green emission respectively. The blue emission peak at 447 nm may ascribe to radiative
recombination between sulphur vacancies related donor energy levels and purity phase of host

ZnS material [196].
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Figure 3.37 PL spectra of Zn;xFe,S (x = 0.00, 0.01, 0.05, and 0.10) nanorods
Green emission peak at 533 nm may be associated to defects e.g. sulphur or zinc vacancies
[100]. The PL intensity increases with increased Fe concentration up to 0.05. As the Fe
concentration is increased further up to x = 0.10, quenching in PL intensity is observed. The
higher PL intensity at lower doping concentration may be associated to the fact that at lower
concentration (x = 0.00, 0.01 and 0.05) dopant may find a vacancy at interstitial sites or at the
lattice position, leading to the creation of new radiation centers, resulting an increase in PL
intensity [169, 186]. As the Fe concentration is increased further up to x = 0.10, the doped Fe
ions interfere with the radiative recombination which overshadows the effect of creating new
radiation centers, hence resulting in the quenching of fluorescence intensity at higher doping
concentrations. Similar observations have been reported earlier in the literature with Ni-doping

in ZnS nanorods [54, 186].
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3.2.2.4 Magnetic studies

The M-H curves obtained up to 2 T, at room temperature, are shown in Figure 3.38. The curves
indicate that undoped (x = 0.00) ZnS nanorods exhibit a diamagnetic character, whereas, the Fe-
doped ZnS (x = 0.01, 0.05 and 0.1) nanorods exhibit ferromagnetic character up to 5000 Oe. As
the magnetic field is increased further up to 2 T, there is a sharp decrease in the magnetization
and diamagnetic character appears to be induced. M-H curves exhibit remanent magnetization of
0.00034 emu/g, 0.0013 emu/g, 0.002 emu/g and 0.0016 emu/g for x = 0.00, 0.01, 0.05 and 0.10
Fe concentrations with corresponding saturation magnetization of 0.0025 emu/g, 0.0065 emu/g,
0.012 emu/g and 0.0095 emu/g, respectively. The small coercivity in all samples indicates the
soft magnetic behaviour. The M-H curves indicate that ferromagnetism becomes more prominent
as the Fe concentration is increased up to x = 0.05. This behaviour clearly indicates that insertion
of Fe ions in ZnS matrix induces a ferromagnetic character in the doped ZnS nanorods [196].
The ferromagnetic behaviour may be thought of due to the aggregated Fe atoms in the ZnS
lattice, but this possibility can be ruled out as no secondary phases have been observed in XRD
spectra. As the Fe-doping concentration is increased further to x = 0.10, the saturation
magnetization is found reduced. The ferromagnetism at lower concentration may be ascribed to
the intrinsic coupling between the doped Fe-Fe atoms [183]. As the concentration is further
increased to x = 0.10, the Fe-Fe distance in the ZnS matrix is reduced, leading to
antiferromagnetic interaction, which may cause a decrease in the magnetization. Similar
observations have been reported in literature in case of Ni-doped and Co-doped ZnS
nanoparticles. It has been stated that reduced magnetization arises due to the competition

between antiferromagnetic and ferromagnetic ordering [76, 166].
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Figure 3.38 M-H curves of Zn;.4Fe,S (x = 0.00, 0.01, 0.05 and 0.10) nanorods (a) upto 2 T and
(b) up to 5000 Oe range [inset: magnified view of M-H curves].
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3.2.3 Co-doped ZnS nanorods

In this section, morphological, structural, optical and magnetic properties of Zn;.,CoxS (x = 0.00,
0.01, 0.05 and 0.10) nanorods have been discussed. The investigations of different properties
have been made for Co-doping concentrations, x = 0.00, 0.01, 0.05 and 0.10 respectively.

3.2.3.1 Morphological studies

The morphology of the Zn;.xCoxS (x = 0.00, 0.01, 0.05 and 0.10) nanorods has been analyzed
using TEM. TEM images for Zn;4CoxS (x = 0.00 and 0.10) nanorods are shown in Figure 3.39
(a, b). TEM images indicate 1-D cylindrical nanorods with varied length raging between 50-250
nm and diameter ~10 nm. It has been observed that Zn;.xCoS (x = 0.00 and 0.10) nanorods have
similar cylindrical morphology. HRTEM images as shown in Figure 3.39 (c, d), Zn;xCoxS (x =
0.00 and 0.10), exhibit the inter-atomic spacing values as 3.3 A and 3.1 A, respectively. The
reduced inter-atomic spacing values have been confirmed in XRD studies [197]. EDS spectra
have been recorded to identify the elements present in undoped and doped ZnS samples. EDS
spectra, shown in Figure 3.39 (e, f), confirm the presence of Co in the doped ZnS nanorods
samples. The atomic content of various elements in undoped and Co-doped ZnS nanorods have
been tabulated in Table 3.12.

Table 3.12 Elemental composition of Zn;4CoxS (x = 0.00, 0.01, 0.05, and 0.10) nanorods

Co concentration (x) Atomic%
0.00 Zn =57.37, S=42.63, Co=0.00
0.01 Zn=57.08, S=42.11,Co0=0.81
0.05 Zn=54.17, S=41.85, Co= 3.98
0.10 Zn=51.19, S=41.40,Co= 741

From Table 3.12, it is clear that the observed doped amount of Co is less as compared to actual
doped concentration which may ascribe to the repeated washings with water and acetone which

might have washed away the non-reacted Co content [197].
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Figure 3.39 TEM images of Zn; «Co,S (x = 0.00, 0.01, 0.05 and 0.10) nanorods at (a) x = 0.00
(b) x =0.10; HRTEM images of (c) x =0.00 (d) x = 0.10; EDS spectra of (¢) x =0.00 (f) x =
0.10

3.2.3.2 Structural studies
The structural properties of Zn;«CoxS (x = 0.00, 0.01, 0.05 and 0.10) nanorods have been
analyzed using the XRD spectra. The XRD patterns of undoped and doped ZnS nanorods are

shown in Figure 3.40. The diffraction peaks have been observed at 20 = 26.5°, 28.8°, 30.54°,
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39.77°, 47.6°, 51.83° and 56.45° corresponding to, respectively, the peaks (100), (002), (101),
(102), (110), (103), and (112). These peaks can be indexed to wurtzite phase (JCPDS card no.
36-1450). No extra peaks of secondary phases have been observed in case of Co-doped samples,
which supports that Co has been substituted in the ZnS host lattice. The preferred orientation of

particular crystal planes has been observed by determining the texture coefficient, TC(hKI).
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Figure 3.40 XRD patterns of Zn;xCo,S (x = 0.00, 0.01, 0.05 and 0.10) nanorods
It is found that the value of ‘TC(002)’ is maximum, indicating (002) plane as preferred direction
of growth. W-H plots for undoped and Fe-doped ZnS nanorods have been shown in Figure 3.41.
Plots again indicate negative slopes in doped ZnS nanorods which again show that in case of Co-
doped ZnS nanorods the lattice is under compressive strain. The strain increases with doping

concentration.
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Figure 3.41 W-H plots of Zn;.4Co,S nanorods at (a) x = 0.00 (b) x = 0.01, (c) x = 0.05
and (d) x =0.10
Lattice parameters including sizes and strain induced in lattice are shown in Table 3.13.
Table 3.13 Structural parameters of Zn;.xCo,S nanorods (*indicated few 20 positions)
20* Lattice d- Crystallite size (nm) | Strain
Co constant (&) | spacing (¢)
doping A)
(x) (002) | (110) | (112) Scherrer’s | W-H
equation plot
0.0 28.34 47.21 | 56.14 | a=3.86,c=6.30 3.15 10.57 10.11 | -0.0012
0.01 28.35 4743 | 56.32 | a=3.82,c=6.22 3.12 14.24 13.70 |-0.0022
0.05 28.48 4755 | 56.43 |a=3.79,c=6.17 3.09 13.14 12.16 |-0.0048
0.10 28.61 47.67 | 56.50 | a=3.76,c=6.12 3.08 11.02 9.61 | -0.0055
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Table 3.13 indicate that there is a slight shift in the peak position towards a higher diffraction
angle as the Co concentration is increased, supporting the doping of Co ions in ZnS lattice, may
be ascribed to smaller ionic radius of Co?* as compared to Zn*. It has been observed that as the
Co concentration is increased, the lattice parameters are found reduced, indicating that the Co-
doped ZnS structure is under compressive strain due to the smaller ionic radii of Co ions as
compared to the replaced Zn ions. The reduced d-spacing values corroborate with HRTEM
analysis.

3.2.3.3 Optical studies

The optical studies have been analyzed on the basis of the spectra obtained using UV-Vis. and
PL spectroscopy.

3.2.3.3.1 UV-Vis. studies

UV-Vis. spectra of Zn;xCosS (x = 0.00, 0.01, 0.05, and 0.10) nanorods have been shown in

Figure 3.42.
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Figure 3.42 UV-Vis. spectra of Zn;.,Co,S (x = 0.00, 0.01, 0.05, and 0.10) nanorods



In case of Zn;«CoxS (X = 0.00) nanorods maximum absorbance has been observed has at 312
nm, corresponding to the band gap of 3.98 eV, blue shifted as compared to bulk counterpart
[197]. This blue-shift in may be ascribed to quantum confinement effects [198]. As Co doping
concentration is increased in ZnS matrix the maximum absorbance again found blue-shifted as
compared to the undoped ZnS nanorods. The maximum absorbance in case of x = 0.10 Co
concentration has been found to be 304 nm. The blue-shifting of absorption edge at different Co
concentration has been summarized in Table 3.14.

Table 3.14 Variation of band gap with Co concentration (x)

Co concentration (x)  Absorption edge (nm) Band gap (eV)

0.00 312 3.98
0.01 310 4.00
0.05 308 4.03
0.10 305 4.07

The blue shift in absorption edge of Co-doped ZnS nanorods may ascribe to the smaller ionic
radii of Co?* as compared to the replaced Zn**. As the Co concentration in ZnS matrix is
increased the absorbance edge is further blue shifted as compared to the undoped ZnS nanorods
which may be attributed to fact that the doped Co is forming new energy levels within the ZnS
energy band [174, 197]. The blue-shift may also be associated with the strain induced in ZnS
lattice due to doping.

3.2.3.3.2 PL studies

The PL emission spectra of Zn;xCoxS (x = 0.00, 0.01, 0.05, and 0.10) nanorods, obtained at
excitation wavelength of 300 nm (A& = 300 nm), are shown in Figure 3.43. The emission
spectra exhibit two peaks, positioned at 422 nm and 485 nm. The 422 nm peak is analogous to
the blue emission and 485 nm peak originates due to bluish-green emission. The blue emission

peak at 422 nm may ascribe to radiative recombination between sulphur vacancies related donor
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energy levels and purity of phase of host ZnS material, whereas, the peak at 485 nm may be

attributed to surface zinc ions or associated defects [175].
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Figure 3.43 PL spectra of Zn;.,Co,S (x = 0.00, 0.01, 0.05 and 0.10) nanorods
The PL intensity increases as the Co concentration is increased up to x = 0.05. Further increase

in Co concentration up to x = 0.10 leads to quenching in the PL intensity. The increase in PL
intensity from x = 0.00 to 0.1 Co concentration may be attributed to the fact that at lower
concentration the dopant may find a vacancy at interstitial sites or at the lattice position which
may create new radiation centers, resulting in increased intensity [166, 169]. As the
concentration is increased to x = 0.10, the doped Co ions interfere with the radiative
recombination process, which diminishes the effect of creating new radiation centers, resulting in
the quenching of fluorescence intensity at higher doping concentrations. The schematic energy

level diagram of ZnS nanorods is illustrated in Figure 3.44.
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e Conduction band
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at 485 nm due to S,
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Figure 3.44 Schematic energy level diagram indicating emission mechanism in doped ZnS
nanorods: Vs = sulphur vacancy, S;, = surface zinc ions

Similar behaviour has been observed in Ni-doped ZnS nanostructures [166]. It has been observed
that PL intensity is increased at lower Ni concentrations, but, it is decreased at higher Ni
concentrations [166, 170]. Some reports available in the literature have observed a sharp
decrease in the PL intensity with the increased Co concentrations in ZnS lattice. It has been
proposed that the Co atoms act as electron trapping centers that result in the non-radiative
recombination [175].

3.2.3.4 Magnetic studies

The magnetic properties of Zn;.,Co,S (x = 0.00, 0.01, 0.05 and 0.10) nanorods have been studied
by analysing M-H curves obtained using VSM at room temperature (300 K) up to 1.75 T. The
M-H curves of Zn;.xCo,S (x = 0.00, 0.01, 0.05 and 0.10) nanorods are shown in Figure 3.39 (a,
b). The magnetic profiles obtained indicate that undoped ZnS nanorods exhibit a diamagnetic
character. Similar to bulk ZnS, the diamagnetic character in undoped ZnS nanorods have been
observed [199, 200]. As the Co doping concentration in ZnS matrix is increased from x = 0.00 to

0.10, magnetic moment (emu/g) is increased with strong saturation magnetization.
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Figure 3.45 M-H curves of Zn;4CoxS (x = 0.00, 0.01, 0.05 and 0.10) nanorods (a) upto 1.75 T
and (b) up to 10000 Oe [inset: magnified view of M-H curves]
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The curves indicate the remanent magnetization values of 0.0005 emu/g, 0.00077 emu/g, 0.0015
emu/g and 0.002 emu/g for x = 0.00, 0.01, 0.05 and 0.10 Co concentrations, respectively, and the
corresponding coercivity values are- 380 Oe, 210 Oe, 155 Oe and 115 Oe, respectively. The
reduced coercivity values again indicate soft magnetic nature of the Co-doped ZnS nanorods.
Similar trend in coercivity values has been reported earlier in literature in case of Co-doped ZnS
nanoparticles [76]. The strong ferromagnetic character in Co-doped ZnS nanorods may be
ascribed to the exchange interaction between the localized ‘d’ spins of the Co ions and free
delocalized carriers which increases with increase in Co concentration [201]. The variation of
coercivity and remanent magnetization with cobalt concentration has been illustrated in Figure

3.46. The saturation magnetization increases linearly as the Co concentration in ZnS lattice is

increased.
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Figure 3.46 Variation of remanent magnetization and coercivity with cobalt concentration
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This behaviour indicates that insertion of Co ions in ZnS matrix induces a ferromagnetic
character in the doped ZnS nanorods, which may be ascribed to the intrinsic coupling between
the doped Co ions and not due to the clustered Co atoms in the ZnS lattice, as no secondary
phases have been observed in XRD analysis [183, 197]. Ferromagnetic character has also been
reported in the literature in Cr-doped ZnS nanoparticles, however, ferromagnetism has been
found reduced with increased Cr concentrations. This behaviour has been ascribed to Cr-Cr
interactions in ZnS nanoparticles [81, 201]. It is important to note in this case that the saturation
is observed in Co-doped nanorods, but no such saturation is observed in Ni-doped or Fe-doped
ZnS nanorods. Zhang et al. reported similar trend in Co-doped ZnO nanoparticles. It has been
found that intrinsic ferromagnetism is observed when ZnO nanoparticles are doped with Co,
however, no evidence of intrinsic ferromagnetism when doped with Fe [202].

To summarize, various properties of different transition metals-doped ZnS nanorods have been

compared in Table 3.15.
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Table 3.15 Comparative chart of various properties of (Ni, Fe, Co)-doped ZnS nanorods

Sample Ni-ZnS Fe-ZnS Co-ZnS

Doping (x) 0.00 0.01 0.05 0.10 0.00 0.01 0.05 0.10 0.00 0.01 0.05 0.10
Properties

Solvent EN+ de-ionized water EN+ de-ionized water EN+ de-ionized water

Size (nm) Diameter ~10 nm, length 50-300 nm Diameter ~10 nm, length 50-400 nm Diameter ~10 nm, length 50-400 nm

Doping (%) 0.0 0.71 3.89 7.88 0.0 0.84 3.95 8.05 0.0 0.81 3.98 7.41
observed

Structure Hexagonal Hexagonal Hexagonal

Band gap 3.81 3.87 3.93 3.98 3.87 3.89 3.93 4.0 3.98 4.0 4.03 4.07
(eV)

PL intensity - Decrease | Decrease | Decrease - Increase | Decrease | Decrease - Increase | Decrease | Decrease
(w.r.t.

undoped)

Magnetization | 0.002 0.003 0.0055 0.0045 | 0.002 | 0.008 0.01 0.014 0.002 | 0.0045 0.012 0.015
(emu/g)
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Chapter 4

Conclusions

This chapter summarizes the present thesis work. The summary of main results, in case of
nanoparticles as well as nanorods, has been presented along with the comparison of different
properties of ZnS nanostructures at different dopant concentrations. The future scope of the
present research work has also been envisioned.
4.1 Conclusions
In the present thesis, transition metals (Ni, Fe and Co)-doped ZnS nanostructures have been
studied in detail. The current work has been divided into two parts:
I.  Ni, Fe, and Co-doped ZnS nanoparticles
Il.  Ni, Fe, and Co-doped ZnS nanorods
The main outcomes of the research work in each case, with different dopants, have been
summarized below:
4.1.1 Ni-doped ZnS nanoparticles
e Ni-doped ZnS nanoparticles have been synthesized using reflux technique.
e Morphology wise undoped and Ni-doped ZnS nanoparticles, size ~5 nm, have been found
identical as revealed from TEM images.
e The EDS spectra indicate the presence of Zn, S atoms in undoped samples, whereas
doped samples indicate Zn, S and Ni atoms presence. The observed amount of dopant,

Ni, is found less as compared to the actual doped Ni.
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The XRD spectra of undoped and Ni-doped ZnS nanoparticles indicate cubic structure of
synthesized nanocrystals. The broadening of XRD peaks indicates the nanometer regime
of the synthesized nanocrystals.

XRD patterns of Ni-doped ZnS nanoparticles indicate no separate peaks of Ni impurity
phase, which indicate that Ni has been inserted in the ZnS matrix.

The reduction in lattice parameters in case of Ni-doped ZnS nanoparticles may be
ascribed to compressive strain induced due to the replacement of Zn heavier ions with
lighter Ni ions. W-H plots exhibit negative slope indicating that lattice is under
compressive strain. The strain increases as the Ni-doping concentration is increased.

The UV-Vis. spectra exhibited the absorption edge at 320 nm for undoped ZnS
nanocrystals corresponding to a band gap of 3.87 eV, blue-shifted as compared to bulk
ZnS due to quantum confinement effects. Blue-shift also observed as the dopant
concentration is increased. For x = 0.10 Ni-doping the band gap found is 4.06.

The blue-shift may also be associated with the strain induced in ZnS lattice due to
doping.

The PL spectra indicate two broad peaks centered at 360 nm and 435 nm.

The PL intensity increases with x = 0.01 Ni doping, but as the Ni-doping concentration is
increased to x = 0.05 and 0.1, the intensity is found to decrease.

Undoped ZnS nanocrystals (x = 0.00) and x = 0.01 Ni concentration exhibit a weak
ferromagnetic magnetic behaviour, whereas x = 0.05, and 0.10 Ni concentrations indicate

highly ferromagnetic behaviour.
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4.1.2 Fe-doped ZnS nanoparticles

Undoped and Fe-doped ZnS nanoparticles have been synthesized using chemical
synthesis route using ethanol as solvent.

The TEM images indicate the average particle size as ~12 nm in case undoped and Fe-
doped ZnS nanoparticles.

EDS spectra revealed that the observed amount of Fe in x = 0.0, 0.01, 0.05, and 0.1 Fe-
doped samples is 0.73%, 4.05% and 7.40%, respectively, indicating that the observed
amount is less as compared to the actual doped amount.

The XRD patterns exhibit broadening in the XRD peaks, indicating the nanometer regime
of undoped and Fe-doped ZnS nanoparticles.

The undoped and doped ZnS nanoparticles have cubic structure. W-H plots exhibit
negative slope indicating that lattice is under compressive strain. The strain increases as
the Fe-doping concentration is increased.

The intensity of the XRD peaks reduces as the Fe-doping concentration is increased,
indicating the deterioration of structural quality of ZnS with Fe-doping.

As Fe concentration is increased, the lattice parameters have also been found slightly
decreased, which indicates that the Fe-doped ZnS lattice is under compressive strain due
to smaller radii of Fe* ions as compared to Zn?*,

The UV-Vis. spectra indicate absorption edge at 321 nm in case of undoped ZnS
nanoparticles, corresponding to a band gap of 3.86 eV, blue-shifted as compared to bulk
ZnS, may be attributed to quantum confinement effects. The Fe-doped ZnS nanoparticles

exhibit blue shift with increased Fe concentration as compared to undoped counterpart.
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e The emission spectra of undoped and Fe-doped ZnS nanoparticles exhibit two peaks, at
360 nm and 438 nm.

e As Fe concentration in ZnS lattice is increased, the corresponding PL intensity of ZnS
nanoparticles is decreased, indicating that Fe* ions act as quenching centers.

e The Fe-doped ZnS nanoparticles indicate the magnetic behaviour with well resolved
hysteresis loops, whereas undoped ZnS nanoparticles indicate diamagnetic character.

e ZnS nanoparticles with x = 0.05 Fe-doping concentration exhibit a weak ferromagnetic
behaviour.

4.1.3 Co-doped ZnS nanoparticles

e Undoped and Co-doped ZnS nanoparticles have been synthesized via low temperature
solvothermal technique using ethanol as solvent.

e TEM images reveal the estimated size of undoped and Co-doped ZnS nanoparticles ~10
nm. The sharp inter-atomic spacing values indicate high crystallanity of synthesized
nanoparticles. EDS patterns of Co-doped ZnS nanoparticles confirm the presence of Co
in ZnS samples.

e The observed doped amount of Co is found less as compared to actual doped amount,
may be ascribed to the excessive washings of samples.

e Undoped and Co-doped ZnS nanoparticles indicate the cubic phase. Broadening in the
XRD peaks indicate the nanometer regime of undoped and Co-doped ZnS nanoparticles.

e XRD peak positions shift towards higher Bragg’s angles as the Co-doping concentration
is increased. Lattice parameters are also found reduced with increased Co-doping
concentration, indicating that the ZnS lattice is under compressive strain due to smaller

radii of Co ions as compared to Zn ions.
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e W-H plots exhibit negative slope indicating that lattice is under compressive strain. The
strain increases as the Co-doping concentration is increased.

e The UV-Vis. spectra indicate blue shift in absorption edge in undoped and Co-doped ZnS
nanoparticles when compared with bulk counterpart.

e The spectra obtained indicate the peak centered at 450 nm and 525 nm due to blue and
yellow emission respectively.

e The PL intensity increases with the doping of cobalt ions up to x = 0.01 and 0.05
concentrations, but it reduces as the Co concentration is increased to 0.1.

e Undoped ZnS nanoparticles exhibit a mixed ferromagnetic character at lower magnetic
field and diamagnetic character at higher field. As the Co concentration is increased to x
= 0.01, M-H curves of ZnS nanoparticles indicate saturated ferromagnetic character, and
diamagnetic character is induced at higher magnetic field.

e Further increase in Co concentration to x = 0.05 and 0.1 induces increased ferromagnetic
character at lower magnetic fields and paramagnetic behaviour as the field is increased
and no saturation has been observed till 15k Oe.

e The induced ferromagnetism may be ascribed to the intrinsic coupling between the doped
Co atoms and not due to the aggregated Co atoms in the ZnS lattice, as no secondary
phases have been observed in XRD analysis.

4.1.4 Ni-doped ZnS nanorods
e Undoped and Ni-doped ZnS nanorods have been synthesized using solvothermal

chemical synthesis route.
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The morphology of the undoped and Ni-doped ZnS nanorods, analyzed using TEM,
revealed high quality 1-D cylindrical nanorods with variable size. The variation in length
ranges between 50-300 nm and diameter ~10 nm.

EDS analysis confirms that Ni is present in the doped ZnS nanorods, however the
observed amount is less than the actual doped amount.

Undoped and Ni-doped ZnS nanorods exhibit wurtzite phase.

No extra peaks of secondary phases have been indicated in Ni-doped samples, supporting
that the dopant has been inserted a ZnS lattice and it doesn’t form clusters outside ZnS.
Texture coefficient, TC(hkI), is maximum for (002) plane, indicating it to be a preferred
direction of growth.

Lattice parameters of Ni-doped ZnS nanorods found decreased when compared with
undoped counterpart, supporting that the Ni atoms replaced the Zn atoms in the lattice.
W-H plots exhibit negative slope indicating that lattice is under compressive strain. The
strain increases as the Ni-doping concentration is increased.

Maximum absorbance recorded at 325 nm in case of undoped ZnS nanorods,
corresponding to the band gap of 3.81 eV, blue-shifted as compared to bulk counterpart.
Further, as the Ni-doping is increased, the absorbance edge is blue-shifted as compared to
undoped ZnS counterparts.

The blue shift in Ni-doped nanorods may be ascribed to the lower ionic radius of Ni as
compared to the replaced Zn in host ZnS lattice or The blue-shift may also be associated
with the strain induced in ZnS lattice due to doping.

The spectra depict two main peaks, at 340 nm and 438 nm, in undoped and Ni-doped ZnS

nanorods. The peak at 340 nm may be attributed to wide band edge emission and blue
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emission at 438 nm may be attributed to self activated luminescence and recombination
of carriers between sulphur vacancies related donor and valence bands.

The PL intensity has been observed to be reduced in Ni-doped ZnS nanorods as
compared to undoped counterpart. The PL intensity also registers a quenching with
increased Ni concentrations from x = 0.01 to 0.1.

Undoped and Ni-doped ZnS nanorods exhibit ferromagnetic like behaviour.

Increase in Ni-doping concentration up to x = 0.05, increases the magnetization with
increased magnetic field. However, the saturation magnetization reduces as Ni-doping
concentration is increased further up to x = 0.10.

Decrease in magnetization at higher concentration may ascribe to super-exchange
interaction caused due to increase in nearest neighbour antiferromagnetic coupling of Ni

ion pairs in doped ZnS nanorods.

4.1.5 Fe-doped ZnS nanorods

Undoped and Fe-doped ZnS nanorods have been synthesized using low temperature
solvothermal chemical route, en and water mixture (1:1) has been used as solvent.

The estimated average diameter of nanorods, as analyzed using TEM, has been found to
be ~10 nm, length varying between 50-400 nm. The atomic-spacing of Fe-doped ZnS
nanorods is slightly less as compared to the undoped counterpart.

The undoped ZnS samples indicate the presence of Zn and S atoms; whereas, the doped
ZnS samples indicate the presence of Fe; however, the observed Fe amount is lower than

the actual doped amount.
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The XRD peaks can be indexed to wurtzite phase of undoped and Fe-doped ZnS
nanorods. No extra peaks of secondary phases have been observed in case of Fe-doped
samples, which support that Fe has been substituted in the ZnS lattice.

Texture coefficient, TC(hkI), is maximum for (002) plane, indicating it to be a preferred
direction of growth.

As the Fe concentration in ZnS matrix is increased, the lattice parameters are slightly
decreased, which indicates that the Fe-doped ZnS structure is under compressive strain
due to different ionic radii of Fe ions as compared to replaced Zn ions. The d-spacing
values decrease with increased Fe concentrations.

W-H plots exhibit negative slope indicating that lattice is under compressive strain. The
strain increases as the doping concentration is increased.

The absorption spectra of undoped and Fe-doped ZnS nanorods indicate absorbance edge
blue-shift as compared to the bulk counterpart and w.r.t. undoped counterpart.

PL spectra indicate two wide peaks, 447 nm and 533 nm, indicating the blue and green
emission respectively.

The PL intensity increases with increased Fe concentration up to x = 0.05. As the Fe
concentration is increased further up to x = 0.10, quenching in PL intensity is observed.
M-H curves indicate that undoped ZnS nanorods exhibit a diamagnetic character,
whereas, the Fe-doped ZnS nanorods exhibit ferromagnetic character up to 5000 Oe.

As the magnetic field is increased further up to 2 T, there is a sharp decrease in the
magnetization and diamagnetic character appears to be induced. Small coercivity values

of all samples indicate the soft magnetic behaviour of doped ZnS nanorods.
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The M-H curves indicate that ferromagnetism becomes more prominent as the Fe
concentration is increased up to x = 0.05.

As the Fe-doping concentration is increased further to x = 0.10, the saturation
magnetization is found reduced. The ferromagnetism at lower concentration may be
ascribed to the intrinsic coupling between the doped Fe-Fe atoms. As the concentration is
further increased to x = 0.1, the Fe-Fe distance in the ZnS matrix is reduced, leading to

antiferromagnetic interaction, which may cause a decrease in the magnetization.

4.1.6 Co-doped ZnS nanorods

The undoped and Co-doped ZnS nanorods have been synthesized using en and water
mixture (1:1) as solvent.

TEM images indicate 1-D structure of undoped and Co-doped ZnS nanorods with varied
length raging between 50-300 nm and diameter ~10 nm.

HRTEM images indicate reduced inter-atomic spacing in case of Co-doped ZnS nanorods
as compared to undoped counterpart. EDS spectra identify Co in doped ZnS samples.

The XRD peaks indicate the wurtzite phase of undoped and Co-doped ZnS nanorods.

No extra peaks of secondary phases have been observed in case of Co-doped samples,
which supports that Fe has been substituted in the ZnS lattice.

Texture coefficient, TC(hkl), is maximum for (002) plane, for all samples indicating it to
be a preferred direction of growth.

A slight shift in the peak position towards a higher diffraction angle and reduced peaks
intensity with increased Co concentration indicate insertion of Co ions in ZnS lattice.
W-H plots exhibit negative slope indicating that lattice is under compressive strain. The

strain increases as the Co-doping concentration is increased.

133



UV-Vis. spectra of undoped and Co-doped ZnS nanorods are blue-shifted as compared to
bulk counterpart.

Blue-shifting in Co-doped ZnS samples as compared to undoped counterpart may be
attributed to formation of new energy levels by doped Co within the ZnS energy band or
The blue-shift may also be associated with the strain induced in ZnS lattice due to
doping.

The emission spectra of undoped and Co-doped ZnS exhibit two peaks, positioned at 422
nm and 485 nm.

The 422 nm peak is analogous to the blue emission and 485 nm peak originates due to
bluish-green emission. The blue emission peak at 422 nm may ascribe to radiative
recombination between sulphur vacancies related donor energy levels and purity of phase
of host ZnS material, whereas, the peak centred at 485 nm may attributed to surface zinc
ions.

The PL intensity increases as the Co concentration is increased up to x = 0.05. Further
increase in Co concentration to x = 0.10, leads to quenching in the PL intensity.

As the Co concentration is increased to x = 0.10, the doped Co ions interfere with the
radiative recombination process, which diminishes the effect of creating new radiation
centers, resulting in the quenching of fluorescence intensity at higher doping
concentrations.

The undoped ZnS nanorods exhibit a diamagnetic character. As the Co-doping
concentration in ZnS matrix is increased from x = 0.0 to 0.10, magnetic moment is

increased with strong saturation magnetization.
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The strong ferromagnetic character in Co-doped ZnS nanorods may be ascribed to the
exchange interaction between the localized ‘d’ spins of the Co ions and free delocalized
carriers which increases with increase in Co concentration.

Ferromagnetic saturation in the Co-doped ZnS nanorods may be ascribed to the intrinsic
coupling between the doped Co ions.

As no extra peaks have been observed in XRD spectra of Co-doped ZnS nanorods, hence
it is assumed that the saturation magnetization is solely due to doped cobalt ions

incorporated in ZnS lattice.

4.2 Future scope of research work

Present research work analyses the properties of ZnS nanostructures at different dopant
concentrations at room temperature. This study can be extended to low temperatures as
well as high temperatures.

The properties of doped ZnS nanostructures can be studied at the transition metals
concentrations beyond x = 0.10.

More sophisticated techniques like, X-ray photoelectron spectroscopy (XPS) and X-rays
absorption spectroscopy (XAS) can be utilized for understanding the host and guest
elements interactions.

The study can be extended to rare earth-doped ZnS nanostructures.
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Appendix I: Various JCPDS data cards for ZnS

1. JCPDS data card no. 80-0020 (Cubic)
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3. JCPDS data card no. 80-0007 (Hexagonal)
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5. JCPDS data card no. 75-1547 (Hexagonal)
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