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Preface

Owing to unique size dependent optical, electronic and magnetic properties, CdS and ZnS
have gained considerable attention in various optoelectronic and spintronic applications.
Also, their wide band gap in visible range makes them suitable for solar cell application.
At nanoscale, these materials exhibit entirely different properties as compared to their
bulk counterpart due to large surface to volume ratio and quantum-confinement effect.
Further, the properties of these materials can be altered by tailoring the particle size and
suitable cationic doping. Therefore, the main focus of this work is to understand the size
effect and to systematically investigate transition metal (TM) (Fe**, Co®") and rare earth
(RE) (Dy*', Tb*") doped CdS and ZnS nanostructures with an emphasis to their optical
and magnetic properties. The carried out work is organized into five chapters and the

content of each chapter is given below.
Chapter 1 (Introduction)

Chapter 1 briefly introduces the semiconductors and the dilute magnetic semiconductors
(DMS). The different theories of origin of magnetism in DMS are summarized. The

important applications of DMS have been paragraphed.
Chapter 2 (Literature review)

The important work carried out on DMS, particularly CdS and ZnS nanostructures
(nanoparticles/thin films) are reviewed with a focus to their structural, optical and
magnetic properties. The detail description of the effect of various dopants (TM and RE)
and processing methods are discussed. The comparative study on optical and magnetic
properties of CdS and ZnS nanoparticles/films by various researchers has been tabulated.

The chapter is concluded with motivation and objectives of the present work.
Chapter 3 (Experimental procedure & characterization techniques)

The details of adopted processing method for synthesis of TM (Fe**, Co®*) and RE (Tb**,
Dy**) doped CdS and ZnS nanoparticles are provided. The deposition of CdS and ZnS
thin film using chemical bath deposition method is also given. The various
characterization techniques used to study structural, morphological, elemental, optical and

magnetic properties are given.

Xiv



Chapter 4 (Results and discussion)

This chapter reports the structural, optical and magnetic properties of undoped and doped
(TM and RE) CdS and ZnS nanostructures. The results are divided into three sections,
firstly the effect of annealing on undoped CdS and ZnS nanoparticles has been discussed.
Secondly, the effect of TM and RE doping on CdS and ZnS nanoparticles is reported.
Finally, the structural and optical properties of CdS and ZnS films at selected doping

concentration are investigated and discussed.
Chapter 5 (Conclusions)

The important outcomes obtained from various experiments are mentioned. The effects
of annealing temperature on CdS and ZnS nanoparticles are outlined. The results of TM
(Fe**, Co?") and RE (Dy**, Tb*") doped CdS and ZnS nanoparticles are summarized.
Finally, the studies on CdS and ZnS films at selected doping concentration are concluded.
The comparative results obtained from the comprehensive studies are provided in tabular

form. In the end, future scope of present work is given.
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Chapter 1

Introduction

Overview

This chapter gives general introduction classification of semiconductor materials. A brief
description of dilute magnetic semiconductors (DMS) and theories related to origin of
magnetism are summarized. The important applications of DMS materials are

paragraphed.




1.1 Introduction

Semiconductors have drawn significant attention with the discovery of transistors at Bell
Laboratory in 1947 [1]. Afterwards, an enormous growth in semiconductor industry were
seen as their potential use in solar cells, light-emitting diodes (LED), photo detectors,
photocatalysis, biomedical and spintronic applications [2—7]. Later, the focus has been
shifted to miniaturized semiconductor devices in order to improve functionality, increase
integration and reduce energy consumption. With the continuous efforts, the size of
semiconductor devices has been reduced from millimeter to micrometer range. The newer
approach exploits electric charge and its spin degree of freedom for novel magneto-opto-
electronic devices, which emerges out as a new area of spintronics. The spin manipulation
facilitated faster devices with low energy consumption [8]. For the advancement of
microelectronics, wide variety of semiconductors has been explored and their
fundamental properties were investigated. On the basis of constituents, these are
classified as elemental and compound semiconductors. The elemental semiconductors
include group IV elements while I111-V and 11-VI belongs to compound semiconductors as
shown in Table 1.1.

Table 1.1 Various types of semiconductor materials.

Group Types

AV Ge, Sn, Te, Si, Se etc.
-V GaN, GaAs, GaP, InP, InN, InAs etc
11-VI | ZnSe, ZnS, ZnO, ZnTe, CdSe, CdS, CdTe etc.

Among the various groups of semiconductors, Group IV elements i.e. Silicon and
Germanium became the leading candidate in electronic components. The group I11-V and
I1-VI compounds are widely used in gas sensors, laser/infra-red detector and solar cells.
In the recent years, 1I-VI semiconductors have progressively attracted attention of
researchers due to their relatively higher bandgap (Eg), large ionicity, high effective mass
of carriers, small radiative carrier lifetime and short carrier diffusion in comparison to 11—
V compounds [9]. The wavelength of the emitted radiation depends on the Eg of the
semiconductor. Largely, I1I-V semiconductors do not have sufficiently large E4 to
fabricate light emitting diodes or laser diodes in the blue and green region. However, a
few exception i.e. GaN (Ey = 3.7 eV) which can be used for blue LEDs [10,11].

In 11-VI semiconductor category, zinc sulphide (ZnS) and cadmium sulphide
(CdS) are of greater interest because of their wide Eg of 2.42 eV and 3.67 eV that can be

exploited for window layer in solar cells. The CdS and ZnS exist in two types of crystal
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structures; namely wurtzite (WZ) and zinc blend (ZB). The WZ crystallizes in hexagonal
close packing (HCP) while, ZB has cubic close packing (CCP). In ZB structure sulphur
atoms occupies the FCC positions and Zn/Cd atoms occupy half of tetrahedral interstitial
positions of FCC unit cell as indicated in Fig. 1.1 (a). Basically, this structure consists of
two interpenetrating FCC lattices, one for zinc and other for sulphur, with their origins
displaced by one quarter of body diagonal. In WZ structure sulphur atoms occupy HCP
positions and Zn/Cd atoms are present at half of tetrahedral interstitial positions of HCP

unit cell as shown in Fig. 1.1 (b).

(a) (b)

Fig. 1.1 Unit cell of CdS/ ZnS (a) zinc blend (CCP) and (b) wurtzite (HCP) [12].

Owing to unique size dependent optical, electronic and magnetic properties, group 11-VI
semiconductors exhibit entirely different properties at nanoscale as compared to their
bulk counterpart. When the dimensions of semiconductor materials approach to Bohr-
exciton radius, the excitons are confined i.e. motion in the crystal is restricted. Such
confinement increases the separation between conduction (CB) and valence band (VB)
that changes the energy spectrum of semiconductor. The widening of Ey with decreasing

size is shown in Fig. 1.2,

I C.B | LUMO
Conduction band
?’;‘ E, (bulk) E, E, (H-L)
&
v‘lﬂ“ b.nd e
V.B HOMO
Bulk Nanoparticles Molecules

Fig. 1.2 Comparative energy level diagrams of semiconductors at bulk, nano and

molecular level [13].



Doping of small concentration in II-V and II-VI semiconductors; which is
responsible for dilute magnetism are classified as new class of semiconductors i.e. dilute
magnetic semiconductors (DMS). A brief description of DMS materials is given below.

1.2 Dilute magnetic semiconductors

Dilute magnetic semiconductors (DMS) are lightly doped semiconductors wherein a
small amount of host cations are substituted by rare earth (RE) and transition metals (TM)
ions. The TM (Fe, Co, Ni, etc.) and RE (Eu, Gd, Er, etc.) have partially filled d and f
states respectively, that facilitates spin-spin exchange interaction between delocalized CB
electrons with localized magnetic moments of dopant which are responsible for
magnetism in DMS material [14,15].

The origin of magnetism in DMS materials is interpreted by various researchers
and different theoretical models were proposed. In early 1951, Zener proposed first
theoretical interpretation on exchange interaction between carriers and localized magnetic
ion spins in GaN and ZnO [16]. The result indicated that direct exchange interaction
between magnetic ions is not ferromagnetic while indirect exchange mediated by carrier
is ferromagnetic. Later, Dietl et al. modified this model and describes hole mediated
ferromagnetism in doped p-type semiconductors (GaMnAs) [17]. In earlier attempts, few
models were based on Ruderman—Kittel-Kasuya—Yosida (RKKY) type exchange
interaction, exchange coupling between magnetic ions and CB electrons. The conduction
electrons get magnetized by magnetic ion and polarization decays with distance from
magnetic ion in oscillatory manner. The interaction is ferromagnetic at smaller distance
and oscillates between positive and negative value. Due to this oscillation there is
ferromagnetic or antiferromagnetic exchange coupling as shown in Fig. 1.3 [18-20].
When there is large number of conduction electrons in CB then this kind of interaction
become prominent. Such kind of interactions is observable when two ferromagnetic thin
films are separated by a non-magnetic conductor/insulator layer, where ferromagnetic to
antiferromagnetic transition occurs with spacer layer thickness. Such interactions are well
described as Giant magnetoresistance (GMR) and Tunnel magnetoresistance (TMR) in
magnetic heterostructures. However, the application of RKKY theory is not realistic

because of low carrier concentration in DMS [21].
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Fig. 1.3 RKKY exchange parameter (J) vs. distance between interacting magnetic ions

Sato et al. proposed double exchange interaction for carrier mediated ferromagnetism in

TM doped ZnO [23]. The interaction occurs with movement of free electrons from one

magnetic ion to another because oxidation state of two nearest neighbor ions differs by
one (Fig. 1.4) called as Zener exchange interaction [22].
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Fig. 1.4 Double exchange interaction in MnO system [22].

The presence of ferromagnetism in DMS has also been described via bound magnetic
polarons (BMP) [24]. In this, polarons interact via virtual carrier hopping and interact
with magnetic ions in interstitial sites. The direct anti-ferromagnetic interactions get
dominated by indirect ferromagnetic interactions that cause the alignment of magnetic
polarons. The BMP are formed due sd-pd exchange interactions between doped TM and
bound carriers that contributes to ferromagnetism in DMS [25,26]. The idea of BMP is

illustrated in Fig. 1.5. According to few theoretical interpretations the formation of

clusters of doped atoms are found responsible for ferromagnetism in DMS. The crystal

contributes to ferromagnetism.

field splitting and Hund’s rule filling of d-levels are models that depicts the existence of
ferromagnetism [27-29]. It is also reported that presence of secondary phases and defects
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Fig. 1.5 Schematic representation of bound magnetic polaron [26].

Apart from changing the magnetic properties, the dopant has an added advantage

of tuning electronic and optical properties. The dopants have ability to alter the position

of Fermi energy level which results in tailoring the E5 and conduction type. The donor

creates states near CB while acceptors create states near VB as shown in (Fig. 1.6).
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Fig. 1.6 Electronic band structure of doped semiconductor (n—type and p-type).

Also, luminescent properties such as emission intensities and wavelength of band to

band edge transitions/defect site emissions found to depend on the type and

concentration of dopants. The luminescence of these materials is based on the

radiative recombination of delocalized CB electrons with localized hole that results in

broad bandwidth, long exciton life time and large Stoke’s shift.

1.3 Applications of DMS

DMS governs a new area of research known as spintronics in which both the



semiconducting and magnetic properties are combined in a single material. Spintronic
materials leads to faster storage and transfer of information for quantum computation,
magnetotronics, communication and electronics [5,30]. Further, these materials also
found applications in magnetic field sensors, magnetic random access memory and
magnetic recording disks [31,32]. Also, 1I-VI group semiconductors CdS and ZnS are
potentially used in light emitting diodes, photoresistors, photodetectors, photocatalyst and
gas sensors [3,33-35]. They are also used as window layer in solar cells because of their
optical Eq (ZnS 3.67 eV and CdS 2.42 eV) is in visible range. The Eg4 of this range allows
high energy incident photons on window-absorber junction that enhances the blue

response and thus contribute to better cell performance [2].

1.4 Motivation

Among various II-VI group semiconductors, CdS and ZnS are suitable for various
scientific and technological applications. The preparation and characterization of these
materials in nano form is an exciting area of materials research because of their size
tunable properties. A fraction of TM and RE doping in semiconductors leads to dilute
magnetic semiconductors that offer spin based characteristics along with semiconducting
properties that may increase the storage and processing capabilities of devices to make
them more compact and multifunctional. Considering the interesting optical and magnetic
properties of CdS and ZnS useful for wide variety of applications has given motivation to
explore their properties further with novel TM and RE dopants. After the detailed

literature review in Chapter 2, the objectives of the study are defined and listed.



Chapter 2

Literature review

Overview

In this chapter, the important work carried out on DMS, particularly CdS and ZnS
nanostructures are reviewed for their structural, optical and magnetic properties. The
detail description of the effect of various dopants (TM and RE) and processing methods
are discussed. The emphasis is given to CdS and ZnS based doped nanoparticles and thin
films. The comparative study on optical and magnetic properties of CdS and ZnS
nanoparticles/films by various researchers has been tabulated. The chapter is concluded

with motivation and objectives of the present work.




2.1 Preamble

The idea of Dilute magnetic semiconductors (DMS) was appealing due to coexistence of
semiconducting and ferromagnetic properties in it. Over a decade (1970-1980), the
research was mainly focused on group IV elements, I1I-V and II-VI compound
semiconductors [15,36,37]. The importance of each group semiconductor has already
been mentioned in introduction. In the present review the focus has been made on I1-VI
group semiconductors with an emphasis to CdS and ZnS nanostructures. These
semiconductors are largely investigated for nanoparticles and nanocrystalline thin films.
In general, nanoparticles are defined as particle between 1-100 nm in diameter. This term
is also used for larger particle size upto 500 nm. Whereas, nanofilms are referred as thin
layer of material from fraction of nm to several micrometer in thickness [38]. The
reasonable Ey and high photoconductivity in the visible region makes them to use as
buffer layer in solar cells and electroluminescence/photoluminescence (PL) device
applications [39-41]. The extraordinary size dependent tunable properties and wide range
of cationic doping i.e. transition (TM) and rare earth (RE) metal further allows to tailor
their ferromagnetic and optical properties.

Subjected to their size and dopant dependent properties, the following section reviews the
major work carried out on CdS and ZnS material. In general, nanopowders were mainly
synthesized by sol-gel, solvo/hydrothermal method, chemical colloidal method, micro-
emulsion and one-pot synthesis etc. [42-46]. Whereas, thin films were deposited by
vacuum evaporation, spray pyrolysis, chemical bath deposition (CBD), sputtering and
electro-deposition etc. [47-51]. The review has been categorized in CdS and ZnS
nanostructures (nanoparticles and thin films) with TM and RE doping irrespective to their

processing methodology.

2.2 CdS based nanostructures

The first report on bulk CdS dates back to 1926 when the valence electronic distribution
and crystal structure was theoretically explained by M. L Huggins [52]. Thereafter, the
crystal structure of CdS and phase transformation with respect to temperature and
pressure was investigated by various researchers. It has been found that bulk CdS remain
in wurtzite phase with band gap (Eg) of 2.42 eV and melting point of 1600 °C [53]. At
high pressure, wurtzite phase found to transform to cubic rock salt structure [54]. After
the fundamental studies on CdS crystal structure and phase transformation the attention

was shifted to size and shape dependent properties. The various morphologies of CdS
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nanostructures that has been investigated are nanowires, nanospheres, nano dendrites,
nanorods, and sea urchin like shape [55-59]. It has been observed that shape also play a
major role in deciding optical and magnetic properties [60-62].

However, the main focus of the work was to investigate the size and dopant dependent
properties. Therefore, in the following section the important work on size dependent
properties of undoped CdS nanostructures and effect of dopants are reviewed.

In literature various studies reported the size effect on structural, magnetic and
optical properties. Banerjee et al. has tuned the particle size using capping agent. It has
been observed that particle size decreased from 10 to 0.7 nm with increasing amount of
capping agent. The transformation from hexagonal to cubic phase was obtained with
corresponding increase in Eq from 2.59 to 3.85 eV [63]. Kotkata et al. studied the size
induced optical properties and showed that the growth of nanocrystals depends upon
aging period, capping agent and prior filtration of reacting agent [64]. Later,
Sivasubramanian et al. observed zinc-blend to wurtzite phase transformation with
annealing of CdS nanoparticles in temperature range of 473-773 K for 2h in Ar
atmosphere. The emission intensities for particles annealed at 773 K found to be higher
[65]. Zhang et al. has investigated effect of CTAB on CdS nanoparticle. The decreasing
the amount of CTAB particle size found to increase from 4 to 8 nm. With increase in
particle size, absorbance edge found to shift towards higher wavelength and emission
intensities were quenched. Further, effect of refluxing time was also studied and emission
intensities found to enhanced as consequence of crystal growth [66]. Singh et al. studied
the size tunebility of CdS nanoparticles by controlling the amount of capping agent as
well as annealing temperature. The high PL intensity and smallest particle size of 3 nm
was achieved using 0.6ml of thioglycerol. The annealing temperature causes the growth
in particle size and emission intensity found to get quenched with rise in temperature upto
350 °C [67]. Heiba et al. synthesized CdS nanoparticles by varying the nucleation
temperature from 150 to 500 °C. The results showed the CdS nanoparticles exhibit
hexagonal phase at 150 °C that transforms to cubic phase with rise in temperature. The Egq
found to decrease from 2.77 to 2.56 eV. Also, PL intensities found to vary with
temperature [68]. Apart from size dependent properties of CdS nanoparticles, size
dependent properties of CdS thin films has also been studied by several researchers by
varying the deposition time, bath temperature, annealing temperature and thickness of
films. The change in optical properties of Co doped CdS thin films deposited via CBD
technique by varying the deposition time was studied by M. Muthusamy et al. The
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deposited films had hexagonal phase and E4 found to increase from 2.44 to 2.66 eV with
rising deposition time from 10 to 30h. The PL spectra showed emission peaks in blue, red
and green region [69]. S. Butt et al. investigated the effect of thickness (250 to 940 nm)
on optical properties of In doped CdS films. With increasing thickness the transmittance
of films reduces from 80 to 60 % and correspond decreases in Eg from 2.44 to 2.35 eV
was observed [70]. The effect of bath temperature on thickness of CdS films was
investigated by S. Rondiya et al. The result showed that on raising the bath temperature
form 65 to 80 °C, thickness of films increases from 73.84 to 117.28 nm. This increasing
thickness reduces the film transmittance from 80 to 70% and thus Eg4 reduces from 2.89 to
2.59 eV [71].

After the size dependent studies, the focus of researchers was shifted to doping of CdS
nanoparticles. The first Fe doped single crystal of CdS compound (Cd; xFexCr,Ss) was
prepared by Barraclough et al. and remarkable change in electrical resistivity and Curie
temperature (T.) suggests doping is an effective way to tune the properties of such
compounds [72]. The effect of Fe (0-5%) on optical and electrical properties of CdS
nanocrystals was carried out by B. Tripathi et al. The results showed hexagonal phase of
nanocrystals and reduction in Eg from 3.54 eV to 3.27 eV with doping content. Also,
electrical conductivity found to enhanced from 0.819x10° to 3.326x10° *m™ for 5% Fe
[73-75]. Further, M. Thambidurai et al. investigated structural and optical properties of
Fe, Co (0-7%) doped CdS nanoparticles of size 2.8-4.5 nm. The Eg found to decrease with
doping of Fe and Co [76,77]. Later, they extended their work to Cr doped CdS
nanoparticles with average size of 2.2-3.8 nm. The results depict reduction in Eq with Cr
doping from 3.77-3.97 eV [78]. The spectroscopic studies on Cdi.xFexS nanoparticles at
higher doping concentration upto x = 0.20 was done by H. Sekhar et al. and observed
higher emission peaks at lower doping (x = 0.05 and 0.10), whereas peaks get quenched
for higher doping (x = 0.20) [79]. Recently, N. Jeevanantham et al. also reported
reduction in Eq from 2.49 to 2.19 eV in Co doped CdS nanoparticles [80].

The RT ferromagnetism in Fe (2 and 3%) doped CdS nanocrystals was observed
by G. Murali et al. However, at higher Fe (4 and 5%) content there is transition from
ferromagnetic to paramagnetic state due to increased iron-iron super exchange
interactions with doping. There results also showed the presence of both cubic and
hexagonal phases in doped nanocrystals [81]. Further, they extended their work on Mn
doped CdS nanowires and observed increase in ferromagnetism with doping of Mn. PL

spectra showed quenched emissions with increasing Mn concentration without any Mn
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related transitions [82]. On contrary A. Nag et al. showed Mn?* related d emissions [83].
Their co-workers studied the optical and magnetic properties of doped Cd;xCoS (x =2 to
8%) having particle size of 3 nm. The results showed the red shift in absorption edge with
increasing Co concentration and in PL spectra the green emission was observed for all
samples due to transition of trapped electron from donor level to valence band (VB) edge.
The magnetic studies confirmed ferromagnetism with increase in magnetic saturation
(Ms) upto 4% of Co content. However, at higher doping content; M reduces due
dominant antiferromagnetic coupling arises from decrease in Co-Co separation [84].
They also observed similar trend in Co-Mn co-doped and Cr doped CdS nanoparticles (0-
7%) [85,86].

On contrary, R. Sathyamoorthy et al. observed RT ferromagnetism in all
Cd;—«Co,S (x = 0.10, 0.20 and 0.30) nanoclusters having hexagonal phase. The maximum
M;s value of 0.076 emu/g was observed for x = 0.30 [87]. Also, L. Saravanan et al.
reported ferromagnetism without any antiferromagnetic coupling at 6% of Co content
[88]. Later, T. Lavanya et al. reported the transition from para to ferromagnetism with
increasing Co concentration from 1-5% [89]. K. Kaur et al. synthesized Co doped (3-
15%) CdS nanorods. The results showed hexagonal phase of nanorods and E4 (2.46 to
2.72 eV) lie in visible region between. The magnetic analysis reflect the ferromagnetism
in undoped and doped samples [90]. A. Ghosh et al. has calculated the Curie-Weiss
temperature for wurtzite and cubic phase of Fe doped CdS. The results showed that doped
wurtzite CdS exhibits higher Curie-Weiss temperature (~320 K) as compared to cubic
CdS (~384 K) nanoparticles [91]. Later, they extended their work to temperature
dependent magnetic properties of CdixFexS (x ~ 0.0017-0.033) nanoparticles. The results
showed that in temperature range of 160-300 K, inverse magnetic susceptibility follows
linear Curie-Weiss equation with transition from anti-ferromagnetic to ferromagnetic
behavior with increasing Fe doping [92].

S. Muruganandam et al. prepared 1, 5 and 10% Co doped CdS nanoparticles of
size 6-14 nm. The blue shift in optical absorption was attributed to quantum confinement
effect [93]. N. H. Patel et al. observed paramagnetism in Ni (10, 15, 20%) as well as in
Co doped CdS nanoparticles at similar doping concentration [94,95]. Recently, M. B.
Leena et al. observed weak ferromagnetism in Fe and Co doped CdS nanoparticles having
cubic phase. The E4 found to decrease from 2.70 eV to 2.43 eV and 2.47 eV with Co and
Fe doping, respectively [96]. On contrary, F. lbraheem et al. reported paramagnetism in
Co doped (2-10%) CdS. Also, E4 found to increase from 2.50 eV to 2.76 eV with doping
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[97].

S. Khajuria et al. studied the Co®* and Co**~Gd*", Co?*~Er**, Co®*~Th*" co-doped
CdS nanoparticles having particle size in the range of 40-50 nm. The fluorescence
intensities of co-doped samples were found to be higher [98]. In the same year, P.
Elavarthi et al. observed the transition from cubic phase for undoped to mixed phase
(cubic and hexagonal) for Cr doped CdS nanoparticles. The magnetic analysis showed
ferromagnetism in doped nanoparticles whereas undoped CdS was diamagnetic. Also, M
was found to increase upto 3% Cr doping which further diminishes with increasing
concentration [86]. Z. Zhang et al. also, reported the similar trend in magnetic properties
of Cr doped (3-7%) CdS nanoparticles [99]. B. S. Rao et al. investigated optical
properties of Ni (2-10%) doped CdS nanoparticles. The result showed decrease in Ey from
3.54 eV to 3.14 eV [100]. The similar reduction in Eq4 with Ni doping was confirmed by
A. Firdous et al. [101]. On contrary, I. F. Ertis et al. observed nearly constant Eq from
2.25 to 2.26 eV with Ni doping [102].

Apart from experimental studies extensive theoretical and numerical calculation
on optical and magnetic properties of TM doped CdS nanoparticles have also been carried
out by various researchers. Pan et al. uses first principal calculation and reported that
carrier mediated (hole) double-exchange interactions exhibit ferromagnetism in carbon
doped CdS nanoparticles [103]. Bogle et al. have combined both experimental and
theoretical studies on Co doped CdS nanoparticles. The weak magnetism was observed
that found to decrease with Co content. The first principal calculations were carried out in
order to study this magnetic behavior and confirmed that the formation of defects with Co
doping effects its magnetic properties [104]. Hu et al. uses first-principle calculations
and theoretically confirms the presence of ferromagnetism in Co doped CdS nanocrystals
attributed to Cd vacancies [105]. Y. Han et al. gave the theoretical analysis on optical
properties of Co doped CdS and investigated the effect of doping concentration on
absorption coefficient, optical conductivity, dielectric function, reflective index,
transmittance and reflectivity. The results showed reduction in Eq and found that 7.26%
Co concentration is best suited for light operated switch, photovoltaic cells and fiber optic
communication [106]. Later, R. Igbal et al. performed density functional calculations to
study the structural, optical, magnetic and electronic properties of Co doped CdS. The
results showed significant decrease in Eq from 2.56 to 1.6 eV [107]. W. Benstaali et al.
carried out the theoretical analysis of Ni doped CdS and showed that 6.25% Ni doped

CdS is an intrinsic semiconductor, whereas 12.5% of Ni is half-metallic and
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ferromagnetic material [108]. Li et al. investigated the magnetic behavior of Cu doped
CdS and showed that doped CdS have magnetic moment of 1.0 pg per super cell. The
observed ferromagnetism was attributed to coupling chain and estimated T. of Cu doped
CdS was 400 K. [109].

Along with the TM based CdS nanostructures, a parallel investigations on RE
doped CdS were also reported, though the studies are limited. C. Tiseanu et al. carried out
time resolved PL properties of Th doped CdS and ZnS nanocrystals. The results showed
that in comparison to CdS nanocrystals; ZnS nanocrystals exhibit strong luminescence
[110]. In later years, P. V. Jyothy et al. and S. Rai et al. reported enhancement in
luminescent properties with doping of Tb in CdS nanoparticles [111,112]. They also
observed enhanced blue emission of Dy doped CdS nanoparticles embedded in silica
xerogel annealed upto 100 °C [113]. Y. Hanifehpour et al. synthesize Th doped CdS
nanoparticles via sonochemical method and studied their sonocatalytic performance. The
results indicated that doped samples showed higher de-colorization efficiency than
undoped [114].

L. Saravanan et al. reported hexagonal and cubic phase in Ce and Sm doped
nanoparticles, respectively [115,116]. Later, they investigated the effect of Sm*" and Nd**
on structural and optical properties of CdS nanocrystals having cubic phase. The results
showed decrease in Eg as compared to undoped one. Also, emission intensities get
enhanced with doping [117].

M. Thambidurai et al. synthesized Gd doped CdS nanoparticles with hexagonal
phase. The Ey found to decrease from 3.93 to 3.76 eV with Gd doping (1.82-5.83%)
[118]. Recently, A. Khan et al. observed increase in electrical conductivity with
frequency in Gd doped (1-5%) CdS nanoparticles. The Eg found to be varied with doping
in the range of 2.31 to 2.41 eV and emission intensity get quenched with Gd doping
[119]. R. Zhao et al. observed ferromagnetism in Eu doped (0.08, 0.19 and 0.26%) CdS
nanoparticles attributed to dopant atoms and Cd vacancies. The Ms found to increase with
Eu doping from 0.017 emu/g to 0.032 emu/g that further reduces to 0.008 emu/g at higher
Eu (0.26%) content. Also, for higher doping amount temperature dependent magnetic
properties has been carried out. It was observed that Ms increases to 0.029 emu/g with
decreasing temperature upto 10 K [120].

The decrease in E; from 2.30 to 2.24 eV with Gd doping was reported by B.

Poornaprakash et al. Also, transition from diamagnetic to superparamagnetic state was
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observed in undoped with Gd doping [121]. They also obtained room temperature (RT)
ferromagnetism and enhanced Eq from 3.1 to 3.3 eV for Eu doped CdS quantum dots. The
doped quantum dots showed enhanced photocatalytic activity as compared to undoped
CdS [122]. Recently in 2021, the similar transition from diamagnetic to ferromagnetic
state was reported for Er doped CdS nanoparticles [123]. The theoretical studies on RE
doped CdS are rare. One of the studies was carried out on Pd doped CdS using first
principles calculation. The result verifies that sample becomes spin polarized and act as a
DMS material. A formation of hybridized chain was found to be responsible for the long-
range ferromagnetic coupling [124].

The effect of TM and RE doping was also investigated on CdS thin films
deposited by various methods. Apart from doped nanoparticles, doped CdS thin films
systems were also extensively investigated. The Cu doped CdS thin films have been
prepared by pulsed laser deposition and annealed at 300 °C. It was observed Cu doping
enhances optical transmission [125]. A. Jafari et al. showed transmittance of CdS films
improves at low doping concentration of Sn that make them suitable for use as buffer
layer in solar cells [126]. Chandramohan et al. fabricated Co doped CdS thin films and
showed that presence of Co ions marginally reduces the Ey [127]. M. E. Hagary et al.
investigated magnetic properties of CdixFexS (0.05<x<0.2) films. The presence of RT
ferromagnetism was confirmed from magnetic domains using magnetic force microscopy.
The existence of RKKY exchange interactions between localized spin of Fe** ions and
conductive electrons was responsible for observed ferromagnetism [128]. R. Premarani
et al. reported RT ferromagnetism in Ni doped CdS films with maximum Ms of 51.34x10
® emu/g for 10% Ni. The Eq values reduced from 2.62 to 2.28 eV by increasing Ni content
[129]. In other study of Ni doped CdS films red shift in absorption edge was observed
[130]. The same group has also studied optical properties of Co doped CdS nanofilms and
revealed that the presence of Co ions causes reduction in Ey from 2.88 eV to 2.43 eV. The
urbach energy and structure disordered parameter found to increase with doping. The
narrowing of Eq4 was due to sp-d exchange interaction between free CB electrons of CdS
and d electrons of Co ions [131]. Further they extended their work to study the magnetic
properties of Co doped CdS films. The magnetic analysis confirmed the ferromagnetism
in doped CdS while undoped CdS showed diamagnetism. This transition in magnetic
behavior was attributed to phase separation, induced lattice defects, and sp—d exchange
interactions [132]. S. Saravanakumar et al. also confirms the ferromagnetic behavior in
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Co doped CdS with corresponding reduction in Eq4 from 2.40 to 2.27 eV with increasing
doping concentration [133]. On contrary, M. Tomakin et al. have found increase in Egq
from 2.36 eV to 2.39 eV Co doping in CdS films. The results also showed RT
ferromagnetism [134].

H. Khallaf et al. have deposited Ga doped CdS thin films and a minimum Eq4 of
2.32 eV has been observed at maximum concentration of Ga. The annealing of Ga doped
CdS films showed a phase transition and increase in lattice defect as evident from Micro-
Raman spectroscopy [135]. K. Zou et al. deposited Dy doped CdS films via CBD method
and observed the transition from cubic to mixed (hexagonal and cubic) phase. The
uniformity, transmittance and compactness of films were improved with doping [136].
Later, S. Yilmaz et al. reported Dy doping has no significant effect on E; of CdS thin
films [137].

2.3 ZnS based nanostructures

Zinc sulphide (ZnS) with n-type conductivity and wide Ey of ~ 3.67 eV is also widely
investigated by researchers for optoelectronic device applications. The first report on
luminescence properties in bulk ZnS was given by T. Sidot in 1866 and observed that it
exhibit phosphorescence [138]. During the period of 1940 to 1970 the main focus of
research was on luminescence properties of bulk ZnS. However, the report on ZnS
nanocrystals was firstly given in 1994 by R. Bhargava et al., where luminescence and
lifetime shortening of Mn doped ZnS nanoparticles were investigated [139]. Since then,
there has been lot of studies on doped ZnS nanostructures. To induce optimal
magnetization along with suitable Ey; could be of prime importance for various
applications based on magnetic and optical properties. The major approach to tune optical
Eg and magnetization is by particle size variation/film thickness and suitable doping.

The previous investigation on ZnS nanoparticles revealed size induced
modification in structural and optical properties. The role of particle size variation on
optical properties of ZnS nanoparticles was reported by Borah et al. The result showed
that with increasing particle size from 4.9 to 6.6 nm, the E; decreases from 4.2 to 3.6 eV
[140]. Rathore et al. also synthesize the ZnS nanoparticles of size 2.2 to 3.2 nm and
observed decrease in E; from 4.10 to 3.8 eV [141]. There are many reports in the
literature dealing with particle size variation by changing annealing temperature. Murali
et al. induce the particle size from 2.66 to 34.6 nm by varying the annealing temperature.

Also transformation from cubic to hexagonal phase was found and also absorption edge
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shifts towards higher wavelength with annealing temperature. The Ey found to vary with
increasing temperature [142]. Several studies have reported the transformation from cubic
to hexagonal phase with varying the particles size by increasing the annealing
temperature [143,144]. Recently, Prasad et al. investigated the cubic and hexagonal ZnS
nanoparticles. The Eq4 of hexagonal ZnS was found higher than cubic ZnS by 0.12 eV.
Also, the emission behavior of both the phases was not identical due to change in
crystallite size, structure and orientation [145]. The effect of processing parameters on
growth and quality of films was investigated by Q. Li. The transmittance of deposited
film was around 90% with Eq of 3.15 eV [146].

Over the past years, other than size induced structural and optical properties,
considerable efforts have been made to evolve ZnS with TM and RE doping which has
been summarized below:

In early years, the role of Fe, Ni and Mn on structural, optical and magnetic
properties of ZnS were investigated. It was found that the doping of Ni and Fe in ZnS
nanoparticles quenches the emission intensities in PL spectra [147]. The magnetism in
Mn and Eu doped ZnS nanocrystals was reported by N. Tsujii et al. [148]. Later, H. Yuan
et al. observed the paramagnetic behavior in Mn doped ZnS nanowires [149]. The phase
change from hexagonal to cubic with Mn doping (0-20%) was observed by S. Biswas et
al. Also the presence of magnetic dipole interaction in higher Mn concentration doped
ZnS was confirmed by electron paramagnetic resonance [150]. C.S. Pathak et al. carried
out optical analysis of Ni and Co doped ZnS nanoparticles. The E4 found to decrease with
doping from 4.93 to 3.93 eV (Ni) and 4.30 to 4.03 eV (Co) [151,152]. In the same year, S.
Kumar et al. studied the magnetic properties of Ni doped (1-5%) ZnS. The results
depicted that nanoparticle with lower Ni content exhibit saturated M-H loop indicating
ferromagnetism. Whereas, samples having higher Ni content, M-H loops are non-
saturating due to appearance of antiferromagnetic coupling arising from decreased Ni-Ni
distance with doping [153]. The optical properties TM (Mn, Co, Ni, Cu, Ag and Cd)
doped ZnS nanoparticles were investigated by V. Ramasamy et al. The absorption spectra
of all samples found to be blue shifted as compared to bulk ZnS. A significant
enhancement in emission intensity of Mn and Ni doped ZnS nanoparticles was observed
[154]. R. Sarkar et al. observed increase in emission intensities by ~35 times in Co doped
ZnS [155]. Thereafter, the optical properties of Cu and Fe doped ZnS nanoparticles was
studied by T. M. Hammad et al. The blue shift in absorption wavelength was observed

and PL intensity found to get quenched with increasing doping content of Fe and Cu
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[156].

The magnetic properties of Fe doped (1-5%) ZnS nanoparticles was investigated
by Bhattacharya et al. The results showed decrease in magnetization due to anti
ferromagnetic coupling between Fe®** and Fe®* ions as observed by magnetization vs
temperature curve [157]. Thereafter, S. Sambasivam et al. and Eryong et al. prepared 3-7
nm size nanoparticles and observed superparamagnetism upto 20% Fe that changes to
ferromagnetic state at higher concentration. The maximum Ms of 0.70 emu/g was
observed for 60% of Fe concentration. The optical studies showed blue shift in absorption
edge [158-160]. Further, Sambasivam et al. also investigated the magnetic properties of
Co doped ZnS and observed RT ferromagnetism in all samples. The M, found to
decreases with increasing Co content from 10 to 30% attributed to anti ferromagnetic
coupling in doped nanoparticles. Also, blue shift in absorption edge was reported [161].
On contrary, K. Patel reported paramagnetism in 15% Co doped ZnS nanoparticles [162].

B. Poornaprakash et al. reported paramagnetism in Fe doped (1, 3and 5%) ZnS
nanoparticles due to decrease in Fe-Fe distance with increasing Fe concentration that
results in antiferromangnetic interaction between Fe-Fe ions [163]. The similar
paramagnetic behavior was reported by Y. Li et al. and D. Saikia et al [164-166]. Later,
B. Poornaprakash et al., also studied the effect of Fe, Co, and Ni doping on ZnS
nanoparticles. The results showed cubic phase of all samples and estimated Egy values
were around 3.70, to 3.98 eV with doping. The magnetic analysis indicated diamagnetic
nature of undoped and paramagnetic behavior of Fe doped ZnS. Whereas, Co and Ni
showed ferromagnetic behavior at similar concentration [167]. They also investigated
concentration dependent optical and magnetic properties of Co doped (1-5%) ZnS
nanoparticles (~10 nm). The RT ferromagnetism was observed in all samples with an
increase in Mg with Co content. Also, emission intensity found to enhance with doping
with slight increase in Eq [168]. The group further extended their work to Ni doped (1-
5%) ZnS nanoparticles. The results showed all doped samples exhibit ferromagnetism and
maximum magnetization was obtained for 3% Ni doping. Also, decrease in E; was
observed with increasing Ni content [169]. In Co, Sm and Co-Sm co-doped ZnS
nanoparticles they observed that Sm-Co co-doped sample showed enhanced
ferromagnetism as compared to individually doped [170].

S. Kumar et al. reported transformation from ferromagnetic to paramagnetic state
in ZnS with Co doping content. The results also showed decrease in Eq from 4.59 to 4.80
eV with doping [171]. The similar reduction in Ey from 3.32 to 2.65 eV with Co doping

18



upto 22.49% was reported by R. Wang et al. [172]. Further, the same group extended
their work on Co doped ZnS nanorods and reported ferromagnetism in all samples [173].
The RT ferromagnetism in Ni and Co co-doped nanorods and Ni doped nanoparticles was
confirmed by W. Zhao et al. [174]. They also observed increase in Ms with increasing Ni
content upto 3% that further diminishes at 5 and 7% Ni, whereas, decrease in
magnetization was reported for Cr doped ZnS nanoparticles synthesized via hydrothermal
method [175,176].

P. C. Patel et al. carried out the concentration dependent magnetic properties of Fe
doped (2-15%) nanoparticles. The results showed the hexagonal phase of nanoparticles
with average particle size of 4-10 nm. The RT ferromagnetism was observed in all
samples with highest value of magnetization for 8% Fe, that further decrease with
increasing doping concentration due to enhanced antiferromagnetic interaction between
Fe-Fe ions [177]. They also studied the optical and magnetic properties of Co doped ZnS
(0-10%) nanoparticles. The reduction in magnetization was observed at higher
concentration attributed to antiferromagnetic coupling and Eg also found to decrease with
doping from 3.45 to 2.80 eV due to s-d and p-d interactions [178]. Later, they also
investigated temperature dependent (300 K and 5 K) ferromagnetic behavior of Ni doped
ZnS nanoparticles. At 5 K well saturated M-H loop was observed and Ms found to
increase with Ni doping concentration at both temperature. The ZFC-FC curves showed
strongly coupled nanoparticles by magnetic interactions. Optical studies showed decrease
in Eq because of the presence of surface defects and sulphur/zinc vacancies [179].

Recently, S. Kumar et al. observed cubic phase in Co doped ZnS with weak
signature of hexagonal phase. The magnetic measurements confirmed RT ferromagnetism
in all samples. The ZFC and FC curves suggested that ferromagnetic character is due to
formation of various defects/vacancies with doping. Also, the blue shift was observed in
absorption spectra [180]. On contrary, V. V. Jadhavar et al. reported paramagnetic
behavior in pristine and Co doped ZnS nanoparticles. Also, the E4 found to decrease from
3.33to 2.71 eV with increasing Co content [181].

The theoretical studies were also carried out in doped ZnS. To investigate the
magnetic behavior, Y. Li et al. performed DFT studies on Cr doped ZnS nanowires. The
results confirmed the presence of ferromagnetism attributed to double exchange
interaction arising from hybridization between 3d (Cr) and 3p (S) states [182]. The
similar role of hybridization in the development of induced magnetic moments was

studied by H. Chen et al. by using first-principal calculations on TM doped ZnS
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nanowires. They reported antiferromagnetic interaction in Cr doped and ferromagnetic
interaction in Mn, Co, Fe and Ni doped samples [183]. G. Gurung et al. carried out
theoretical analysis of TM doped ZnS and results showed that doping of Ni enhances
optical absorption in comparison to Mn and Co doped samples [184].

Apart from TM doping, RE doped ZnS has also been explored by various research
groups. A. Bol et al. used two different techniques to synthesize Eu and Tb doped ZnS
nanoparticles. The luminescence measurements showed that RE ions were not
incorporated in the host nanoparticles even upto 800 °C [185]. Later, X. Tian et al.
studied the Dy (1-3%) doped ZnS nanoparticles and reported that Eq of nanoparticles
varies with doping in the range from 3.27 to 3.41 eV. They also observed that PL
emissions were related to zinc vacancies and Dy due to *Fg-°Hisy, transition [186]. The
optical analysis of RE doped ZnS has been carried out by several other researchers [187—
189].The extensive studies on effect of RE (Dy, Eu, Gd, Nd and Tbh) doping on magnetic
and optical properties of ZnS nanostructures have been carried out by B. Pooranprakash
et al. They gave first RT magnetic report on Dy (2 and 4%) and Eu (1-4%) doped ZnS
nanoparticles synthesized via refluxing and hydrothermal technique, respectively. The
results revealed cubic phase of nanoparticles with average particles size of 2-4 nm for Dy
and 4-8 nm for Eu doped samples. The ferromagnetism was observed in all doped
nanoparticles and magnetization increases with increasing doping content. The observed
ferromagnetism was due to contribution of magnetic moment from unpaired 4f electrons
of RE ions. In Dy doped samples, E4 found to decrease from 3.85 to 3.70 eV [190,191].
They also observed RT ferromagnetism in Gd (3-5%) doped ZnS nanoparticles prepared
by hydrothermal process. The magnetization found to increase upto 3% of Gd content
with value of 0.063 emu/g that further reduces to 0.049 emu/g for 5% Gd due to
antiferromagnetic coupling between Gd-Gd ions [192]. Whereas, P. Kaur et al. observed
increase in magnetization with doping of Gd from 2% to 4% [193]. In the same year, B.
Pooranprakash et al. also studied Nd doping (2 and 4%) effect on ZnS nanoparticles. All
Nd doped samples exhibited ferromagnetism [194]. The optical properties ZnS quantum
dots doped with Th was also studied and observed that PL emissions exhibit °Ds— Fe,
°D,~» 'F3, °Ds—» 'F4 and °Ds— Fs electron transition of Tb** ions [195]. The
transformation from ferromagnetism to superparamagnetism with increasing Tb
concentration (1, 3 and 5%) was also reported [196]. On contrary, Ramu et al. reported

paramagnetism in Tb doped ZnS synthesized via co-precipitation method [197].
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According to some recent reports, M. Salim et al. has obtained remarkable enhancement
on the luminescence intensity with 6% Tb doped ZnS quantum dots and also reported
three distinctive light emission i.e. green, blue and red [198]. Recently, RT
ferromagnetism in Mn, Dy and Mn-Dy co doped ZnS nanoparticles was shown by S.
Rajesh et al. and highest value of magnetization was found for Dy doped sample [199].
The ZnS thin films systems were also extensively investigated and reported.
Initially ZnS thin films were studied by various researches for use as window layer to
increase the efficiency of solar cells [200,201]. Qi Liu and Guobing carried out the
comparative study of CdS and ZnS thin films deposited by CBD having Eq4 of 2.41 eV for
CdS and 3.51 eV for ZnS [202]. The role of substrate temperature (Ts) on magnetic
properties of Co doped ZnS films was firstly given by S.P Patel et al. The result revealed
ferromagnetism in all samples and magnetization enhances with increasing Ts [203].
Further, they studied effect of heavy ions on magnetic properties of these films and
observed that samples irradiated at fluence of 1x10? ion/cm? showed paramagnetic
behavior [204]. M. S. Akhtar et al. carried out both experimental and theoretical
investigation on Fe-doped ZnS (0-15%) thin films prepared by a CBD method. The
results showed cubic phase of deposited films and the presence of RT ferromagnetism.
Also, theoretical investigations found to be consistent with experimental data with
addition to observed half-metallicity in Fe doped ZnS clusters [205]. In the same year, A.
Goktas et al. deposited Fe doped ZnS thin films by varying doping concentration from 1-
20% and observed paramagnetic behavior at low doping concentration which transforms
to ferromagnetism at higher Fe content. The E4 found in range of 3.59-2.08 eV [206].
They also investigated the effect of Co doping (0-5%) and film thickness on optical and
magnetic properties. Compared to undoped ZnS; the reduced Ey was obtained for doped
ZnS while refractive index, dielectric constants and excitation coefficient were enhanced
with Co doping as well as film thickness. In temperature dependence magnetic properties,
the ferromagnetism was observed at 5 K and 100 K while samples exhibit paramagnetic
behavior at 200 K and 300 K [207]. The optical properties of 398-412 nm thick Ni doped
ZnS thin films was investigated by R. Sahraei et al. and results showed that the Eq varies
between 3.65 to 3.76 eV [208]. K. S. Wanjala et al. reported the concentration dependent
optical and electrical properties of Sn doped ZnS film and obtained maximum
transmittance of 78% in doped films with Eg in the range of 3.91eV to 4.12 eV [209]. The
increased E4 from 3.70 to 3.75 eV with Cu doping was reported by A. Jrad et al.[210].
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Recently, I. L. Quintas et al. deposited 10% Co doped thin films of thickness 43-66 nm

via Pulsed laser deposition technique. The emission peaks were observed in green and red

region attributed to native defects and impurities [211].

Comparison of CdS and ZnS nanoparticles and thin films:

From literature, it is found TM and RE doping is widely investigated for structural,

optical and magnetic properties. However, there are ambiguities associated to different

processing methods, conditions and dopant concentration adopted by researchers. The

Table 2.1 summarizes the reported optical and magnetic properties of TM and RE

doped ZnS/CdS nanostructures.

Table 2.1 Summarized reported properties of ZnS and CdS nanostructures.

Synthesis Dopi giZSta”Ite Eq (eV)/
Authors Dopant X Phase ng . Magnetization Absorba
Technique (D)/Thickn
(%) nce (nm)
ess (d)
. 0 6.73 nm 4.79
5' ?fg]et ZnS:Co mg%\;\i’g\ée Cubic 5 4.99 nm Paramagnetic 5.00
' 15 4.20 nm 5.42
S Kumar Solvo- 0 Diamagnetic 270 nm
' ZnS:Co Cubic 1 ~9.38nm | Ferromagnetic 267 nm
etal. [171] thermal -
5 Paramagnetic 262 nm
S. 0 Diamagnetic 3.78
Sambasiva . Co- . 10 0.7 emu/g 3.81
maetal, | Z"S:C0 precipitation Cubic 20 13-16nm 55 emu/g 3.85
[161] 30 0.4 emu/g 3.93
Co-
P.C. Patel . S . 1to .
et al. [178] ZnS:Co precipitation | Cubic 10 3-5nm Ferromagnetic 281035
G 0 Diamagnetic
. -4
Giribabu | cdsico | €O | cubic 4 23nm  [or-69x10 NP
precipitation 6 27.4x10
etal. [84] - -
8 Diamagnetic
F 0 Diamagnetic 2.50
lbraheem | cds:Co | €O Cubic 2 5-10 nm . 2.61
et al. [97] precipitation 5 Paramagnetic 2.68
10 2.76
N.H Patel . Co- 0 Diamagnetic 3.23
et al. [95] CdS:Co precipitation 10 N.P Paramagnetic 3.21
' 15 3.19
. . 0 Diamagnetic
G. Murali Cds: Fe Co- N Cubic and 3 1.2-2 nm Ferromagnetic N.P
etal. [81] precipitation | hexagonal -
5 Paramagnetic
M. Leena | CdS:Fe, | Co- . 0 Diamagnetic 2.7
etal. [96] | Co precipitation Cubic Fe N.P Ferromagnetic 247
' Co 2.43
0 Paramagnetic 335nm
1 4-7'nm Ferromagnetic | 279 nm
Y. Lietal. ) Micro- Cubic g
[164] ZnS:Fe emulsion Amorphou .
30 s Paramagnetic
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S Kumar Solvo- 0 Diamagnetic 3.86
' ZnS:Fe Hexagonal | 1 ~10.38 nm | Ferromagnetic 3.91
et al. [212] thermal -
5 Paramagnetic 3.94
S. 0 Diamagnetic 3.7
Sambasiva 7nS-Fe Co- o Cubic 10 6.70-7.40 S_uperparamagne 38
m et al. precipitation nm tism
[158] 40 0.70 emu/g 4.1
0 Diamagnetic
N. Eryong . Co- - .
et al. [213] ZnS:Fe precipitation Cubic 10 3-5nm g;xg]erparamagne N.P
0 Diamagnetic
L 1 2.74 nm Ferromagnetic
D. Saikia .3+ | Co- .
et al. [166] ZnS:Fe precipitation Cubic 3 2.72nm g;xg]erparamagne N.P
10 2.59 nm paramagnetic
0 Diamagnetic 3.92
2% .
B. . Paramagnetic 3.70
Poornapra ZnS:Fe, Chemical Fe
i i 0, -
kash et al. Co, Ni refluxing Cubic ég’ 3-7nm Ferromagnetic 3.98
[167] 20
Nio Ferromagnetic | 3.76
B. 0 Diamagnetic
Poornapra . Hydro- . 1 ) 0.0006 emu/g
kash et al. ZnS:Th thermal Cubic 3 2-5nm 0.0006 emu/g N.P
[196] 5 Superparamagneti
S. Ramu et ZnS:Th Co- o Cubic 0 5nm Dlamagnetl? NP
al. [197] precipitation 6 8 nm Paramagnetic
S P. patel PLD at 200°, 0 3.90
ef al. [214] ZnS:Co 400° and Hexagonal | 2.5 N.P Ferromagnetism | 3.45
' 600° C 5 3.32
M. S Multi Chemical
Akhtar et layer N bath - Cubic 0 4 nm (D) NP 378 eV
al. [215] depositio | deposition 5um (d)
' n (CBD)
I. L. Pulsed laser .
Quintaset | ZnS:Co | deposition ﬁgi;c (()g;al 10 ?5’)66 nm 1 np N.P
al. [211] (PLD) 9

From the comparative table it can be observed that reported magnetic behavior of ZnS

nanostructures is contradictory. For instance, fundamentally ZnS should not show size or

doping dependent magnetic transitions

i.e.

diamagnetic to paramagnetic or to

ferromagnetic. Yes, it can be superparamagnetic below a critical diameter. The other

contradiction that Co doped ZnS shows higher magnetization than Fe doped ZnS despite

its lower magnetic moment than Fe, even at low doping concentration. The similar

contradictory results have been observed for CdS nanostructures. In order to understand

this, a comparative study of CdS and ZnS nanostructure is required at similar doping

concentration and processing parameters. Therefore, the main focus of this work is to
systematically investigates the TM (Fe**, Co*") and RE (Dy**, Tb*") doped CdS and ZnS




nanostructures synthesized under similar concentration and processing parameters. The

main objectives of the study are

e To investigate size effect of CdS and ZnS nanostructures.

e To investigate effect of transition and rare earth doped CdS and ZnS on structural,
optical and magnetic properties.
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Chapter 3

Experimental procedure & characterization
techniques

Overview

In this chapter, details of processing method adopted for synthesis of transition metal
(Fe**, Co®") and rare earth (Tb*", Dy**) doped cadmium sulphide (CdS) and zinc sulphide
(ZnS) nanostructures has been explained. A brief description of CdS and ZnS thin film
deposition using chemical bath deposition is also given. The various characterization
techniques used to analyze structural, morphological, elemental, optical and magnetic

properties are given.
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3.1 Synthesis of nanopowders

Nanopowders of cadmium sulphide (CdS) and zinc sulphide (ZnS) were synthesized
by hydrothermal method. Laboratory grade (> 99.9% purity, Sigma-Aldrich) cadmium
chloride monohydrate (CdCl,-H,O), sodium sulphide (Na,S), zinc chloride (ZnCl,),
cobalt chloride hexahydrate (CoCl,-6H,0), ferric chloride hexahydrate (FeCls-6H,0),
dysprosium (111) nitrate hydrate (Dy(NO3)3-xH,O) and terbium chloride hexahydrate
(TbCl3-6H,0) were used as precursors. Firstly, 0.25 mole (M) of
CdCly'xH,0/ZnCly'xH,O with appropriate concentration of dopant was dissolved in
distilled water. Then, 0.25 M of Na,S was added slowly to the above solution. The
mixture was stirred continuously for 1 hour at room temperature (RT) till the
homogeneous solution was formed. After that solution was transferred into 100 ml
autoclave with 80% of the total volume. Thereafter, autoclave with CdS and ZnS
solutions were placed in oven at 160 °C for 5 hours and 170 °C for 6 hours respectively.
The autoclaves were allowed to cool at RT and obtained precipitates were firstly washed
with ethanol followed by distilled water for two-three times to remove impurities. Finally,
samples were dried in hot air oven at 60 °C and grinded to obtain the fine powder.

Further, the powders were annealed at 300 °C in argon atmosphere for 1 hour.

Stoichiometric amount of required metal chlorides

|8

Dissolved in distilled water with addition of Na,S

1|8

( N
Autoclave placed in oven at 160 °C for 5 hours (CdS)

and 170 °C for 6 hours (ZnS)

|

Precipitates washed with ethanol and distilled water

4

Dried in hot air oven at 60 °C

J

Annealed at 300 °C for 1 hour in Ar atmosphere

Fig. 3.1 Process flowchart of hydrothermal synthesis of CdS and ZnS nanoparticles.
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The following doped and undoped series of CdS and ZnS nanoparticles were
synthesized:

1. Cd/Zn;iy Fe,S for x =0, 0.05, 0.10 and 0.15

2. Cd/Zny Co,S for x =0, 0.05, 0.10 and 0.15

3. Cd/Zn; Dy,S for x =0, 0.05, 0.10 and 0.15

4. Cd/Zny Th,S for x =0, 0.05, 0.10 and 0.15

3.2 Deposition of Thin films

In the present work, CdS, CdogXo.1S, ZnS and ZngeXo1S (X = Fe** and Dy**) thin
films were deposited using chemical bath deposition (CBD) technique.

Prior to the deposition of films, the glass substrate was ultrasonically cleaned with
soap solution (Labolene) followed by distilled water. After that substrates were soaked in
chromic acid solution for 30 minutes. The substrate was again washed with distilled water
for several times and ultrasonically degreased with acetone. Finally, the glass slides were

cleaned with isopropyl alcohol and dried in oven.

3.2.1 Deposition of CdS thin films

Firstly, precursor solutions were individually prepared with distilled water as solvent. 25
ml of 0.1 M CdCl,-H,O solution, 5 ml of 1 M KOH, 20 ml of 1 M tri-sodium citrate
NazCsHs07.2H,0 and 20 ml buffer NaOH (pH~10) solution were mixed in 150 ml beaker
under continuous stirring along with appropriate concentration of dopants. Thereafter,
distilled water was added to above solution to make a total volume of 90 ml. The bath
temperature was raised to 60 °C (with an accuracy of £1°C) then 10 ml of 1 M thiourea
was added. A pre-cleaned glass substrate was immersed vertically in the bath solution.
The substrate was kept in solution for 1 hour under continuous stirring. After that, the
substrate was taken out and ultrasonically washed in distilled water to remove loosely
adhered particles. The precursor films thus obtained were dried in air. Multiple coating
(max of 2) was carried out to acquire the suitable thickness. The systematic diagram for

film deposition is given in Fig. 3.2.
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Stoichiometric amount of required precursor solution

4

Mix them in 150 ml beaker and stirred continuously

<

Constant stirring and heating at 60 °C and add thiourea

ﬂ, Pale yellow transparent solution
4 N

Vertically hang pre-cleaned glass substrate in bath solution
for 1 hour

\ J

Deposited films were ultrasonically cleaned and dried

J

Multiple coating was done to achieve desired thickness

J

Characterization (XRD, FESEM, AFM, UV and PL)

Fig. 3.2 Process flowchart for chemical bath deposition of CdS films.

3.2.2 Deposition of ZnS thin films

In this CBD process, zinc acetate (Zn (CH3COO),) and thiourea SC (NH), were used as
source of Zn and S. 0.2 M Zinc acetate solution, 0.6 M of SC (NH2),, 0.13 M tri-sodium
citrate solutions were mixed. The mixture was continuously stirred with addition of
appropriate amount of dopant. The total volume of bath solution was made 100 ml by
adding requisition amount of distilled water. After that, ammonia (NH3) solution was
added to maintain the pH~ 10. The glass substrates were immersed in the prepared
solution for 3 hours at constant temperature 70 °C (with an accuracy of 1 °C).
Thereafter coated substrate was ultrasonically cleaned with distilled water followed by air

drying. Subsequent 2 layers were deposited by following the as mentioned procedure.
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Stoichiometric amount of required precursor solution

4

Add ammonia (pH~10) and raise bath temperature to 70 °C

ﬂ, White solution

( )

Vertically hang pre-cleaned glass substrate in bath solution
for 3 hours

\, J

Deposited films were ultrasonically cleaned and air dried

4

Subsequent coating was done to achieve desired thickness

4

Characterization (XRD, FESEM, AFM, UV and PL)

Fig. 3.3 Process flowchart for chemical bath deposition of ZnS films.

3.3 Material characterization:

The structural analysis of nanopowders/thin films was carried out by X-ray diffractometer
(XRD). The High resolution transmission electron microscopy (HR-TEM) was used to
study the morphology of nanoparticles, whereas the surface morphology of thin films was
analyzed by Field emission scanning electron microscopy (FE-SEM) and Atomic force
microscopy (AFM). The elemental composition was determined using energy dispersive
spectroscopy (EDS). The optical properties were measured by UV-visible and
photoluminescence (PL) spectroscopy. The RT magnetic properties of nanopowders were
measured by vibrating sample magnetometer (VSM). The brief description of above

mentioned characterization measurements are given below:

3.3.1 X-ray Diffractometer (XRD)

X-ray diffractometer (XRD) model X’PERT Pro-Panalytical (PANalytical) with Cu-K, (A
= 1.5405 A) was used to confirm the formation of phase. The diffraction data was
recorded at RT in the range of 20°< 26 < 80° with step size of 0.05°. The observed
diffraction peaks were matched with JCPDS card no. 41-1049 for hexagonal CdS (space
group P6smc) and 00-002-0564 for cubic ZnS (space group F-43m). The crystallite size
(D) was calculated by Scherrer equation [216] defined as:
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B BCos6

(3.1)

where A is wavelength of X-ray used, 0 is the Bragg’s angle in degree and £ is full width

at half maximum.

3.3.2 Energy dispersive spectroscopy (EDS)

The elemental analysis was carried using energy dispersive spectroscopy (EDS) model
JEOL (JSM-1T100).

3.3.3 High-resolution transmission electron microscopy (HR-TEM)

The microstructural features and selected area electron diffraction (SAED) patterns of
nanopowders were examined by High-resolution transmission electron microscopy (HR-
TEM) model Hitachi H-7650. Prior to the measurements, the particles were sonicated in
ethanol for 1 hour to disperse them. Then, a drop of dispersed nanoparticles was spread
on copper coated TEM grids (3mm diameter and 200 mesh). The size of nanoparticles

was determined using axio vision software.

3.3.4 Field emission scanning electron microscopy (FE-SEM)

The surface morphology and cross-sectional of thin films has been observed by Field
emission scanning electron microscope (FE-SEM).

3.3.5 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) model (ND-MDT Solver Next) was used to examine
surface morphology and roughness of the films. These features were determined using
fine tip/probe of AFM that raster scan the surface of sample in non-contact mode. The
two and three dimensional image of surface is taken by monitoring the motion of probe as

it is scanned across surface.

3.3.6 UV-visible spectroscopy

UV-visible spectrometer of PerkinElmer Lambda 45 was used to measure absorbance
spectra for nanoparticles and thin films. Prior to measurement particles were dispersed in
ethanol and for thin films the measurement was carried out with glass substrate. The
absorbance of glass substrate has been subtracted from the absorbance spectra of films.
The optical Eq was determined from Tauc’s relation using the following equation [217]

ahv = A(hv — Eg)" (3.2)
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where, v is frequency, a is absorption coefficient, constant A is function of electronic
transition probability, h is Plank’s constant and n is type of transition (for direct transition
n=1/2).

3.3.7 Photoluminescence spectroscopy

The emission spectra of nanoparticles and films were carried out by fluorescence
spectrophotometer (Agilent Carry Eclipse-G9800A) equipped with Xenon lamp. All
emission spectra were recorded at RT in the range of 300-600 nm with 5 nm slit width.
Prior to the measurements, the powdered samples were sonicated for 1 h to disperse them
in ethanol. However, for films measurements were done using solid assembly of

spectrophotometer.

3.3.8 Vibrating sample magnetometer (VSM)

The RT magnetic measurements were carried out by Lake Shore model 7404
magnetometer with maximum field of +1 Tesla to -1 Tesla. The magnetic properties (Ms,
M, and H.) were measured from obtained hysteresis (M-H) loops. The paramagnetic
contribution has been subtracted from obtained magnetization (M) using M-yH relation

where y is susceptibility of the material.
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Chapter 4

Results and discussion

Overview

In this chapter, the structural, optical and magnetic properties of CdS and ZnS
nanostructures are discussed. The results are divided into three parts, firstly the effect of
annealing on CdS and ZnS nanoparticles has been studied. Secondly, the effect of TM and
RE doped CdS and ZnS nanoparticles is reported. Finally, the structural and optical

properties of CdS and ZnS films at selected doping concentration are investigated.
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The main objectives of the study were to investigate the size and doping (transition metal
(TM) & rare earth (RE)) effect on structural, optical and magnetic properties of CdS and
ZnS nanoparticles. To accomplish this study, first the CdS and ZnS nanopowders were
synthesized using hydrothermal method and size effect was induced by varying the
annealing temperature. Thereafter at selected processing condition, the effect of TM (Fe®",
Co?") and RE (Tb**, Dy**) metal ion doping was investigated. Finally, doped CdS and
ZnS films were deposited using CBD method and their properties were investigated. The
structural and morphological studies were carried out by XRD, FESEM, HRTEM and
AFM, for optical studies UV-visible and PL spectroscopy and RT magnetic studies were
carried out by VSM. The results as obtained from the mentioned studies are discussed

below.

4.1 Effect of annealing temperature
4.1.1 X-ray diffraction

Fig. 4.1 (a & b) represents the X-ray diffraction pattern of CdS and ZnS nanoparticles
annealed in the temperature range of 200-400 °C. It is observed that with rise in annealing
temperature intensity of diffraction peaks is increasing reflecting better crystallinity and
larger crystallite size (Table 4.1). In Fig. 4.1 (a) all diffraction peaks corresponds to
hexagonal wurtzite phase with space group P6smc (JCPDS file no. 41-1049). No phase

change has been observed within studied temperature range.
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Fig. 4.1 XRD patterns of (a) CdS and (b) ZnS nanoparticles annealed at 200-400 °C.

33



In Fig. 4.1 (b), as-synthesized ZnS nanoparticles have diffraction peaks at (111), (220)
and (311) planes that corresponds to cubic ZnS with space group F-43m (JCPDS file no.
00-002-0564). Upto 300 °C all samples showed cubic phase, while minor peaks of
hexagonal phase emerges out at 400 °C as reported earlier [143,144]. The crystallite size
(D) given in Table 4.1 was calculated using the Scherrer formula. The lattice parameters
(a, ¢) were calculated by following relation:

For CdS nanoparticles

1 _ 4[h%+hk+k? 12
=tz

2, 3 +t= (4.1)

a2

And for ZnS nanoparticles

1 [h2+k2+12] 4.2)

2 2
Ah a

where, d is inter-planar spacing and (hkl) are miller indices of plane.

The crystallite size of as synthesized CdS is relatively higher than ZnS nanoparticles.
With annealing temperature CdS crystallite size increased from 12.18 nm to 49.56 nm,
whereas no remarkable change in ZnS has been observed. No obvious change in lattice

parameters has been observed.

Table 4.1 Structural parameters of CdS and ZnS nanoparticles.

Annealing - CdS - - Zns -
temperature Lattice Crys_talllte Lattice Crys_talllte
C) parameters (A) Size parameter (A) Size
a c D (nm) a D (nm)
Un-annealed 4.13 6.70 12.18 5.32 3.91
200 4.13 6.71 12.99 5.33 4.02
300 4.14 6.72 29.67 5.39 4.80
400 4.14 6.72 49.56 5.41 5.20

4.1.2 UV- visible spectra

Fig. 4.2 (a & b) represents the UV-visible absorption spectra of CdS and ZnS
nanoparticles recorded from 400 to 650 nm and 250 to 600 nm, respectively annealed in
the temperature range of 200 to 400 °C. The optical Eg was determined using the
following Tauc’s equation

ahv = A(hv — Ey)" (4.3)
where, o is absorption coefficient, v is frequency, constant A is function of electronic
transition probability, h is Plank’s constant and n is type of transition (for direct transition

n =1/2). Eq was determined by extrapolating the plot of (ahv)? vs. hv as shown in Fig.
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4.2 (c & d). With the rise in annealing temperature the optical Ey (Table 4.2) found to
decrease and absorption edge shifts towards higher wavelength. In case of CdS, measured
crystallite size is quite higher than Bohr exciton radii (5nm), therefore, the variation in Eg
may largely ascribed to change in crystallite [142,218,219]. However, the comparable
crystallite size of ZnS to Bohr exciton radii (2.5 nm), increases the separation between

valence and conduction bands that consequently increases the optical E,.

Table 4.2 E4 of CdS and ZnS nanoparticles.

Annealing temperature | CdS E | ZnS Eq
(°C) V) | (eV)
Un annealed 2.51 3.78
200 2.50 3.77
300 2.48 3.74
400 2.43 3.69
(a) CdS —e— un-annealed (¢c) CdS
—a—200°C
—— 300°C
-~ —— 400°C
= =
% :
E %
: T
: A
= B
400 -lg() ) 5(')0 5;0 ) 6(')0 ) 6.;0 g A 2.r3 ) 2?4 ) 2?5 ) Ztﬁ ) 2.7
Wavelength (nm) Iy (eV)
(b) ZnS —— un-annealed (d) ZnS
— 200° C

—e— 300°C
—— 400° C

Absorbance (a.u.)
(ahv)? (eVem)?

T v T T T T v T —r v
350 400 450 500 550 600 34 35 3.6 37 38 39 4.0 4.1

250 300 4
Wavelength (nm) v (eV)

Fig. 4.2 (a & b) UV-visible absorption spectra, (¢ & d) Tauc’s plot of CdS and ZnS
nanoparticles.
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4.1.3 Photoluminescence spectra

Fig. 4.3 (a & b) shows the RT-photoluminescence spectra of CdS and ZnS nanoparticles
obtained at excitation wavelength of 380 and 260 nm, respectively. In Fig. 4.3 (a) four
peaks are observed at 490 nm, 529 nm, 540 nm and 571 nm in as synthesized sample. The
peak at 490 nm corresponds to blue emissions. The main emission band at around 529 nm
is due to green emission, which can be attributed to surface donor-acceptor pair
recombination. After excitation across band-edge, the electrons and holes trickle down
non-radiatively to deep-traps where two recombination processes occurs in d-d intra ion
transitions. Firstly, recombination of trapped holes in acceptor level with free electrons
from conduction band and secondly, with electrons from donor level that results in green
emission [220]. The two small humps at 540 nm and 571 nm are due to presence of
surface traps. The intensity of emission peaks enhances with annealing temperature this
can be due to formation of clusters with annealing [221,222]. The peak at 529 nm slightly
shifts to 535 nm at 400 °C indicating the red shift.

{(a) s = b (484 nm)
400.‘( E Pisss o nn-annealed | g0 | ) A o u-ARBeAled
o —a— 200°C X yO0®
350 e —*=300°C z = S00ec
MU~ ~ o - s R
Wzt —a—4000C | 590 g :
= 3004 = 12
O : 2
':.250" ' :_
g 2004 (568 nm) g
& 1 b2
= 1504 z,
100 4
S0 ¢
o +—y4—-—-—r——--7— 0+ v T v T v T v T e
480 500 520 540 560 580 600 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Fig. 4.3 PL spectra of (a) CdS and (b) ZnS nanopatrticles.

In Fig. 4.3 (b) as synthesized ZnS sample showed peaks at ~ 359 nm, 423 nm, 451
nm, 484 nm, 528 nm and 567 nm. The peak at 359 nm is band to band edge transitions
originating from the recombination of free excitons of ZnS nanoparticles [162]. The PL
emission consist of two parts: first zinc vacancy (Vz,) and sulphur atoms (Is) as acceptor
states located closer to valance band edge, and second sulphur vacancies (Vs) and
interstitial zinc atoms (lz,) as donor states located closer to conduction band edge. The
violet emission at 423 nm is attributed to transition from Vs to valence band edge of ZnS

[223]. The two peaks at 451 nm and 484 nm are blue emissions associated with
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recombination of free charge carriers in shallow traps, at the surface of nanoparticles
[224]. The two small humps at 528 nm and 567 nm are related to native defects of pure
ZnS such as Vz, [225,226]. The emission intensity increases with rise in annealing
temperature upto 300 °C [144]. However, for samples annealed at 400 °C, the emission

spectra is different due to existence of mixed phase in ZnS nanoparticles.

4.1.4 Magnetic analysis

The RT magnetic behavior (M-H) of CdS and ZnS nanoparticles annealed at 200-400 °C
is shown in Fig. 4.4 (a & b). All samples exhibit ferromagnetic behavior without much
variation in saturation magnetization (M;). The origin of ferromagnetism in dilute
magnetic semiconductors (DMS) can be ascribed to two reasons firstly; the formation of
ion vacancies and defects [227]. Secondly; the higher surface to volume ratio of
nanoparticles causes larger number of magnetic moment; the exchange interaction

between them favors their parallel alignment that results in higher M [22].
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0084 —— un-annealed 0.08 41 —o— un-annealed
0.064 ——200°C 0.064—— 200°C
— 3000 C e 300000 C
LUK S R — 4000 C .04 4
;‘ 0.02 - = 0.02-
2 0.00 £ 0.00
= -0.02 = 4,02 4
-0.04 4 A),04 4
-0.06 4 .06 +
-0,08 4 ~AL08 4
-0.10 T T 1 D Ll O L A.10 T T T T T
10000 -5000 0 2000 10000 -10000 -S000 0 5000 10000
H (O¢) H(Oe)

Fig. 4.4 M-H loops of (a) CdS and (b) ZnS nanoparticles.

From above discussion, it is evident that within studied temperature range the enhanced
PL emissions and optimal Ey; were obtained at 300 °C which make them suitable for
optoelectronics and solar cell applications. Henceforth, the 300 °C annealing temperature
has been chosen for further investigations. The effect of TM and RE doping on CdS and

ZnS has been discussed below.

4.2 Transition metal doped nanoparticles

Among the transition metals, Fe and Co have been chosen as dopants. The doping of Fe**
and Co®" in CdS and ZnS nanoparticles may further enhance magnetization due to their
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ferromagnetic nature. A dilute concentration of x = 0.05, 0.10 and 0.15 were doped in

nanoparticles and their properties has been investigated.

4.2.1 Transition metal doped CdS nanoparticles
4.2.1.1 X-ray diffraction
The X-ray diffraction (XRD) patterns of Cd;.xFexS and Cd;.«Co,S nanoparticles have been

illustrated in Fig. 4.5 (a & b), respectively. All diffraction peaks corresponds to hexagonal

wurtzite phase with space group P6smc (JCPDS file no. 41-1049).
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Fig. 4.5 XRD patterns of (a) Cd;—xFesS and (b) Cd;.xCosS nanoparticles with magnified
plot depicting peak shift.

The peak shift towards higher diffraction angle is due to stresses in the lattice as a
consequence of smaller ionic radii of Fe** ion (0.64A) and Co?* ion (0.74A) compared to
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Cd** ion (0.97A) [79,84]. A consistent decrease in D (Table 4.3) with doping
concentration confirms that cationic sites are well substituted in host CdS lattice. While
the presence of dopant showed no significant effect on lattice parameter (a & c). The c/a

ratio is 1.63 which confirms the hexagonal symmetry of nanoparticles.

Table 4.3 Structural parameters and Eg of Cd;—xFexS and Cd;-Co,S nanoparticles.

. Lattice parameters (A) | Crystallite Size
Sample | Concentration (Xx) a c D (nm) Eq (eV)

Cds 0.0 4.14 6.72 29.67 2.48
0.05 4.13 6.71 14.81 2.53

CdFe,S 0.10 4,13 6.71 13.80 2.55
0.15 4.13 6.70 11.50 2.56

0.05 4.13 6.71 17.07 2.49

Cd;Co,S 0.10 4.13 6.71 15.53 2.51
0.15 4.13 6.71 13.88 2.53

4.2.1.2 Morphological analysis

HR-TEM micrographs of undoped and doped nanoparticles are shown in Fig. 4.6 (a-c).

" "o
Lo S e

o CidosCoarS)|

Fig. 4.6 TEM micrographs of (a) CdS, (b) CdogFeo1S, (c) CdpoC001S, (d) SAED pattern
for CdS and (e-g) are particle size distribution histogram. Inset shows lattice fringe

pattern.

The particle size distribution and corresponding Gaussian curve fitting of samples are
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represented in Fig. 4.6 (e-g). The average particle diameter of undoped CdS is 37.69 hm
which decreased to 13.06 nm (Fe) and 19.14 nm (Co). The measured d-spacing value
from lattice fringe pattern is ~ 0.38 nm, 0.33 nm and 0.35 nm as shown in inset,
corresponds to (002) plane of hexagonal structure of CdS. The decrease in d-spacing can
be ascribed to lattice shrinkage with doping. The SAED pattern for CdS (Fig. 4.6 (d)) is
not sharp indicating the nano-crystalline nature of nanoparticles. Fig. 4.7 represent EDS
spectra of Cd;—«Fe,S and Cd;—xCo,S (x = 0.10) nanoparticles that confirms the presence of

Cd, S, Fe and Co without any other elements.
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Fig. 4.7 EDS spectra of (a) CdS, (b) CdoygFeo1S and (c) Cdo9C0o 1S nanoparticles.

4.2.1.3 UV- visible spectra

Fig. 4.8 (a & b) depicts the UV-visible absorbance spectra of Cd;xFexS and Cd;—CoS
nanoparticles recorded from 400 to 850 nm. The blue shift in absorbance wavelength was
observed with doping. The variation in Eq with Fe** and Co?* doping is shown in Fig. 4.8
(c & d) and tabulated in Table 4.3. The E4 for undoped CdS is 2.48 eV increased with
doping to 2.56 eV (Fe*") and 2.53 eV (Co®"). The change in E, can be attributed to
various factors such as formation of defects, quantum confinement effect etc. Since, the

size of nanoparticles in our system is much higher than Bohr-exciton radii (5nm)
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therefore the size effect has no role in the modification of Ey. The widening of Ey with
doping content can be ascribed to Burstein-Moss effect. According to which, when excess
carriers are introduced in host lattice, the Fermi level shifts towards conduction band
(CB) because of sp-d exchange interaction between CB electrons and localized spin of
Co?* and Fe** [228]. This exchange interaction produces excess carriers which occupy
the states closer to Fermi level in CB, resulting in shifting of Egto higher levels. Further,
formation of various sulphur related defects with doping, tends to change the electronic
band structure of host lattice [229].
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Fig. 4.8 (a & b) UV-visible absorption spectra, (¢ & d) Tauc’s plot of Cd;«FexS and Cd;.

«C0xS nanoparticles.

4.2.1.4 Photoluminescence spectra

The representative RT photoluminescence spectra obtained at excitation wavelength of
380 nm are shown in Fig. 4.9. Four peaks are observed at 490 nm, 529 nm, 540 nm and
571 nm in all compositions. The reason for emergence of these emissions has already
been discussed in section 4.1.3. No dopant related peaks has been observed. However, the
intensity of peaks gets quenched with doping. The quenching of PL intensity can be
attributed to formation of deep centers or defects that inhibit more number of

electrons/holes to get excited and give rise to non-radiative transitions. However, intensity
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of Fe**-doped CdS is higher than Co?*, as doping of Fe** may create more Cd** vacancies
as compared to Co?* to maintain the charge neutrality. This causes high donor-acceptor
pair recombination in Fe** doped CdS than in Co®* doped CdS. Similar type of quenching
has been reported in literature [84,230].

4504 (529 nm) a—x=0
400 —o—x = (.10 Fe
1 ——x=(.10 Co
~350-
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3.,300'_ 540 nm
£250-
w L
§ 200+
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480 500 520 540 560 580 600
Wavelength (nm)

Fig. 4.9 Representative PL spectra of CdogFeo1S and Cdo9C0o 1S nanoparticles.

4.2.1.5 Magnetic analysis

The M-H loops of Fe** and Co*" doped CdS nanoparticles are shown in Fig. 4.10. All
composition shows measurable coercivity (Hc) and residual magnetization (M) (inset Fig.
4.10) which confirms ferromagnetic ordering.

The observed ferromagnetism in undoped CdS has already discussed in section
4.1.4. Beside the own magnetization of CdS nanoparticles, doping with Fe and Co further
contribute to ferromagnetism, which is well evident from Fig. 4.10. The My is linearly
increasing with doping concentration. Also, as reflected from PL spectra due to higher
surface donor-acceptor pair recombination, Cd;.«Fe,S should have a weak magnetism.
However, the higher Ms in Fe doped nanoparticles is due to higher magnetic moment of
Fe** jon compared to Co®" ion that may have obscure the weak magnetism caused by
donor-acceptor pair recombination in Fe doped CdS nanoparticles. The decrease in Hc
with doping is consequence of soft magnetic nature of TM ions (Fe**, Co®") (Table 4.4).
Comparing the magnetic nature of Fe and Co; Co is hexagonal in nature and
magnetization vector remain along c axis, whereas Fe is cubic with magnetization vector
along <100> direction [231,232]. Moreover, relative higher magnetocrystalline
anisotropy of Co results in higher H,. Hence Co doped CdS shows higher H. than Fe
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doped nanoparticles. The observed Ms values are comparable to highest reported in the

literature for given compositions [81,84].

0.30 i
0.25-_
0.20
0.15:
().l()-_
0.05-

(@) ——x=0.0

—a—x = (.05
—r—x = (.10
—t—x = (.15

CdinFe,S

0.00
-0.05:
-0.1()-:
-0.157
-0.20
-O.ZSj

M; (emu/g)

T T
-1500-1000 -500

T T
500 1000 1500

-0.30

T .
-10000

L) H I
0 5000 10000

0.15
0.10 -

—~ 0.05-

u/g

D)

Cd1Co,S

2 0.00

M; (e

-0.05

-0.10 4

.08 T T T T
-1500 -1000 -800 0 500 1000 1500

-0.15

Fig. 4.10 M-H loops of (a) Cd,—«Fe,S and (b) Cd;—«Co,S nanoparticles. Inset shows the

; -
-10000

magnified view of M-H loop.

-5000

0 5000
H (Oe)

1
10000

Table 4.4 Magnetic properties of Cd;—xFesS and Cd;—Co,S nanoparticles.

A Cd lfoexs Cd ]7)(C0)(S
Conce(?(;ratlon M, M, H. M, M, He
(emu/g) | (emu/g) | (Oe) | (emu/g) | (emu/g) | (Oe)
0.0 0.049 0.010 |433.5| 0.049 0.010 | 4335
0.05 0.087 0.020 |222.0| 0.057 0.019 | 3322
0.10 0.108 0.023 |160.2 | 0.072 0.022 | 338.7
0.15 0.236 0.032 |114.2 | 0.109 0.028 | 263.7
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4.2.2 Transition metal doped ZnS nanoparticles

4.2.2.1 X-ray diffraction

The XRD patterns of Zn;4Fe,S and Zn;.,Co,S nanoparticles are shown in Fig. 4.11 (a &
b) corresponds cubic phase with space group F-43m (JCPDS file no. 00-002-0564).
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Fig. 4.11 XRD patterns of (a) Zn1xFe.S and (b) Zn;xCoS nanoparticles with magnified
plot depicting peak shift.

The crystallite size also found to decrease due to smaller ionic radii of dopants compared
to Zn** (0.74A) which also causes peak shift. The change in lattice constant ‘a’ with
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dopants is (Table 4.5) ascribed to different ionic radii of dopant and in agreement with the

crystallite size variation.

Table 4.5 Structural parameters and Eq of Zn;.«Fe,S and Zn1.xCoxS nanoparticles.

Concentration | Lattice parameter (a) Crystallite/Particle Size Eq
Sample ) (nm) _| (ev
XRD | TEM | UV- Vis

ZnS 0 5.39 4.80 | 6.77 6.76 3.74
0.05 5.32 4.08 - 4.77 3.80

Zny.4FesS 0.10 5.31 3.67 | 5.02 4.27 3.83
0.15 5.30 3.61 - 3.90 3.86

0.05 5.34 4.25 - 5.52 3.77

Zn;.,Co,S 0.10 5.33 4.01 | 5.09 4.99 3.79
0.15 5.32 3.90 - 4.42 3.82

4.2.2.2 Morphological analysis

HR-TEM micrographs of Zn;.Fe,S and Zn;4Co,S (x = 0 and 0.10) along with particle
size distribution histogram of nanoparticles are shown in Fig. 4.12 (a-g). All doped
nanoparticles showed spherical morphology irrespective to type of dopant. A broad
particle size distribution (4-11 nm) was observed for ZnS, which become narrower with
doping. The average particle diameter of nanoparticles given in Table 4.5 is comparable
to crystallite size. It is clear that with Fe** and Co®* doping particle size shrinks. The d-
spacing value measured from lattice fringe pattern (inset Fig. 4.12 (a-c)) are about ~ 0.34
nm that corresponds to (111) plane of ZnS cubic structure. Fig. 4.12 (d) shows the
representative SAED pattern for undoped ZnS nanoparticle that depicts continuous
diffraction rings of (111), (220) and (311) planes, and in lines with XRD result. The
similar SAED pattern has been observed for other samples. EDS spectra of synthesized
nanoparticles shown in Fig. 4.13 confirms the presence of Zn, S, Co and Fe without any

contamination.
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Fig. 4.12 TEM micrographs of (a) ZnS, (b) ZnogFeo.1S, (€) Zny9Cop1S, (d) SAED pattern
of ZnS nanoparticles and (e-g) are particle size distribution histogram. Inset shows the

lattice fringe patterns.
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4.2.2.3 UV- visible spectra

Fig. 4.14 (a & b) depicts the UV- visible absorbance spectra of Zn;.xFesS and Zn;CoS
nanoparticles recorded in the wavelength range of 250-500 nm. The estimated Eq from
Tauc’s plot (Fig. 4.14 (c & d)) are given in Table 4.5.
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Fig. 4.14 (a & b) UV-visible absorption spectra, (¢ & d) Tauc’s plot of Zn;4FesS and Zn;.

«C0xS nanoparticles.

The observed slight increase in Eq of undoped ZnS (3.74 eV) nanoparticles than its bulk
(3.67 eV) counterpart can be ascribed to quantum confinement effect. The Ey found to
increase with Fe®* and Co?* doping with the maximum value of 3.86 eV for Fe** doped (x
= 0.15) nanoparticles. This variation in Eg is due to defect induced intermediate bands
originated from different ionic radii and valance state of dopants that tune the electronic
band structure of ZnS nanoparticles. Using the obtained Eg, the particle size was further
confirmed by Brus effective mass approximations (EMA) formula [233].
B2

2
AEg — E;lano _ E;ulk — _( 1 + L) _ 18e” (4_4)

T 8RZ\m; ' mj €R
Where EZ%™° and E};“"‘ are optical band gap energy of nanoparticles and bulk in Joules,
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respectively. h is the plank’s constant, R is radius of nanoparticle, my= 0.34 m, and my,=
0.23 m,, are effective mass of electrons and holes, respectively, where m,, is free electron
mass, e is the electronic charge and ¢ is dielectric constant of ZnS i.e. 8.76 [234]. The
calculated particle size using Brus formula (Table 4.5) is in good agreement with XRD

and TEM.

4.2.2.4 Photoluminescence spectra

The representative PL spectra of x = 0.10 obtained at excitation wavelength of 260 nm are
represented in Fig. 4.15. All samples showed the peaks at ~ 359 nm, 423 nm, 451 nm,
484 nm, 528 nm and 567 nm with varied intensity. The reason for emergence of these
peaks has already discussed in section 4.1.3. No peaks related to dopant has been

observed, however intensity of peaks get quenched with doping of Fe** and Co?*.
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Fig. 4.15 Representative PL spectra of ZnggFe1S and Zng¢Cog1S nanoparticles.

4.2.2.5 Magnetic analysis

RT magnetization (M-H) loops of Zn;<FesS and Zn;Co,S nanoparticles are shown in
Fig. 4.16. The obtained measurable H; and M, (inset Fig. 4.16) confirms the presence of
ferromagnetism in all samples. In previous studies undoped ZnS showed diamagnetic and
paramagnetic behavior. The observed ferromagnetic behavior in ZnS can be ascribed to
the presence of sulphur vacancies and higher surface to volume ratio of nanoparticles

which causes large number of uncompensated magnetic moments [22].
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Fig. 4.16 M-H loops of (a) Zn,—xFe,S and (b) Zn,—Co,S nanoparticles. Inset shows the
magnified view of M-H loop.

Table 4.6 shows that Ms and M, are increasing with doping concentration for both
Fe and Co doped ZnS nanoparticle. However, the higher Ms of Fe** doped nanoparticles
is due to higher magnetic moment of Fe>* ion compared to Co*" ion. The lower He in
doped nanoparticles suggest that inherit moment of Fe and Co contributes to swift
demagnetization at lower magnetic field despite smaller particles. Basically, the magnetic
properties of DMS materials are interplay of particle size and type of dopant and its
concentration. It has been observed that with decreasing particle size magnetization
increases, however below a critical particle diameter, the ferromagnetism disappear and
particle acquire superparamagnetism [223]. To understand the role of dopants, it is
mandatory to isolate the size effect by keeping size distribution in narrow range. As

discussed in literature, TM doped ZnS showed different magnetization behavior. A few
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studies showed that with increasing TM concentration, initially Mg increases and then
decreases, due to dominant antiferromagnetic coupling at higher concentration [161]. In
another study, Bhattacharya et al. has reported the signature of Fe®" formation by
magnetization vs. temperature curve and showed the decrease in Mg due to anti
ferromagnetic coupling between Fe** and Fe®" ions. In the present work, Ms found to
increase gradually which suggest that no antiferromagnetic coupling is present due to low
doping concentration. The presence of any Fe?" ion formation is also ignored due

observed decrease in lattice parameter [157].

Table 4.6 Magnetic properties of Zn;Fe,S and Zn;,Co,S nanoparticles.

Sample Concentration | Mgat1 T M, Hc

(X) (emu/g) | (emu/g) | (Oe)

ZnS 0 0.057 0.011 [4711
0.05 0.112 0.029 | 246.2

Zn.4Fe,S 0.10 0.137 0.037 | 2435
0.15 0.322 0.077 |172.0

0.05 0.090 0.023 |248.4

Zn1,Co,S 0.10 0.108 0.029 | 2475
0.15 0.290 0.074 |192.4

4.3 Rare earth doped nanoparticles

Among the rare earth ions, Dy*" and Tb®* have been chosen as dopants due to their
excellent luminescent properties. Th®* ions reportedly showed sharp emission in green
region that can be used for display application. On the other hand, Dy** ions exhibit
strong luminescence in blue and yellow region of visible spectra. The studies pertaining
to the doping of these rare earth are limited. Therefore, the effect of dilute (x = 0.05, 0.10
and 0.15) doping of Th®* and Dy** on structural, optical and magnetic properties of CdS

and ZnS nanoparticles has been investigated.

4.3.1 Rare earth doped CdS nanoparticles
4.3.1.1 X-ray diffraction

The XRD patterns of Cd;«Dy,S and Cd;ThyS nanoparticles have been illustrated in Fig.
4.17 (a & b). All the diffraction peaks corresponds to the hexagonal wurtzite phase with
space group P6smc (JCPDS file no. 41-1049).
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Fig. 4.17 XRD patterns of (a) Cd;—DyS and (b) Cd,—Th,S nanoparticles with magnified
plot depicting peak shift.

In Dy doped nanoparticles, the 20 values are shifting towards higher diffraction
angle upto x = 0.10 due to smaller ionic radii of Dy*" ion (0.91A) as compared to Cd** ion
(0.97A) [235]. For higher doping content (x = 0.15) 20 shifts towards lower diffraction
angle suggests that excess of Dy>* ions causes stress compensation in crystal. However,
for Th™* doping the shift in 20 values (inset (b)) are towards lower diffraction angle,
which is a consequence of larger ionic radii of Th** ion (1.25A) compared to Cd** ion
[236]. Further, for x = 0.15, reverse trend is observed i.e., peak shift towards higher
diffraction angle, which suggest that at higher doping amount, the excess Th** remained
unsubstituted and creates a pinning action to lattice expansion. To verify doping effect,

lattice parameters (a, c) have been calculated (Table 4.7). In Dy doped nanoparticles, D
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(Table 4.7) initially found to decrease upto x = 0.10, then increases. No measurable change

in lattice parameters has been observed.

Table 4.7 Structural parameters and Eg of Cd;—xDy,S and Cd;-Th,S nanoparticles.

. Lattice parameters (A) | Crystallite Size | E,

Sample | Concentration (X) a c D (nm) (&V)
Cds 0.0 4.14 6.72 29.67 2.48
0.05 4,13 6.71 22.14 2.54

Cd—«DysS 0.10 413 6.71 19.91 2.55
0.15 4,13 6.71 25.80 2.49

0.05 4.14 6.72 33.34 2.43

Cd;«Th,S 0.10 4.14 6.72 35.65 2.42
0.15 414 6.72 32.40 2.44

4.3.1.2 Morphological analysis

HR-TEM micrographs and SAED pattern of Cd,Dy,S and Cd;Th,S
nanoparticles for x = 0.0 and 0.10 are shown in Fig. 4.18 (a-d). The particle size
distribution and corresponding Gaussian curve fitting of samples are represented in Fig.
4.18 (e-g). Nanopowder shows spherical morphology with uniform particle size. The
average particle diameter of undoped CdS is 37.69 nm which changes to ~30 nm (Dy)
and ~ 40 nm (Tb). The change in particle size with doping may ascribed to different
reasons. The different ionic radii of Dy*" and Th®" than Cd** causes shrinkage/expansion
in the unit cell which resulted in different particle size. The other reason could be the
different thermodynamic conditions of crystal growth of doped and undoped one. The d-
spacing for (002) plane (inset) is nearly constant in Th** doped nanoparticles, whereas
with Dy** doping shrinkage in d-spacing from ~ 0.38 nm to 0.33 nm is measured. The
SAED pattern for CdS (Fig. 4.18 (d)) is not sharp, depicting the nano-crystalline nature of
particles. Fig. 4.19 depicts EDS spectra of Cd;—«Dy,S and Cd;Th,S for x = 0 and 0.10
that confirms the presence of Cd, S, Dy and Tb in synthesized nanoparticles without any

contamination.
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Fig. 4.18 TEM micrographs of (a) CdS, (b) Cdo.9Dyo.1S, (€) CdosTho 1S, (d) SAED pattern
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Fig. 4.19 EDS spectra of (a) CdS, (b) Cdo9Dyo.1S and (c) CdogTho 1S nanoparticles.
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4.3.1.3 UV- visible spectra

Fig. 4.20 depicts the UV-visible absorbance spectra recorded and corresponding Tauc’s
plot of Dy and Th doped CdS nanoparticles. Table 4.7 shows the obtained E4 of doped
nanoparticles.

The optical E4 found to enhance from 2.48 eV to 2.55 eV with Dy** doping upto x
= 0.10. Further, for x = 0.15 absorption edge slightly shifts towards higher wavelength
and Eq decreased to 2.49 eV. However, for Tb doping there is decrease in Egvalues upto x
= 0.10 showing the red shift and consequently the absorption edge shifts towards the
higher wavelength indicates the increase in particle size, which corroborate with XRD
[237]. Also, this decrease in Eg values can be attributed to the introduction of new energy
levels in the host lattice upon Th** doping [238]. At x = 0.15, more defect centers may be
produced due to decrease in crystallite size to 32.40 nm which in turn increase Eg4 to 2.44
eV. The change in Eq can be attributed to various factors such as formation of defects and

sulphur vacancies.
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Fig. 4.20 (a & b) UV-visible absorption spectra, (¢ & d) Tauc’s plot of Cd;xDy,S and
Cd;«ThyS nanoparticles.



4.3.1.4 Photoluminescence spectra

The representative PL spectra of Cd;—«Dy,S and Cd;—Th,S nanoparticles with excitation
wavelength of 380 nm are shown in Fig. 4.21. Four peaks are observed at 490 nm, 529
nm, 540 nm and 571 nm in all compositions. The reason for emergence of these
emissions has already discussed in section 4.1.3. In doped CdS; the peak at 540 nm (x =
0) slightly shifted to ~545 nm due to sulphur vacancies which easily forms in CdS. These
sulphur vacancies acts as trap states for photogenerated electrons resulting in yellow
emission [239]. The doping of Dy** in CdS shows two transitions. Firstly, *Fo—°His
(yellow emission) magnetic dipole transitions at ~570 nm and secondly, at 486 nm due to
force electric dipole *Fo;—°Hisp (blue emission) transition [240]. In our system, these
transitions are getting overlapped with defect states and band to band edge transition,

respectively.
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Fig. 4.21 Representative PL spectra of CdgDyo.1S and CdggThg 1S nanoparticles.

4.3.1.5 Magnetic analysis

Fig. 4.22 (a & b) shows RT magnetic behavior of Cd;—Dy,S and Cd;—Th,S nanoparticles.
The magnified image of M-H loop (inset-11 (a & b)) shows the presence of M, and H. in
CdS nanoparticles. The measured magnetic properties of nanoparticles are given in Table

4.8. The observed ferromagnetism in undoped CdS has already discussed in section 4.1.4.
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Fig. 4.22 M-H loops of (a) Cd;—«DyyS and (b) Cd,—Th,S nanoparticles. Inset | shows (M-

xH) vs. H loop and Inset Il shows magnified view of M-H loop.

In Dy** and Tb*" doped nanoparticles, M found to increase that can be attributed
to formation of various defects and vacancies with doping [227]. However M-H loop are
non-saturating in nature at higher doping concentration. The non-saturating M-H behavior
is a characteristic feature of paramagnetic, anti-ferromagnetic or superparamagnetic
contributions. Since the particle size in our case is higher than the Bohr exciton radii,
therefore, the possibility of superparamagnetic contribution can be neglected. Similar,
non-saturating behavior was observed in Co doped ZnO nanostructures, where fine
nanoclusters of Co contributed to superparamagnetism [241,242]. Also antiferromagnetic
coupling between neighboring ferromagnetic ions showed non saturating behavior [243].
Since Dy** and Th*" are paramagnetic at RT with Curie temperature of 85 K and 220 K,

respectively  [244], therefore their nanoclusters will not contribute to
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superparamagnetism. Hence, non-saturation of M-H curve may ascribe to paramagnetic
contribution from dopant ions. Subtracting paramagnetic contribution from magnetization
(M-yH, x is susceptibility); well saturated M-H loops were observed. The representative
figure (x = 0.10 and 0.15) is shown in inset-I Fig. 4.23 (a & b). The observed low
magnetization in x = 0.15 given in Table 4.8 justifies the presence of anti-ferromagnetic

coupling arising from dopant ion exchange interactions within the lattice.

Table 4.8 Magnetic properties of Cd;«Dy,S and Cd;4Th,S nanoparticles.

) CdlfnyxS Cd lfbexS
Concentration M, M, He M, M, He

(x)

(emu/g) | (emu/g) | (Oe) | (emu/g) | (emu/g) | (Oe)
0.0 0.049 0.010 |433.5| 0.049 0.010 |4335
0.05 0.080 0.015 |258.4| 0.13 0.012 | 268.5
0.10 0.172 0.050 |[179.4| 0.23 0.016 |201.1
0.15 0.068 0.012 |309.3| 0.21 0.016 |210.4

4.3.2 Rare earth doped ZnS nanoparticles
4.3.2.1 X-ray diffraction

The XRD patterns of Zn;xDy,S and Zn;Th,S also corresponds to cubic phase (Fig. 4.23
(a & b). The marginal increase (4.80 to 5.23 nm) in crystallite size with RE doping is due
to larger Th®* (1.25 A) and Dy** (0.91 A) ions compared to Zn** (0.74A). The change in
lattice constant ‘a” with dopants is (Table 4.9) ascribed to different ionic radii of dopant

and in agreement with the crystallite size variation.

Table 4.9 Structural parameters and Eg of doped Zn;.«Dy,S and Zn;Th,S nanoparticles.

Concentration | Lattice parameter (a) Crystallite/Particle Size Eq

Sample ) A (nm) (eV)
XRD | TEM | UV- Vis

ZnS 0 5.39 480 | 6.77 6.76 3.74
0.05 5.38 4.85 7.40 3.73
Zn1,Dy,S 0.10 5.40 4,92 | 6.82 8.27 3.72
0.15 5.41 4.97 9.56 3.71
0.05 5.39 5.17 9.56 3.71
Zn1,ThyS 0.10 541 521 | 8.16 11.70 | 3.70
0.15 5.42 5.23 16.55 | 3.69
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Fig. 4.23 XRD patterns of (a) Zn;«DyyS and (b) Zn14Th,S doped nanoparticles with
magnified plot depicting peak shift.

4.3.2.2 Morphological analysis

HR-TEM micrographs along with particle size distribution histogram of nanoparticles are
shown in Fig. 4.24 (a-g). The average particle diameter of nanoparticles is given in Table
4.9. The d-spacing value measured from lattice fringe pattern (inset Fig. 4.24 (a-c)) are
about ~ 0.34 nm that corresponds to (111) plane of ZnS cubic structure. Fig. 4.24 (d)
shows the representative SAED pattern for undoped ZnS nanoparticle that depicts
continuous diffraction rings of (111), (220) and (311) planes, and in lines with XRD
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result. The similar SAED pattern has been observed for other samples. EDS spectra of
synthesized nanoparticles shown in Fig. 4.25 confirms the presence of Zn, S, Dy and Th

without any contamination.
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Fig. 4.24 TEM micrographs of (a) ZnS, (b) ZnosDyo.1S, (C) ZnooTho1S, (d) SAED pattern
of ZnS nanoparticles and (e-g) are particle size distribution histogram. Inset shows the

lattice fringe patterns.
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Fig. 4.25 EDS spectra of (a) ZnS, (b) Zno.oDyo.1S and (c) ZngoTho 1S nanoparticles.
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4.3.2.3 UV- visible spectra

Fig. 426 (a & b) represents the UV- visible absorbance spectra recorded in the

wavelength range of 250-500 nm.
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Fig. 4.26 (a & b) UV-visible absorption spectra, (¢ & d) Tauc’s plot of Zn;«Dy,S and Zn;.

«TbxS nanoparticles.

The E4 found to decreases marginally to 3.71 eV (Dy**) and 3.69 eV (Tb**) with
doping (Table 4.9). This variation in E4 is due to defect induced intermediate bands
originated from different ionic radii and valance state of dopants that tune the electronic
band structure of ZnS nanoparticles [220]. The calculated particle size using Brus formula
(Table 4.9) is in good agreement with XRD and TEM.

4.3.2.4 Photoluminescence spectra

The representative PL spectra of Dy** and Th** doped nanoparticles (x = 0.10) obtained at
excitation wavelength of 260 nm are represented in Fig. 4.27. All samples showed the
peaks at ~ 359 nm, 423 nm, 451 nm, 484 nm, 528 nm and 567 nm with varied intensity.
The reason for emergence of these peaks as already discussed in section 4.13. No peaks
related to dopant has been observed. The RE doped ZnS showed higher emission intensity
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than undoped ZnS, which is favorable for their potential use in light emitting diodes
[245].
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Fig. 4.27 Representative PL spectra of Zng 9Dy 1S and ZngoTho1S nanoparticles.

4.3.2.5 Magnetic analysis
RT magnetization (M-H) loops of Zni4Dy,S and Zn;4ThsS (x = 0, 0.05, 0.10 and 0.15)

nanoparticles are shown in Fig. 4.28. The obtained measurable H; and M; (inset Fig. 4.28)
confirms the presence of ferromagnetism in all samples. The observed ferromagnetism in
undoped ZnS has already discussed in section 4.1.4. Beside own magnetization of ZnS;
doping of Dy*" and Th** further contribute to ferromagnetism, which is well evident from
Fig 4.28. The obtained magnetic parameters are tabulated in Table 4.10. Mg and M, were
found to increase for both Dy** and Th** doped ZnS nanoparticle. The low H, of doped
ZnS than undoped nanoparticle is due higher particle size (Table 4.10).

Table 4.10 Magnetic properties of Zn,_4Dy,S and Zn,_,Th,S nanoparticles.

Sample Concentration | Msat1 T M, Hc¢
(x) (emu/g) | (emu/g) | (Oe)
ZnS 0 0.057 0.011 |471.1
0.05 0.072 0.022 | 350.0
Zn,,Dy,S 0.10 0.084 0.028 | 367.7
0.15 0.092 0.032 | 369.9
0.05 0.061 0.019 | 432.0
Zn1Th,S 0.10 0.078 0.026 | 4434
0.15 0.083 0.027 | 449.1
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Fig. 4.28 M-H loops of (a) Zn, «DyS and (b) Zn,«ThS nanoparticles. Inset shows the

magnified view of M-H loop.

4.4 CdS and ZnS thin films

Recently, thin films of CdS and ZnS are potentially used in solar cells, photo sensors and
light emitting diodes. Therefore, an attempt has been made to investigate the dopant
induced properties in CdS and ZnS films. As observed, Fe** doped nanoparticles showed
higher optical Egand Ms. Whereas, doping of Dy** enhances the luminescent properties in
both CdS and ZnS nanoparticles and also exhibit higher M at x = 0.10 in doped CdS and
ZnS. Therefore, among the studied concentration range and type of dopant, the
concentration of x = 0.10 and Fe*", Dy** dopants have been chosen for CdS and ZnS
films. The films have been prepared by chemical bath deposition technique and the effect

of dopants on structural, morphological and optical properties are investigated.
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4.4.1 Effect of Fe** and Dy** doping on CdS and ZnS thin films

4.4.1.1 X-ray diffraction

The Fig. 4.29 represents XRD patterns of doped CdS and ZnS films. In Fig. 4.29 (a) the

diffraction peaks shows preferential growth along (002) plane of hexagonal CdS,

whereas, CdS nanoparticles have showed multiple diffraction peaks from other planes.
Similar to ZnS nanopatrticles, three peaks at (111), (220) and (311) plane of cubic phase
has been obtained in films. The variation in crystallite size (Table 4.11) with doping is

similar to nanoparticles.
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Fig. 4.29 XRD patterns of (a) CdS and (b) ZnS thin films.

Table 4.11 Crystallite size, thickness and Eq of CdS and ZnS films.

Sample | Crystallite size (nm) | Thickness (nm) | E4 (eV)
CdS 22.46 356 2.46
CdpoFeg1S 17.90 342 2.49
Cdo.9Dyo1S 21.92 350 2.47
ZnS 6.45 566 3.71
Zno.9F€0.1S 4.98 440 3.75
Zno.9Dy0.1S 7.30 664 3.69

4.4.1.2 Microstructural analysis

FESEM surface morphology of CdS and ZnS film shown in Fig. 4.30 and Fig. 4.31

depicts that films are densely packed with low porosity.
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Fig. 4.30 Surface morphology and corresponding cross-section images of doped CdS

films.

The surface of the films shows cluster formation due to agglomeration of constituent
particles. The cross-sectional image of CdS films depicted in Fig. 4.30 shows an average
thickness of ~350 + 10 nm. For ZnS films (Fig. 4.31) average thickness is ~556.03 nm
which increases to 664.25 nm with doping of Dy** that can be attributed to higher growth
rate with Dy** substitution contrary to Fe** doping which reduces thickness to 440.06 nm.
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Fig. 4.31 Surface morphology and corresponding cross-section images of doped ZnS

films.

The Fig. 4.32 represents AFM images (10x10um?) of undoped and doped CdS and ZnS
films. The image verifies the presence of agglomerated particles on surface of both CdS
and ZnS films as observed in FESEM. The average root mean square roughness (Sg)
found to decrease from 150.13 nm (CdS) to 116.38 nm (Fe**) and 135.20 nm (Dy*").
Whereas for ZnS, Sq values are 117.87 nm (ZnS), 100.45 nm (Fe**) and 146.45 nm

(DY*).
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Fig. 4.32 AFM images of doped CdS and ZnS thin films.

4.4.1.3 Optical studies

The UV-visible absorption spectra of deposited films are shown in Fig. 4.33. The

absorption edge found to shift with dopants indicating the change in optical E,.
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Fig. 4.33 UV-visible spectra of (a) CdS and (b) ZnS films. Inset depicts corresponding

Tauc’s plot.

The estimated Ey from Tauc’s plot (Inset) are given in Table 4.11. A marginal increase in
optical Eg from 2.46 eV to 2.49 eV (Fe®*") and 2.47 eV (Dy**) has been observed for CdS

films [246]. On contrary, nanoparticle at same doping content showed enhanced Eg. The
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reason may ascribe to percentage reduction in crystallite size which is higher for doped
nanoparticles as compared to films. The Eg of ZnS found to vary from 3.71 eV to 3.75 eV

(Fe**) and 3.69 eV (Dy*"). The obtained change in Ey with doping was similar to doped
ZnS nanoparticles.
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Fig. 4.34 PL spectra of (a) CdS and (b) ZnS films.

The representative PL spectra of doped CdS and ZnS films with excitation wavelength of
380 nm and 230 nm, respectively are shown in Fig. 4.34. Similar to CdS nanoparticles,
the emission peaks at ~486 nm, 520 nm and 540 nm were obtained. The small hump at
571 nm as observed in CdS nanoparticles is absent. The emission spectra of ZnS films are
different form nanoparticles. In nanoparticles, well distinguished peaks at 423 nm, 451
nm, 484 nm, 528 nm and 567 nm have been observed. Whereas, in films peaks appeared
to get merged together in the form of one broad peak centered at 455 nm. This emission is
due to transition of donor acceptor pair to valence band [154,247]. With Dy** doping the
intensity of emission peak is relatively higher.
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Chapter 5

Conclusions

Overview

In this chapter, the outcomes of the various experiments are summarized. The effects of
annealing temperature on CdS and ZnS nanoparticles are outlined. Further, effect of TM
(Fe**, Co*") and RE (Dy**, Th**) doping on structural, optical and magnetic properties of
CdS and ZnS nanoparticles/thin films are concluded and tabulated. Finally, the future

scope of present work is given at the end of this chapter.
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In the present work, CdS and ZnS nanoparticles were synthesized via hydrothermal

method. The particle size variation in undoped CdS and ZnS was induced by annealing
temperature. Thereafter, the series (x = 0, 0.05, 0.10 and 0.15) of TM (Fe®**, Co*") and RE
(DY**, Tb*") doped CdS and ZnS nanoparticles were synthesized. At chosen doping
concentration of x = 0.10, Fe** and Dy** doped CdS and ZnS thin films were deposited

using chemical bath deposition technique. Effect of doping on structural, morphological,

optical and magnetic properties were investigated and compared. The important findings

and conclusions drawn from the work are as follows:

Firstly, the synthesized CdS and ZnS nanoparticles were annealed in the
temperature range of 200-400 °C. The XRD patterns confirmed wurtzite phase of
CdS and cubic phase in ZnS nanoparticles. The marginal decrease in Eq has been
observed with annealing. In PL spectra, emission intensities enhances with
annealing ascribed to cluster formation. No major variation in magnetization was
found with annealing.

The XRD pattern confirmed wurtzite phase in TM doped CdS nanoparticles. The
crystallite size of Fe** doped CdS (~11.50 nm) was relatively smaller than Co®*
doping (~13.88 nm). The TEM images confirmed spherical morphology with
average particle size of 37.69 nm which found to decrease with TM doping. The
E, was increased from 2.48 eV to 2.56 eV (Fe**) and 2.53 eV (Co**). M-H loops
confirm RT ferromagnetism in all the compositions with a maximum value of Ms
(0.236 emu/g) in Fe** doped nanoparticles.

The XRD pattern of Fe** and Co®* doped ZnS nanoparticles confirmed cubic
phase. The Fe** (~3.61 nm) doped nanoparticles have relatively smaller crystallite
size as compared to Co** (3.90 nm) doped ZnS. The average size of ZnS spherical
nanoparticles was ~ 6.77 nm that further reduces with Fe** and Co®* doping. The
optical E4 found to increase from 3.74 eV to 3.86 eV (Fe) and 3.82 eV (Co) with
doping. M-H loops confirm RT ferromagnetism in all samples with a maximum
M; of 0.332emul/g for Fe** doped ZnS.

This study revealed that Fe** doped CdS and ZnS nanoparticles showed enhanced
optical and magnetic properties.

The XRD patterns of Dy** and Th*" doped CdS nanoparticles confirmed wurtzite
phase for all compositions. The crystallite size found to decrease from 29.67 nm

to 19.91 nm with Dy*" doping, whereas for Th** doped nanoparticles it increases
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to 35.65 nm. HR-TEM micrographs revealed the spherical morphology of the
nanoparticles. The optical E; enhanced from 2.48 eV to 2.55 eV with Dy** doping
and it reduces to 2.42 eV for Th** doped CdS. PL spectra exhibited enhanced
emission peaks in blue, green and yellow region of visible spectra with Dy** and
Tb* doping. The M-H loop of doped CdS nanoparticles showed enhanced
magnetization with an evidence of paramagnetic contribution.

Series of Dy** and Tb* doped ZnS nanoparticles exhibit cubic phase with
spherical morphology. The crystallite size found to increase from 4.80 nm to 4.97
nm (Dy**) and 5.23 nm (Th*>*) with doping. The optical E4 of Dy** doped (3.71
eV) ZnS was relatively higher than Tb** doped (3.96 eV). In PL spectra, emission
intensities enhances with doping. M-H loops confirm RT ferromagnetism in all
samples.

The XRD pattern confirmed the wurtzite and cubic phase in CdS and ZnS thin
films, respectively. The FESEM micrograph depicts that films are densely packed
with the presence of clusters at surface. The thickness of CdS films found to be ~
350 nm, whereas, ZnS film are ~ 556 nm thick. The highest Eq of 3.75 eV was
obtained for Fe** doped ZnS thin film.
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Table 5.1 Comparative properties of studied doped CdS and ZnS nanoparticles.

Doping Concentration (X) Crystallite Size D (nm) | E4 (eV) M;s (emu/g)
Undoped 0.0 29.67 2.48 0.049
0.05 14.81 2.53 0.087
Fe 0.10 13.80 2.55 0.108
0.15 11.50 2.56 0.236
0.05 17.07 2.49 0.057
” Co 0.10 15.53 2.51 0.072
3 0.15 13.88 2.53 0.109
0.05 22.14 2.54 0.080
Dy 0.10 19.91 2.55 0.172
0.15 25.80 2.49 0.068
0.05 33.34 2.43 0.130
Th 0.10 35.65 2.42 0.230
0.15 32.40 2.44 0.210
Undoped 0.0 4.80 3.74 0.057
0.05 4.08 3.80 0.112
Fe 0.10 3.67 3.83 0.137
0.15 3.61 3.86 0.322
0.05 4.25 3.77 0.090
" Co 0.10 4.01 3.79 0.108
S 0.15 3.90 3.82 0.290
0.05 4.85 3.73 0.072
Dy 0.10 4.92 3.72 0.084
0.15 4.97 3.71 0.092
0.05 5.17 3.71 0.061
Th 0.10 5.21 3.70 0.078
0.15 5.23 3.69 0.083

Future Scope

The present study revealed that optical and magnetic properties are remarkably affected
by TM and RE doping. An extensive investigation of various deposition conditions,
different thickness and annealing temperature are required for RE and TM doped films.
Moreover, these doped films must be explored as buffer layer of solar cells and sensors
applications. In addition, the study can be extended to the co-doping of TM and RE doped
CdS and ZnS nanostructures. The optical and magnetic properties of other nanostructures
such as nanorods, nano tubes, nano wires and quantum dots of doped CdS and ZnS can
also be carried out. The magnetic studies can be further explored by analysis at low as

well as high temperatures.
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