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CHAPTER 1

Introduction






Chapter 1

In the modern era of science and technology, role of materials is inevitable.
Materials science is an approach to investigate the relationships that exist between the
structures and properties of materials. Materials influence all segments of our
everyday lives. Various kinds of materials are being used in industry, housing,
agriculture, medical, transportation, communication, etc., to meet the needs of
individual and society. Materials can be classified as solids and fluids according to

their flow or mechanical behavior. The solids are the materials whose shear

14.6 14.6
) )

viscosities exceed 107" poise whereas viscosities of fluids are less than 1( poise
[1]. On technical ground, materials can be classified as metals, semiconductors,
insulators, ceramics, glasses, composites, biomaterials, polymers, etc. Semiconductors
have attracted significant attention after the discovery of transistor (Bardeen, Brattain
and Shockley; 1947) and become most important materials for fabrication of
electronic and optoelectronic devices. A few semiconductors such as Si, Ge, GaAs,
InP, SiC, CdS, ZnS, ZnSe, CdSe, Cdle, ZnO, GaN, InGaAs, AllnGaP, etc. exhibit
excellent applications in modern technology. Some manifestations of semiconductor
technology can be easily seen in daily life appliances such as electronic balance, video
games, radio, television, mobile phone, watches, CD player, stereco, computer, digital
lights, calculator, diagnostic equipments, refrigerator, security devices, toys and many
more. The developments in semiconductor technology during the past 60 years have
made electronic devices smaller, faster, efficient and more reliable. Advances in the
field of semiconductor science and technology go on continuously to improve our
lives. Semiconducting materials have band gap (> 0 eV and < 4 eV and electrical

conductivity (10* Sem™ — 10” Sem™) at room temperature are called semiconductors.

The properties of semiconductors are intermediate to metals and insulators.

1.1  Semiconductors: science and technology

The electrical conductivity of semiconductors may be controlled by doping,
temperature, external electric and magnetic field. At absolute zero, pure
semiconductor acts as an insulator having electrical conductivity > 107 Sem™ [2].
Semiconductors can be classified in several ways (Figure 1.1). On the basis of
structure, semiconductors are of two types as crystalline and non—crystalline. In
crystalline semiconductors, the atoms are stacked in a regular manner, forming a three
dimensional periodic arrangement of constituent particles (atoms, ions or molecules).

They have long range order and thus, have definite properties such as sharp melting
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point, definite heat of fusion, anisotropy, etc. A single crystal or monocrystalline
semiconductor has continuous crystal lattice of the entire sample and unbroken to the
edges of the sample, with no grain boundaries. Examples of single crystals are pure
Si, Ge and GaAs, etc. When the periodicity in the crystal structure is interrupted at
grain boundaries, the crystal is said to be polycrystalline. In this case the size of the
grains is smaller than the size of the unit cells. The size of the grains in which the
structure is periodic may vary from macroscopic dimensions to several angstroms. In
the majority of the semiconductor applications, single crystal semiconductors are used
because of their superior electrical properties. Polycrystalline semiconductors show
electrical behavior similar to that of single crystal, but their conductivity is
significantly lower due to the presence of grain boundaries which obstruct the flow of
mobile carriers. Non—crystalline or amorphous semiconductors are having short range
order and lack crystalline periodicity. Oxide glasses (silicates), glassy chalcogenides
and amorphous Si (or Ge) are the most familiar non—crystalline semiconductors. On
the basis of nature of the current carriers, semiconductors are ionic and electronic. In
ionic semiconductors such as AgBr, Cu,0O, etc., the conduction takes place through
the movement of ions and is accompanied by mass transport. In electronic
semiconductors, the conduction takes place due to flow of electrons without any mass

transformation.

Intrinsic Extrinsic

Elemental

Tonic

Semiconductors

Electronic

Compound

v

| Crystatine | [ Non-crystalline |

v
v v

Single crystal Polycrystalline

Figure 1.1 Classification of semiconductors

Semiconductors may also be classified as elemental and compound. In
elemental semiconductors, all the constituent atoms are of the same kind (group IV

elements: C, Si and Ge), whereas a compound semiconductor consists of two or more

4
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different elements (group II-V, II-VI, II-IV-V, etc., elements). On the basis of
impurity addition, semiconductors are intrinsic (electrical behavior is based on the
electronic structure inherent to the pure crystal) and extrinsic (electrical behavior is
directed by nature of impurity atoms i.e., n—type and p—-type).

In recent years, major research focus is on the synthesis, characterization and
application of semiconductors. In emerging technologies these semiconductors are
explored and used in different forms such as quantum dots (QDs), nanoclusters,
nanotubes, nanowires, nanofilms, etc. When the size of semiconductors reduces to
nanoscale, their properties change dramatically due to large surface area or quantum
size effect (QSE). The large surface to volume ratio and quantum confinement of
semiconductor nanomaterials offer greater chemical reactivity, affect their strength,
novel transport properties, enhanced optical, electrical and magnetic behavior.
Semiconductor nanomaterials and devices are attracting researchers in many fields,
such as solar cells, electronic devices, laser technology, waveguide, LEDs, chemical
and biosensors, energy conversion, packaging films, etc. [3-9]. There are a large
number of materials showing semiconducting behavior including elemental
semiconductors (group IV), binary semiconductors (group III-V, II-VI), ternary
semiconductors (group I-11I-VI, II-IV-V), etc. In the recent years, particularly II-VI
semiconductors have progressively attracted researchers due to their optically active
nature and size dependent exciton energy. They have relatively high band gap energy,
large ionicity, high effective mass of carriers, small radiative carrier lifetime and short
carrier diffusion in comparison to III-V compounds [4]. [I-VI nanomaterials show
high performance in optoelectronics devices [4,9-11]. They are also significantly used

in catalysis, electronics, photonics, sensing, nano devices, etc. [12-16].

1.2 II-VI semiconductors

The binary compound A"BY!, where A is divalent and B is hexavalent
(chalcogen element), is called II-VI semiconductor. A list of 1I-VI semiconductors is
given in Table 1.1. Most of the II-VI semiconductors are crystallized in cubic—zinc
blende (ZW) or hexagonal-wurtzite (WZ) or polymorph structure where each anion is
surrounded by four cations at the corners of a tetrahedron and vice versa. This
tetrahedral coordination is typical of s—p° covalent bonding however, these materials
also have a substantial ionic character. The ionic character varies considerably over

the whole range and increases as the atomic size decreases. Therefore the bonding is
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predominantly ionic in ZnS while HgTe is nearly covalent. Hence, band gap for

compound with more ionic character is higher than that of covalent compound.

Table 1.1 II-VI semiconductors

Group VI A |
GroupII B |
0 S Se Te
Zn 7n0 7nS 7nSe ZnTe
Cd CdO CdS CdSe CdTe
Hg HgO HgS HgSe HgTe

All 1I-VI semiconductors are direct band gap in nature. The band gap ranges
from infrared (IR) to ultraviolet (UV) region of electromagnetic spectrum with high
optical transition probabilities for absorption and emission. Interaction of phonon is
essential during light absorption and luminescence process in order to conserve
energy and momentum. Hence, radiative transition probability increase significantly
in direct band gap semiconductors and make them suitable for many electronic as well
as optoelectronic applications. The group VI elements (except O) are called
chalcogenides. Among the chalcogenides of mercury, HgS is a semiconductor
whereas both HgSe and HgTe are semimetals. However, remaining six compounds
form a group of II-VI semiconductors (Table 1.1). Few of the 1I-VI semiconductors
properties are summarized in Table 1.2. II-VI semiconductors can be easily prepared
in high quality polycrystalline and nanocrystalline films. The materials used in
synthesis of these semiconductors are relatively inexpensive and experimental process
involves low cost techniques such as chemical bath deposition (CBD), spray pyrolysis
and electrochemical deposition. Thus, the use of II-VI films presents an economical
approach synthesis of semiconductors for various applications (Figure 1.2). These
II-VI semiconductors can be further classified in two major categories:

(i) II-VI oxide semiconductors

(ii) II-VI non—-oxide semiconductors
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Table 1.2 Properties of II-VI semiconductors at 300 K

Lattice Band | Electron
Stable . . « | Conductivity | Refractive
System - Parameters’ | | gap'”! | affinity"” ] _ #
structure . type index
(A) (eV) (eV)
a=3.250° o
Zn0O WZ 3.35 4.10 n 2.03
c=5.120
7B a=35.409 3.66 2.37
ZnS a=3.819 o 3.90 n
WZ 3.91 2.38
c=6.256
7ZnSe 7B a=15.669 2.67 4.09 n, p 25
ZnTe 7B a=06.104 2.25 3.50 p 272
CdO RS a=4.710 2.40 n
a=4.137
CdS WZ 242 4.50 n 2.53
c=6.716
a=4.298
CdSe WZ 1.74 4.95 n 25
c=17.010
CdTe 7B a=6.481 1.45 4.28 n,p 272

Optoelectronic devices,
Light emitting diode,

Solar cells, Sensors

Pyroelectric and
piezoelectric devices,
Transparent electrodes

Wide band gap 11-VI
semiconductors

Photocatalysts,
Biological leveling

[¥] Ref. 4, [#] Ref. 17 and [@] Ref. 18

Filters, Oscillators,
Laser, Field effect
transistors

Figure 1.2 Applications of II-VI semiconductor films.
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1.2.1 II-VI oxide semiconductors

Zn0 is a metal oxide semiconductor which has gained substantial interest in
the research community because of its large free exciton binding energy (60 meV),
strong cohesive energy (1.89 eV), high optical gain (300 cm), radiation hardness,
high mechanical and thermal stabilities [19]. ZnO is a direct band gap semiconductor
having stable WZ structure, high free carrier concentration (10*' cm®) and Hall
mobility (~ 200 cm®V™'s™) [4,18]. Generally, ZnO has n—type character while p—type
character has been proven difficult to achieve [18]. Minegishi er al. have deposited
highly resistive (~ 100 Qcm) p—-type ZnQ thin films with very low concentration of
mobile holes [20]. Hwang er al. have reported p—type conductivity in vacuum
annealed ZnO films deposited on (001) GaAs substrates [21]. Sharma er al. have
reported the ferromagnetism above room temperature in both bulk and thin film forms
of Zny Mn,O with x < 4 at.% [22]. Also, n—type doping in Fe, Co, or Ni doped ZnO
has been predicted to stabilize high T, ferromagnetism [23]. n—type ZnO films on
other p—type materials such as Si, NiO, GaN, AlGaN, ZnTe, CdTe, etc., have been
used for many p-n heterostructure devices [24]. A high intensity UV emission has
been observed from n—ZnO/p—AlGaN heterojunction in which ZnO has served as the
active layer [24]. ZnO (II-VI) has some advantages over GaN (III-V), which is
widely used in light emitting diodes (LLEDs), such as preparation of high quality single
crystals, large exciton binding energy and simple synthesis methods in bulk and
nanostructured film form. It has been utilized in many commercial applications such
as integrated optics, liquid crystal displays (LLCDs), laser diodes, UV detectors,
photocatalysts, etc. [20-24].

CdO was first deposited as a transparent conducting film in 1907 [25]. It can
be found as colorless amorphous powder or as brown or red crystals. It is used as a
transparent material and is a n—type semiconductor under the non-stoichiometric
condition of interstitial Cd or O vacancies with the direct band gap of 2.2 eV — 2.5 eV
and the indirect band gap of 1.36 eV — 1.98 eV [26]. The crystal structure of CdO is
rocksalt (RS) type and is similar to NaCl. CdO is regarded as the densest structure of
CdOs octahedra [27]. CdO films have been used in various applications such as
phototransistors, transparent conducting oxides (TCO), LCDs, IR detectors, phenol
photodegradation and anti reflection coatings [26,28]. Khallaf et al. have deposited

CdO films on glass substrates using different complexing agents by CBD technique
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[28]. They have observed optical band gap of as—deposited films in the range 3.37 eV
—4.64 eV and 2.53 eV for annealed films [28].

1.2.2 II-VI non-oxide semiconductors

ZnS exists in two stable crystal structures ZB and WZ with direct band gap
[4]. Generally, WZ form is considered to be desirable due to its optical properties.
However, ZB structure of ZnS is stable below 1593 K [4]. ZnS has been synthesized
in different forms such as nanoparticles, nanowires, nanobelts, nanocombs, nanofilms,
nanohelices, etc., by various techniques [29,30]. ZnS is an important phosphor host
lattice material used in electroluminescent devices because of its large band gap. ZnS
has been extensively studied for a variety of applications such as electro—optic
modulators, field effect transistors (FETSs), electroluminescent devices, etc. [31,32].
Bhargava et al. have reported luminescence properties of Mn doped ZnS nanocrystals
of size 3.5 nm — 7.5 nm [33]. A deep blue LED based on chemically synthesized
Cd.Zn,S@7ZnS QDs has been demonstrated by Bae er al. [34]. The magnetic
behavior of transition metal (TM) doped ZnS nanoparticles and thin films have been
extensively studied by various researchers [23, 35-37]. The growth mechanism for
the deposition of undoped and doped ZnS films by CBD has been reported [38,39].

ZnSe is a light yellow binary semiconductor which exist both in WZ and ZB
crystal structure. It is a direct band gap (2.67 eV) semiconductor with an electron
affinity 4.09 eV, binding energy 22 meV, electron mobility 530 em®V's!, free carrier
concentration 4.37 x 10" ¢cm™, conductivity ~ 10* Sem™ and  small exciton Bohr
radius 3.8 nm [40,41]. Among all II-VI compounds, ZnSe can be prepared in both
n and p—type forms [4]. Group VII (halogens), III (In, Al), etc., can be used for n—type
doping while p—type ZnSe are obtained by N and Li doping. ZnSe films of thickness
30 nm — 100 nm with resistivity ~ 20 Qcm have been deposited on CulnSe; films for
designing ZnO/ZnSe/CulnSe; solar cells having conversion efficiency of 10% [4].
Hankare er al. have reported a decrease in band gap and an increase in electrical
conductivity of polycrystalline ZnSe thin films with increasing annealing temperature
[42]. ZnSe is a popular material for IR applications because of its high refractive
index and low dispersion rate at [R wavelengths. Its valence band edge is at a higher
energy level w.r.t. ZnS. Hence, regarded as an efficient host to dope different TM ions
for various applications [43—-45]. The existence of magnetism with doping in ZnSe

nanostructures has been studied by various researchers [23,46,47].
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ZnTe is a p—type semiconductor with ruby red appearance in crystal and grey
or brownish red in powder form. ZnTe typically has a stable ZW crystal structure.
This ZW structure allows it to be grown on various substrates like GaAs, GaSb,
AlSb, InAs, PbSe, etc., in addition to glass and quartz [48-51]. Easy feasibility of
doping in ZnTe makes it a perspective material for designing green, blue LEDs, laser
diodes, devices operating under THz frequencies, etc. [48-51]. ZnTe films have low
conductivity than the bulk and their conductivity has been found to increase with
doping, for example Ag doped ZnTe films [52]. An increased In doping in ZnTe has
been reported to decrease the optical band gap [51]. ZnTe films are popularly used for
making back contact in CdS/CdTe heterojunction solar cell [48]. Saito er al. have
observed ferromagnetism in ZnCr,Te films with critical temperature (7.) ~ 300 K
for x = 0.2 [49]. A half metallic ferromagnetism, antiferromagnetism with excess
doping and spin glass behavior has also been reported in ZnTe: Mn, ZnTe: Cr and
Zn'Te: V systems [23,49,53].

In I[I-VI semiconductor, CdTe is one of the leading photovoltaic (PV) and
sensor material because of its direct band gap (1.5 eV at room temperature) that
corresponds closely to sunlight spectrum [54,55]. CdTe has high optical absorption
coefficient (> 5 x 10° cm™) and electron mobility ~ 1100 cm®V™'s™ [54]. A thin layer
of CdTe with thickness of ~ 2 um has been reported to absorb nearly 99% of the
incident radiation, hence, used as p-type absorber layer in solar cells [54]. Due to
high ionicity (7.7%) of CdTe, the crystallites show strong chemical bonding (5.75 eV)
leading to high chemical and thermal stability [54]. CdTe shows both n—type (Cd
excess) and p—type (Te excess) conductivity which is further enhanced by impurity
doping with In, As, Ga, Ag, Sb, etc. [56,57]. Post deposition treatment with CdCl,
further improves the quality of CdTe films. In comparison to Si detectors, the large
atomic numbers of Cd (48) and Te (52) extend the operation range of CdTe detectors
to a higher photon energy (up to 1 MeV) without cryogenic cooling [58]. Hg doped
CdTe is suitable for IR detection in 8 nm — 12 mm range and Zn doped CdTe shows
excellent properties for solid state x—ray and y-ray detection [58,59]. Mn doped CdTe
is a semi-magnetic semiconductor used as antiferromagnetic and mid-IR lasing
material at room temperature [59]. Alver et al. have reported room temperature
ferromagnetism in Co doped CdTe films which improved with thermal annealing

[60]. Nanostructured CdTe QDs can be easily synthesized from aqueous phase and
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used in biological applications to distinguish different kinds of antigen, labeling of
tumor cells, sensing of drug delivery, detection of residual pesticides, etc. [61].
Another II-VI semiconductor, CdSe is potentially used in TFTs, gas sensors,
acousto—optic devices, photoreceptors, electro photography, optoelectronic devices,
laser diodes, biomedical imaging, etc. [61-65]. The first active matrix LCD showing a
still picture has been manufactured in 1973 using CdSe [66]. CdSe/Ti is used as
photoanode in photo electrochemical (PEC) cells for hydrogen production [63].
Generally, CdSe is known to exist in stable hexagonal and metastable cubic structure
with lattice constant a = 6.08 A [62]. It has been reported that the phase
transformation of cubic to hexagonal CdSe (bulk) takes place at high temperature
(> 1273 K), whereas cubic CdSe thin films convert to hexagonal at 723 K [64]. CdSe
is n—type with the resistivity ~ 10° Qcm and an electron mobility 650 em’V's!
[63,64]. The n—type CdSe can be easily obtained by doping with Ga, In, Sb, etc.
However, p—type conductivity in CdSe is more difficult to achieve. N and Cu dopants
are used to obtain p—type CdSe. CdSe has a direct band gap of 1.73 eV (Bulk) at
room temperature, high absorption coefficient (~ 10° cm"), low exciton binding
energy 15 meV, high photosensitivity and large exciton Bohr radius (5.4 nm) [62].
Nanostructured CdSe in various forms show quantum confinement and tunable
optoelectronic properties [62,65]. Various studies have reported ferromagnetic,
paramagnetic and superparamagnetic behavior for Cu, Ni, Mn and Fe doped CdSe

nanostructures under different growth conditions [67,68].

1.3  CdS semiconductor

In II-VI semiconductor family, cadmium sulphide (CdS) is an important
inorganic chemical compound. The appearance of CdS powder or crystal is yellow to
dark orange in colour and appears white for crystallites of size < 3 nm. CdS has
attracted much attention within the scientific community from the beginning of
semiconductor research due to its excellent structural, optical and electrical properties.

CdS has excellent chemistry with other II-VI semiconductors and a lot of
work has been reported for these compounds, core shells, composites,
heterostructures, etc. [14-16,70-74]. CdS has also shown promisingly application
with other elements of periodic table and semiconductor groups [32,70, 75,76].
A 7ZnTe/CdS heterojunction system has been reported for PV solar energy conversion

and green emitting injection luminescence device applications [14,15,77]. Fang ef al.
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have reported TiO; electrode sensitized with CdS to extend the optical absorption and
photocurrent action spectrum into a wider visible range facilitating the photon to
photocurrent conversion efficiently [75]. The transparent nano CdS—polyurethane
films show a QSE and are utilized in photocatalytic Hp generation [78]. Oladeji and
Chow studied homogeneous Cd;.,Zn,S thin films deposited by low temperature CBD
[32]. The depth profile analysis indicated that Cd diffuses into ZnS film more readily
than Zn into CdS film. Further, they verified that these films could be used to improve
the spectral response of CdTe based solar cells. Saren er al. studied water soluble and
biotaggable CdSe—CdS nanocrystals encapsulated in phospholipid liposomes which
are used in drug/gene delivery applications [13]. Kirovskaya ef al. illustrated that the
InP-CdS and ZnTe-CdS thin film systems have been are proven to be active
adsorbents and sensitive elements for sensors and photocatalysts which help in
detection and neutralization of toxic gases [14].

The values of general physical quantities for CdS semiconductor at room

temperature are shown in Table 1.1.

Table 1.3 General properties of bulk CdS at 300 K

Physical quantity Structure Value
Molecular weight (amu) 144.477
7B ap=15.82"
Lattice constant (A =bhy = :
(A) W7 ap= by éj.lfﬁ?
cp=6.716
Bond length (pm) 7B 2.530"
Crystal density (zom™ 7B 4.855"
Tystal densit cm
o v WZ 4.820
Melting point (K) 2023*
— & =86
Dielectric constant #
&= 53
‘ 7B 2.506°
Refractive Index m
WZ 2.529
Electron effective mass (m*/n1.) 0.19*
Carrier concentration n/p (cm'3) 10"
Electron Hall mobility (cm*V's™) 350*
Resistivity range (£2cm) 10'-10%

[*] Ref. 4, [#] Ref. 17 and [#] Ref. 87
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CdS has applications in various sectors like photoconduction, photovoltaics,
microelectronics and optoelectronics. Recently, TM doped CdS has become popular
material for magneto—optical and spintronic applications [79]. CdS based devices
include LEDs, photoresistors, FETs, optical filters, photodetectors, gas sensors,
optical waveguides, nonlinear integrated optical devices, biological markers, radiation
detectors, piezoelectric ultrasonic transducers, piezoelectric acoustic resonators,
photocatalysts, blue green lasers, phosphors, electroluminescent devices, etc.
[15,73,76,80-86]. Thus, the studies on structural, morphological and optical
properties of CdS semiconductor are very important in term of efficient fabrication

and functioning of various devices.

1.3.1 Structural and morphological properties

In general, CdS exists in two structural forms; cubic or sphalerite-ZB and
hexagonal-WZ (Figure 1.3). ZB structure consists of two interpenetrating fec
sub—lattices (one of Cd atoms and other of S atoms) displaced from each other along
the body diagonal by a/4, a being the lattice constant for the ZB structure. All the
Cd-S bonds lie parallel to the body diagonal of the cube point. However, WZ
structure comprises of two interpenetrating scp sub-lattices (one of Cd atoms and
other of S atoms) displaced from each other by 3¢/8 along the c—axis where ¢ is the
lattice constant. The Cd-S bonds are parallel to the c—axis and all points lie in same
direction. These arrangements of atoms result into two different stacking sequences:

ABCABC... along (1 11) direction for ZB and ABAB... along c—axis for WZ [88,89]. In

Figure 1.3 CdS crystal structure (a) ZB (b) WZ
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both structures each atom is tetrahedrally surrounded by four atoms of the other kind,
but the arrangement of the tetrahedral for WZ is such that a lattice has hexagonal
symmetry and cubic symmetry for ZB. WZ structure of CdS is closely related to ZB
because total energy difference between them is subtle (~ 1.1 meV/atom) [90].

Generally, CdS films grow in both crystal structures and commonly, the
combination is known as polymorph structure. WZ phase is thermodynamically more
stable than ZB [4]. The phase transition of CdS films, from metastable ZB to stable
WZ under ambient pressure, occurs at approximately 593 K where its colour changes
from pale yellow to dark orange. However, CdS under very high pressure (~ 3 GPa)
transforms into a rare crystal structure i.e., rocksalt (RS) [91].

Derin et al. used thermal evaporation technique to deposit cubic phase CdS
thin films with lattice constants a = 5.82 A having crystallite size in the range of 17.3
nm — 34.5 nm on Au substrates [92]. Dingyu et al. have deposited hexagonal CdS
films with preferred orientation along the (002) plane having crystallite size from 34.4
nm — 444 nm by thermal evaporation [93]. CdS films deposited by thermal
evaporation on heated substrates typically comprised of columnar crystals with the
c—axis perpendicular to the substrate and size of crystallites increased with increase in
substrate temperature [94,95]. Hu e al. have deposited hexagonal polycrystalline CdS
films by magnetic sputtering on different substrates (glass, quartz, SnO; and Si) with
sputtering powers of 100 W — 200 W, pressures of 0.1 Pa — 0.5 Pa and substrate
temperatures of 373 K — 523 K [96]. Dhawale ef al. have deposited hexagonal CdS
nanorods having prominent orientation along (/00) plane on glass substrates by
simple successive ionic layer adsorption and reaction (SILAR) method [97].
Morphological analysis revealed that the CdS films have thickness between 130 nm —
1230 nm and surface to be composed of spherical grains along with porous spongy
clusters. The increase in film thickness leads to the formation of matured nanorods
having diameter 150 nm — 200 nm [97]. Tong et al. have reported mixed phase in CdS
films on Si and quartz substrates using femto—second pulsed laser deposition [98].
The small grain size, low root mean square (rms) roughness and low stress have been
reported for films deposited on quartz substrate in comparison to Si substrate.

Polymorph CdS films deposited by CBD have been reported by various
researchers [99-102]. However, pure cubic phase CdS films [94,103,104] and pure
hexagonal phase by CBD are also reported in the literature [105-107]. Lazos et al.
have studied surface morphology of CdS films as a function of number of depositions
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[107]. They observed that superficial grains are uniformly distributed on the film
surface and surface roughness remains constant. In addition, grain size also increased
with the number of dips and acquired round shape. Kim et al. reported the surface
morphology of CdS thin films prepared using modified CBD technique. The
ultrasonication reduced rms roughness and grain size of the films by disrupting the
homogeneous reaction by—product and the large size CdS cluster breaks into smaller
ones[108]. Acevedo et al. have reported a comparative study on the properties of
hexagonal CdS thin films deposited on SnO; glass by laser ablation, close space vapor
transport, sputtering and CBD techniques. CdS films deposited by CBD were found to
have low grain size (70 nm), low rms roughness (23 nm), high band gap (2.48 eV)
and high figure of merit (421.3) in comparison to the films deposited by other
techniques [109]. Lee ] has reported that CdS films deposited by CBD have small
grains with cubic phase whereas vacuum evaporated films have large grains with
hexagonal phase [110]. Moreover, CdS films deposited by CBD for various
applications yield higher and more stable characteristics [110].

To deposit size tunable CdS semiconducting films with desired phase, scaled
grain formation, improved morphology and better adhesion qualities, the CBD

technique provide better possibilities in comparison to other deposition techniques.

1.3.2 Optical properties

In semiconductors, there is a forbidden energy region where no allowed states
can exist. Above and below this energy region, are permitted energy states (bands).
The upper band is called conduction band (CB) and the lower is valence band (VB).
The energy gap between the highest filled VB and lowest filled CB is called the band
gap [3]. The band gap is the most important parameter of semiconductors which
affects their optical, electrical and electronic properties. For an electron to jump from
VB to CB, it needs energy (&v) equal to the band gap, leaving behind a vacancy
known as hole. If a photon has more energy than the band gap, then it will excite
electron from lower in the VB to higher in the CB. However, the excess energy is lost
through inelastic collisions as the electron settles to the bottom of the CB and the hole
rises to the top of the VB. The electron always returns to its ground state through
electron—-hole recombination process in which a photon is emitted having energy
equal to the band gap. A scheme of the energy band gap of a semiconductor (in

different forms) absorbing a photon and emitting a photon is shown in Figure 1.4. The
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change in the dimensions of semiconductor will change its properties and add many
features. For decreasing size of a crystalline semiconductor, starting from bulk to
quantum dot the allowed energy levels gradually broaden and become more discrete.
In nanostructured semiconductors, the edges of the band structure are not completely
developed and show more discrete levels with Fermi energy lying in the band gap.
For QDs or nano clusters the orbital sets are developed into CB and VB. The highest
occupied molecular orbital (HOMO) becomes the top of the VB and the lowest
unoccupied molecular orbital (LUMO) becomes the bottom of the CB. The decreasing
size of semiconductor leads to the broadening of band gap. The electrons, holes and
excitons in nanocrystallites have limited space to move and their motion is possible
only for definite values of the energy. As a result, the continuum of states in the CB
and VB are broken down into discrete states with energy spacing approximated by
inverse of the square of crystallite radius. Hence, broadening of the band gap in

comparison to the bulk takes place, i.e., a blue shift in the optical absorption spectra.
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Figure 1.4 Energy band gap scheme for semiconductors from bulk to quantum dot

Several theoreticians have described the blue shift behavior of a
semiconductor as a function of particle size [111-115]. Effective mass approximation
(EMA) is the most popular theoretical effort used to understand the size dependent
band gap behavior of low dimensional systems because of its simplicity. The other
treatments that are used to describe the band gap of nanoparticles include the tight
binding approximation (TBA), the effective bond orbital model (EBOM), Wannier
function method (WFM), empirical pseudo potential method (EPM), density
functional theory (DFT) and hyperbolic band model (HBM) [111-115]. For
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nanostructured CdS, the band gap can be tuned between 2.42 ¢V — 4 eV by varying
the size of crystallites. The smaller crystallites are blue shifted w.r.t. the larger ones
showing quantum confinement in them. In practice, two types of confinements are
observed for nano range CdS depending upon the size of crystallites [112]. When the
radius of the crystallite (R.) < 2 exciton Bohr radius («z = 3 nm), the electrons and
holes are considered as two confined particles which are bound by an enforced
Coulomb interaction. However, when R. > 4 exciton Bohr radius, the ground exciton
is treated as a rigid sphere. These spheres are confined as quasi—particles with
quantized motion. In between these two limiting cases, both the electron and hole
confinement with their Coulomb interaction are considered [115,116]. The study of
the optical band gap behavior and optical constants of CdS semiconductor near the
fundamental absorption edge and sub band gap region is important for optoelectronic
applications. The accurate knowledge of absorption coefficient, band gap, refractive
index and extinction coefficient is indispensable for the design and functioning of
optoelectronic devices.

The experimentally observed direct band gap of bulk CdS is 2.42 eV (at
wavelength 512 nm) [116]. Pal et al. have reported that the band gap and refractive
index of the films have a close relationship with the crystallite size [95]. Using the
optical measurements, the refractive index of cadmium rich CdS thin films have been
reported in the range 2.19 — 2.39 at a wavelength 1000 nm and the band gap values
varied from 2.38 eV — 2.41 eV for crystallite size 12.4 nm - 19.9 nm. Using
ellipsometric technique, Derin et al. have found the refractive index 2.942, extinction
coefficient 0.538 at 450 nm and band gap 2.46 eV for CdS film of thickness 63 nm
[92]. Mahanty er al. reported that as—deposited sulfur deficient CdS films have band
gap lower than bulk CdS, while nearly stoichiometric films have the higher band gap
2.43 eV [101].

14  Effect of metal additives

The usefulness of the semiconductors for constructing various devices
depends mainly upon their conductivity and band gap behavior. These properties of
semiconductors can be easily controlled and modified by introducing different type of
impurities into their crystal lattice. The addition of impurities provides charge
carrying elements in the doped semiconductor. There are two types of doping i.e.,

n—type and p-type which introduce negative charge (donor) and positive charge
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(acceptor) carriers respectively in the doped semiconductor. The donors create states
near the CB while acceptors create states near the VB. Hence, dopants have ability to
alter the position of Fermi energy level which results in tailoring the band gap and
conduction type (Figure 1.5). The band gap tailoring is mainly concerned with two
main components. First, to maintain the size of particles intrinsically which governs
the quantum confinement where band gap is inversely related to particle size. Second,
introduction of an impurity element in the host semiconductor to decrease or increase

the optical band gap.
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Figure 1.5 Electronic band structure of doped semiconductor (n—type and p—type)

Sebastian reported p—type conductivity in Cu doped CdS thin films deposited
by CBD technique [117]. The deposited films exhibit high electrical conductivity in
comparison to undoped films. The optical band gap decreased from 2.35 eV — 2.0 eV
and electrical conductivity increased from 10° Q'em™ - 2 Q'em™. Kim er al. have
reported n—type conduction in In doped CdS films deposited by thermal evaporation
[118]. The band gap, electrical conductivity, carrier concentration and Hall mobility
increased up to the optimum In concentration (3 x 10°° cm™). Wu et al. studied the
effect of Fe doping in CdS films [119]. Cd,..Fe,S film with x = 0.0025 showed n-type
conduction with carrier concentration 3.1 x 10" ¢m™ and resistivity 0.25 Qcm. At
x =0.14, the conductivity reversed from n—type to p—type having carrier concentration
3.8 x 10" cm™ and resistivity 239.7 Qcm. Thambidurai er al. have prepared
hexagonal CdS and Ni, Co, Cr doped CdS nanoparticles of size < 5 nm by
co—precipitation technique and found that the band gap of nanoparticles decreased

with increase in dopant concentration [120]. Chandermohan er al. reported the effect
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of TM (Mn, Co, Ni and Fe via ion implantation) on structural and optical properties of
CdS thin films deposited by thermal evaporation [79]. The pristine as well as TM
doped CdS films have WZ structure which grow preferentially along the (002) plane.
A systematic decrease in the XRD peak intensity with increasing dopant ion fluences
has been observed. A reduction in optical band gap is reported with maximum TM
doping. Marandi et al. reported Mn—doped CdS nanoparticles composed of 65%
hexagonal and 35% cubic phases [121]. They illustrated that Mn”* ions act as
luminescent activators in CdS host nanocrystals and the excitation can be tuned by
QSE while the activator related emission remains unaltered. Recent work on TM
doped CdS semiconductor shows new prospective of CdS for technological
applications [79,119-123].

1.5  Transition metal doped CdS dilute magnetic semiconductors

TM (magnetic) ions are one of the important categories of dopants in
semiconductors. Semiconductors containing magnetic impurities have been studied
theoretically and experimentally for several decades [23,124-129]. On the amount of
magnetic ions doping, there are three type of semiconductors i.e., magnetic

semiconductor, semiconductor and dilute magnetic semiconductor (Figure 1.6) [126].
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Figure 1.6 (a) Magnetic semiconductor, in which a periodic array of magnetic ions is
present; (b) Semiconductor, which contains no magnetic ions; and (¢c) DMS having

fraction of magnetic ions.

In order to achieve desired magnetic character in a semiconductor (Figure

1.6(c)), a controlled amount of magnetic impurity is introduced in its host structure
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(Figure 1.6(b)). This category of semiconductor is called dilute magnetic
semiconductor (DMS) [126].

DMS are lightly doped semiconducting materials (especially from group I1-VI
and III-V) wherein a small fraction of the host cations are substituted by TM or rare
earth ions. This fractional substitution brings a dramatic change in the magnetic
properties of the host semiconductor, while, the semiconducting properties
substantially remain unchanged. It has been reported that a fractional TM substitution
will not deteriorate the optical and electronic transport properties of the host but
simultaneously introduce large magnetic field effects [124]. TM and rare earth metals
with partially filled d states or f states act as magnetic impurities typically
characterized by large magnetic moments. The unpaired electrons and unpaired
electron spins of these dopants lead to magnetic behavior in DMS. 3d TM impurities
in semiconductors form deep levels within the band gaps of the host materials and
influence the various properties. TM impurities (particularly Cr, Mn, Fe, Co and Ni)
incorporated into II-VI semiconductor act as acceptor which tunes various properties
like optical, electrical, luminescence, etc. [79,119-123]. In DMS, the tetrahedrally
coordinated cations of II-VI semiconductor are randomly replaced by 3¢—TM ions.

Generally, TM contributes its 4s* electrons to the S—p3 bonding and can
therefore, substitutionally replace the cations of the host semiconductor in the
tetrahedral bonding to form a ™ charge state. Two 4s electrons participate in the
tetrahedral bonding scheme, whereas the 3d electrons remain localized around the TM
ion subject to the crystal field [130]. The partially filled 3d band of the TM** ion has
an energy gap between the up—spin (1) occupied states and empty down-spin ()
states. The TM—d bands are hybridized with the host valence bands (Sulfur —p bands
in CdS). This hybridization gives rise to the exchange interaction between the
localized 3d spins and the carriers in the host VB. The s—band of the CB does not mix
with the TM-d bands, but, is still influenced by the magnetic ion [131]. In DMS,
exchange interaction includes interactions between s—electrons in CB, p—electrons in
VB and d-electrons from magnetic ions i.e., double exchange (sp—d) interaction and
interactions between d-electrons from magnetic ions i.e., superexchange (d-d)
interaction [124,132,133]. The competition between superexchange and double
exchange gives rise to canted ferromagnetic behaviour in DMS [134]. The difference
in the number of spin—up and spin—down electrons of TM—d bands gives rise to the
spontaneous magnetic moment (Figure 1.7) [127,131,135].
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ehl||| CB

(a) Semiconductor (b) DMS

Figure 1.7 A representation of the electronic states available in (a) semiconductor and
(b) DMS [135].

The basic mechanisms involved for ferromagnetism in DMS can be explained
in terms of superexchange and double exchange interaction. There are various
theoretical studies on the origin of the ferromagnetism in DMS [127,131,133,136—
138]. Dietl et al. referred Ruderman—Kittel-Kasuya—Yosida (RKKY) interaction as
the origin of the ferromagnetism [127,131,137,138]. RKKY interactions based on the
exchange interaction between the magnetic ion and the CB electrons, were proposed
[137,138]. The CB electron gets magnetized in the vicinity of magnetic ion and there
is oscillatory decay of polarization. This oscillation results in an indirect
superexchange interaction (RKKY) between the (wo magnetic ions on the nearest or
next nearest magnetic neighbors. The interaction may induce a ferromagnetic or
antiferromagnetic setting of the moments dependent on the distance between the
interacting atoms [127,131]. Although this theory explains some characteristic
magnetic and transport properties of the DMS, but, the application of the RKKY
theory is questionable because of low carrier density in DMS. Akai stressed the
d—character of the holes based on his band calculations and invoked a double
exchange mechanism [132].

Dietl et al. also demonstrated the equivalence of the RKKY and Zener model
in the mean field and continuous approximations [127,134,136]. The mean field Zener
model describes the direct interaction between d-shells of the adjacent TM atoms
behind antiferromagnetic configuration of the d-shell spins. On the other hand, the
indirect coupling of spins through the conduction p—electrons tends to align the spins

of incomplete d-shells in a ferromagnetic order. It is only possible if indirect
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superexchange coupling dominates over the d—d coupling between adjacent d—shells.
The net behaviour of DMS depends on the resultant of two interactions
[127,131,134].

Sato and Yoshida proposed a double exchange mechanism for the carrier—
induced ferromagnetism in DMS [23,131,133,138]. They modified the Zener model
by proposing that the magnetic ions in different charge states couple with each other
by virtual hopping of an extra electron from one ion to the other in the double
exchange mechanism. In DMS, if the neighboring TM magnetic moments are in the
same direction, the TM-d band is widened by the hybridization between the up spin
states. Therefore, in the ferromagnetic configuration the band energy can be lowered
by introducing carriers in the d band. If neighboring TM ions have parallel magnetic
moment, then the 3d electron in the partially occupied 3d orbitals hops to the 3d
orbitals of the neighboring TM ions. As a result, the d—electron lowers its kinetic
energy in ferromagnetic state. This is the double exchange (sp—d) mechanism.

The sp—d interaction is ferromagnetic (potential exchange) for CB states and is
predominantly antiferromagnetic (kinetic exchange) for VB states [133,139]. The d-d
superexchange between the d—electrons of the magnetic ions is a short ranged
antiferromagnetic interaction and is mediated by the intervening anion [132,133]. The
competition between antiferromagnetic superexchange and ferromagnetic double
exchange interaction favors the canted ferromagnetic behaviour in DMS [134].

TM doping in the semiconductor governs a new field of research called
spintronics aiming to combine magnetic and semiconducting properties into a single
material. Spintronics, means spin + electronics, emerged from the dilute magnetic
semiconductor which utilize both the spin and the charge of the carriers in a
semiconductor. DMS potentially serve as a mean to inject electrons with a definite
spin and to control the spin dependent properties in adjacent non-magnetic
semiconducting layers [140]. Spintronic materials open up a faster and more efficient
mode of information storage and transfer for quantum computation, electronics,
magnetotronics and communication [140-146]. The field of spintronics began with
the discovery of the giant magnetoresistance (GMR) effect in 1988 (Nobel Prize,
2007) by Grunberg and Fert, in which the resistance of a ferromagnetic/non-magnetic
sandwich layer is strongly dependent on magnetic field [144,147]. GMR has found
applications in magnetic field sensors in the heads of magnetic recording disks and
magnetic random access memory (MRAM) [142-146].
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The earliest DMS were II-VI semiconductor alloys like Zn; Mn,Te and
Cd . Mn,Te presenting either spin—glass behavior or weak ferromagnetism, with 77 of
only few kelvin [124]. Later, research on DMS was inspired by the discovery of
spontaneous low temperature ferromagnetism in Mn doped GaAs exhibiting a
T. ~ 110 K [126]. Dietl et al. have predicted that 5% Mn-doped CdS would have 7.
200 K on the basis of the bound magnetic polaron model [127]. The current focus of
DMS is on the origin and control of magnetism for spin related applications at
nanoscale. It has been predicted that DMS can exhibit magnetism below, at and above
room temperature by introducing suitable TM ion in the host semiconductor
[22,49,124,127,148-150]. CdS DMS are very promising materials for spintronics
devices.

The detailed theoretical explanations regarding magnetic behavior of TM
doped CdS DMS have been reported [124,127,140,151-155]. There has been ample
experimental work on these DMS [145,156-165]. The non-volatile memory and
bistable switching effect have been reported in Mn doped CdS films [157]. Delikanli
et al. have synthesized 10% Mn doped CdS nanorods (diameter ~ 10 nm and length
~ 120 nm) by solution phase chemistry which exhibit strong temperature dependence
coercivity and saturation magnetism [159]. Bhattacharyya er al. have reported
ferromagnetism at room temperature in Carbon-encapsulated CdS:Mn** (Mn < 4.5
at.%) DMS nanocrystals [145]. Aksu et al. have studied the effect of Mn diffusion
doping in vacuum deposited CdS films and found that the Mn:CdS films annealed
above 580 K have clear hysteresis loops conforming to ferromagnetism [161]. Gao et
al. have reported room temperature ferromagnetism (7. ~ 300 K) in DMS
Cdo9sMng o6S nanowires fabricated by electrochemical method [162]. The fabricated
nanowires show their potential as spin polarizer in spintronic devices, such as spin—
FET, spin—LED, spin—RTD (resonant tunneling device), etc. [162]. Srivastava ef al.
have reported a temperature dependent magnetic phase transition (7, = 295 K) in 2%
Cr doped CdS DMS QDs [163]. Liu et al. have deposited CdFeS granular films
embedded with Fe clusters showing tunneling magnetoresistance effects [158].
El-Hagary and Soltan have studied the magnetic properties of hexagonal Cd,..Fe.S
(0.05 £ x £0.2) DMS nanocrystalline films deposited by electron beam evaporation
technique [164]. The temperature and field dependent magnetization measurements
have shown ferromagnetism with a 7. at or above room temperature for 0.1 <x <0.2.
Murali e al. have reported diamagnetism in undoped CdS nanocrystals,
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ferromagnetism for 2 at.% and 3 at.% and paramagnetism for 4 at.% and 5 at.%
doping of Fe in CdS nanocrystals [166]. Bacaksiz er al. have reported spray pyrolysis
deposited Cd;..Co,S films (x < 0.10) devoid of ferromagnetism while, the Co diffused
CdS films show ferromagnetic loops [160]. Saravanan et al. have observed
diamagnetism for 2% and 3% and ferromagnetism for 6% Co concentration in CdS
nanocrystals synthesized by co—precipitation technique [167]. Kumar er al. have
reported ferromagnetic behavior in 3% Ni doped CdS nanoparticles and 3% Ni & Cu
co—doped CdS nanoparticles [165].

Research on TM doped CdS in various forms (films, nanoparticles, nanowires,
QDs etc.) have demonstrated the occurrence of various phenomena viz. room
temperature ferromagnetism, bistable switching, memory effect, tunneling effect,
magneto—photoluminescence, etc. [79,157,162,168]. Thus, CdS DMS may offer an
opportunity to integrate optical, electrical and magnetic properties into a single
material, which makes it an ideal candidate for future magneto—optical and spintronic
applications [79,120,152,157,162].

1.6  Applications of CdS semiconductor
1.6.1 Photoresistors

A light variable resistor works on the fact that resistance is inversely
proportional to the amount of light falling on it and is known by many names
including photoresistor, photoconductor, or simply the photocell. A typical CdS

photocell (Figure 1.8) structure uses an active CdS layer on an insulating or ceramic

Transparent coating
1*electrode overthe surface 2% electrode

CdS coating over top
surface

Confacts

Ceranuc base

Wire termumals

Figure 1.8 Typical construction and picture of a plastic coated CdS photocell [170]
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substrate and contacts are then placed on either side of the exposed area. With
increasing illumination the resistivity of photocell decreases which allows more
photocurrent to flow. CdS photoresistor as a low cost photo sensitive element has
been used for many years in photographic light meters as well as in other applications
such as smoke, flame and burglar detectors, card readers, lighting control for street
lamps, etc. [169,170].

1.6.2 Window layer/Solar Cell

Window or buffer layer is the top layer on the absorber in a solar cell which
has high band gap and is transparent to light. The semiconductor compounds having
n—type conductivity and band gap 2.0 eV — 3.6 eV are suitable as window layer in thin
film solar cells. The n—type CdS films are good candidate for window layer
applications with different p—type absorbers such as CupS, CulnGaS; CulnGaS;,
CulnGaSe, CdTe, etc. [171]. These films play an important role in solar cell
performance influencing the electrical properties of the junction and protect the
junction against chemical reactions and mechanical damage. CdS layer optimizes the
band alignment of the device and builds up a sufficiently wide depletion region that
minimizes the tunneling of charge carriers. Hence, it establishes a higher contact
potential that allows larger open circuit voltage [171]. The band gap of CdS (bulk,
2.42 eV) allows the solar spectrum to transmit quite freely making it suitable as a
window layer [172].

Solar cells based on compound semiconductors (II-VI, III-V and [-1II-VI)
were first investigated in the 1960s. Practically, solar cell is a p—n junction device
fabricated by placing two electronically dissimilar materials together with a thin
electronic barrier between them to separate charge. (Solar cell works on photovoltaic
principle: Photovoltaic is the direct conversion of light into electricity at the atomic
level. The heart of a PV device is the interface between two different types of
semiconductor (n—type and p—type). In photovoltaic effect, photon with sufficient
energy hits an atom in the interface region, ejects an electron leaving behind a hole
and creates a potential difference between n—type and p—type material.)

For CdS, photovoltaic effect was firstly discovered by Reynolds with an
efficiency ~ 5% using sunlight [173]. Fraas and Yale have reviewed four different
CdS—based thin film solar cells (CdS/Cu,S, CdS/CdTe, CdS/InP and CdS/CulnSe;)

with conversion efficiencies 7.5%, 12%, 14% and 12% respectively, for terrestrial

25



Introduction

applications [174]. CdS buffer layer deposited by CBD for CulnGaSe; and CdTe solar
cell showed conversion efficiency 19.5% and 16.5% respectively [175,176]. The
highly efficient ZnO/CdS/CulnGaSe; solar cell on glass substrate with a record
efficiency of 19.9% was developed at national renewable energy laboratory (NREL),
USA [177].

1.6.3 Thin film transistors and Schottky diodes

Researchers are taking several different routes to develop inexpensive and
flexible integrated circuits. CdS TFTs have been fabricated using CBD method where
CdS film acts as a channel layer [86,178]. The surface channel mobility > 1 em?Vls!
shows that the deposited CdS film offer great promise for low temperature processing
applications (e.g., in plastic electronics) [178]. Iyyer ef al. have fabricated a thin film
Al/CdS/Al sandwich structure which works as a capacitive type temperature
transducer with capacitance 15 nF — 25 nF [179]. Ye et al. fabricated Schottky
junction PV device on CdS nanobelts using Au as the Schottky contact and In/Au as
the ohmic contact [180]. The fabricated device can work as a power source in nano
optoelectronic systems. Mereu et al. have fabricated thin film — FET by depositing
two coplanar electrodes of Au (drain and source) on CBD — CdS film surface and gate

contact by Al on the backside of the Si0,/Si (n—type) substrate [181].

1.6.4 Photocatalysts and sensors

Semiconductor based photocatalysis is an efficient tool for destroying organic
pollutants in a medium and are efficiently used for the treatment of number of
industrial residues. Smyntyna er al. have reported the increase or decrease of the
electrical conductance in CdS based sensors under the exposure of CO or SO, gases
for detection of atmospheric pollutants [182]. Urbanczyk er al. have investigated
sensor properties of physical vapor deposited CdS films towards: NO,, SO,, NH3 and
H,S gases sensitivity, using surface acoustic wave dual delay line systems [183].
Tristao et al. have prepared a coupled CdS/TiO, photocatalyst for degradation of an
organic textile dye (azo dye; Drimaren red) in the presence of artificial UV light
[184]. Singh et al. have reported CdS/polyacrylamide thick film structure on alumina
substrate for sensing liquid petroleum gas (LPG) at room temperature [185]. Zhang et
al. deposited a cubic phase sheet CdS which acts as visible light driven photocatalyst

[186]. This photocatalyst works efficiently for the selective oxidation of saturated
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primary C—H bonds in alkyl aromatics, using molecular oxygen as a benign oxidant
and benzotrifluoride as the solvent, under ambient conditions [186]. Hong et al. have
used a simple monolithic film system (CdS/TiO,) for Hy production [187]. The
repeated unit CdS/TiO, structure generated large amount of H; without decreased

efficiency of any unit [187].

1.6.5 Some other applications

CdS is an effective sensitizer among the various semiconductors such as CdSe,
CdTe, CulnS;, InP, etc. [84]. It works as a photoanode in photo electrochemical
(PEC) cells because of its suitable band gap, long life time and excellent stability.
Dang et al. have used vacuum deposited ZnO/CdS bilayer structure in PEC cell as a
working electrode and reported that this bilayer electrode has significantly better cell
performance than ITO/ZnO film electrode [84].

Benlattar et al. deposited 1 mm thick CdS thin film and proposed a model of
shield device (Figure 1.9) for radiative cooling application which block solar
radiation, but allows complete transmission in the atmospheric window region [188].
The radiative properties of CdS shield i.e., very low IR band reflectance and full
transparency across 8 pm — 13 pm, improved optical properties for passive cooling

purposes [188].

Solar incident energy

+

[ Shield (1 mm CdsS) |

Blackbody (Absorber)

Figure 1.9 Model for the radiative cooling effect

Mitra et al. have reported that WZ phase of CdS films is piczoactive and the
piezoelectric coupling factor, lkJ > 0.1 which is several times greater than that of the
crystalline quartz [189]. The strong pyro — and piezo — effects in CdS significantly
affect the electric field distribution and device operations. They introduced the pyro —
photovoltaic coupling where the photovoltaic effect and the CdS polarization strongly

depend on each other. Mondal et al. have demonstrated the memory behavior of CdS
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nanocomposite using a hybrid inorganic/organic heterostructure sandwiched between
oxides or organic layers [76]. Their study indicates that the solution grown CdS
nanocomposite and conducting polymer offer possibility in next generation

non-volatile flash memory devices for flexible electronics.

1.7  Motive and motif of the present work

Semiconductors are the most successful invented materials of the last century
which have revolutionized the science and technology. Group II-VI semiconductors
with band gap ranging from 1 eV — 3 eV are suitable for various scientific and
technological applications. Among II-VI semiconductors, the CdS is an important
semiconductor with attractive optoelectronic and other properties. The quasi—-two
dimensional structures i.e., nanofilms of these semiconductors exhibit the quantum
confinement effect which possess versatile physical and chemical properties in
contrast to their bulk counterparts.

The preparation and characterization of semiconductors in nano form is an
exciting area of materials research because of size tunable properties. The band gap
engineering in semiconductor nanofilms play an essential role towards device
fabrication and utilization. The band gap of nanofilms may be modified either by
controlling the size of crystallites or by introducing dopant in the host matrix using
CBD. CBD has become a popular choice to deposit [I-VI films because it is simplest,
non—expensive, low temperature, substrate flexible and economical way for large area
coating. It may offer a great control over crystallite size, deposition rate and film
thickness simply by controlling deposition parameters.

The properties of I[I-VI semiconductors are extremely sensitive to the presence
of impurities and can be controlled by the amount of doping. Fractional TM doping in
II-VI semiconductors leads to DMS and may offer novel spin based characteristics
along with semiconducting nature. II-VI DMS may increase the storage, detection
and processing capabilities of the devices which makes them more compact and
multifunctional. In II-VI DMS, TM dopants Ni** and Co** have 4s°34° and 4s73d’
electron configuration in the neutral state where valence electrons corresponding to
the 4s orbital and partially filled 3d shells lead to the up—spin (1) occupied states and
empty down—spin () states. CdS doped with Ni** and Co®* may offer an opportunity
to integrate optical, electrical and magnetic properties into a single material depending

on the random fractional substitution of TM ions.
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The present study explores the various properties of the CdS nanofilms. This
work is an effort to understand and explore CdS nanofilms deposited via. CBD
technique. The deposition is optimized with various growth parameters i.e., S/Cd
molar ratio and deposition temperature. The quality of the deposited nanofilms is
studied with annealing temperature and film thickness. The CdS nanofilms are
investigated for their structural, morphological and optical behavior with growth
parameters. To explore the DMS behavior, Ni** and Co®™ ion doping in CdS
nanofilms is investigated. The phase transition from diamagnetism to para — / ferro —
magnetism with dopant concentration is examined with corresponding structural,
morphological and optical analysis. This may be useful in tailoring of basic
semiconducting properties along with magnetic behavior. The commencement of

magnetic behavior in CdS nanofilms may increase their potential towards spintronics.
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This chapter presents an overview of thin film deposition and characterization
techniques. The concept of CBD, its advantages, theory and mechanism involved in
film deposition are discussed. The various experimental techniques used for the

characterization of deposited nanofilm have been described.

2.1  Nanofilms

A film is a layer/coating of material on a substrate ranging from fraction of a
nanometer (monolayer) to several micrometers (multilayers) in thickness [190]. On
the basis of thickness (), films may be categorized as thick film (# > 1 pm) and thin
film (r < 1 pm). Any layer/coating of a material with one of its dimensions less than
that of the other two is called a thin film. However, if thickness () < 100 nm with
crystallite size < 100 nm and exhibits quantum size effect (QSE), the film is
recognized as nanostructured film or nanofilm. Films of desirable thickness are
prepared by depositing material on a supporting substrate. These films may exhibit
properties similar to their bulk counterparts or different from them. But, at nanoscale
the properties of films change dramatically in comparison to bulk. The characteristics
of nanofilms are primarily dominated by two dimensional effects and possess high
surface to volume ratio, geometrical control, compactness, single crystal like
properties, etc.

Nanofilm allows performance oriented properties (electrical conductivity,
magnetism, heat transfer, light absorbance, fluorescence, etc.) to be shown by the
surface of the film without affecting the underlying substrate [191]. Nanofilms (both
crystalline and amorphous) have immense importance in many technological
applications including microelectronic, storage, display and communication devices,
wear resistance, surface and decorative coatings, photoconductors, filters, optical

coatings (windows, solar cells, etc.), sensors, catalysts, etc. [192,193].

2.1.1 Preparation of substrates for deposition

The substrates required for the uniform deposition of the film should be
extremely clean. The contaminated surfaces provide random nucleation sites which
promote irregular growth and non—uniform film deposition [194]. Glass is the most
commonly used substrate in chemical bath deposition. The surface of glass is reactive
towards species in solution. The glass substrates have been cleaned by adopting

following steps (i) washed ultrasonically with 1% soap solution (Labolene, Qualigen,
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India) (ii) washed ultrasonically with double distilled water, (iii) soaked in chromic
acid for 24 hours, (iv) washed with double distilled water several times, (v)
ultrasonically degreased with acetone followed by double distilled water, (vi) washed
ultrasonically with ethanol, (vii) boiled in double distilled water, (viii) dried in oven

and (ix) kept in desiccator.

2.1.2  Film deposition techniques

The act of depositing a thin layer on a surface is called thin film deposition
technique. In the last few decades a great research interest is devoted toward the
synthesis of films. The nanofilms have further boosted the thin film technology. Film
growth is a thermodynamically non—equilibrium process. The film may exhibit
drastically different growth behavior under different deposition conditions, e.g., layer
by layer growth at low deposition rates, the formation of three dimensional islands at
high deposition rates, phase transfer with deposition conditions, etc. The fundamental
characteristics of a film strongly depend on the film thickness and deposition
technique. Hence, it is essential to choose suitable technique for film deposition. Thin
film deposition techniques can be classified in two main groups; physical deposition

and chemical deposition (Figure 2.1) [195].
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Figure 2.1 Classification of thin film deposition techniques

2.2 Chemical bath deposition technique
Among the various deposition techniques, the chemical bath deposition (CBD)

is a low temperature soft route for the growth of films and nanostructures. Chemical
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bath deposition or chemical solution deposition (CSD) is based on precipitation or
electroless processes in solutions. Liebig in 1835, first described a chemical solution
process to deposit silver mirror [196,197]. This technique has been used to deposit
films of many compound semiconductors such as oxides, chalcogenides and halides
as well as to synthesize nanostructured films [198-201]. It has been used successfully
to deposit semiconductor films for more than 130 years but the development in CBD
has grown rapidly in the last two decades [198-201]. The continuous research interest
in CBD is associated with its remarkable success in depositing effective
nanostructured films for PV cells, photocatalysts, optoelectronics, etc., and the

existence of size quantization in CBD films [198-202].

2.2.1 Advantages of CBD technique

CBD is the cheapest technique to deposit thin/nano films and to synthesize
nanomaterials (nanorods, nanowires etc.). The main advantage of this technique lies
in its simple experimental set up (Figure 2.2) consisting of a reaction bath, hot plate

magnetic stirrer, substrate holder, pH meter and thermometer.

Substrate
pH meter \L = Thermometer

—— —J Substrate holder

Hot plate

Magnetic bead , magnetic stirrer

Figure 2.2 Experimental set up for CBD

Other advantages of this technique are

(i) Simple and free from any sophisticated instrumentation.
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(ii) Low temperature processing technique (< 373 K) which avoids the oxidation or
corrosion of the metallic substrates.

(iii) Scalable technique preferred for large area batch processing or continuous
deposition.

(iv) Control film thickness from a few nanometers to micrometer by varying
deposition parameters i.e., concentration, temperature, time, pH, etc.

(v) Capable of depositing large variety of materials (chalcogenides, oxides, halides,
etc.) on different type of substrates (metallic, semiconductor, polymers, etc.) of any
size and shape.

(vii) Avoids the vapor phase of the reactants due to dilute solutions rendering
minimum toxicity and occupational hazards.

(viii) Yields adherent, uniform, stable and efficient films with good reproducibility.

2.2.2 Reaction mechanisms

The mechanism of CBD can be understood using the concept of solubility
product (ky,). Consider an insoluble ionic compound (M,X}) in equilibrium with its
saturated aqueous solution, then for dissolution

MXpy = aM™ gy + BX™ ()
ksp in terms of concentration of dissolved ions is given by
kﬁp - [Mn+]alxm—Jb

The more soluble is the salt, the greater the ion product and larger is ks,. The values of
ke (at 298 K) for CdS, NiS and CoS are 10, 10?" and 10" respectively [199].
According to the solubility consideration, the precipitation will occur when the
product of the concentrations of anions and cations (ionic product (Q;;)) exceeds the
solubility product (k). The film formation in CBD occurs at supersaturation state,
where the precipitation is very slow or there is no precipitation even for Qi, > k.

Generally, CBD process is either an initial homogeneous nucleation in
solution or heterogeneous nucleation on the substrate. In CBD, solid material
(precipitate/film) is formed indicating thermodynamically unstable bath [38]. O’Brein
et al. have discussed different possible mechanisms for film formation (Figure 2.3)
[38]. In ion by ion (or atom by atom) mechanism, there is condensation of atomic
species mainly ions at the reacting surface to form a film (by heterogeneous reaction).
In cluster by cluster mechanism, agglomeration of colloids takes place in the solution

(by homogeneous reaction) and tends to adsorb at the substrate surface to particulate
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films. Practically, both the mechanisms may interact or occur simultaneously leading
to film formation where colloids are included in the growing film, i.e., a mixed
mechanism [38]. The predominance of one mechanism over another is governed by
the extent of heterogeneous and homogeneous nucleation including degree of

supersaturation of the solution and catalytic activity of the reacting surface [38].

Mixed — ion by ion

Ion by Ion Cluster by Cluster infilling on clusters
L O J © ] O x © O
M* +S* ©0° 0 050 o
O OO 000
Substrate Substrate Substrate

Figure 2.3 Different mechanisms of film formation

Hodes G described four possible reaction mechanisms for CBD process,
whose operation depend on the specific processes and reaction parameters, [199] as
(i) Simple ion by ion mechanism, (ii) Simple cluster by cluster (hydroxide)
mechanism, (iii) Complex decomposition ion by ion mechanism and (iv) Complex
decomposition cluster by cluster mechanism

For example, in CdS deposition from thiourea, the first two mechanisms
involve free S* ions, while the last two are based on breaking of a S—C bond and do
not involve formation of free chalcogenide. Figure 2.4 shows an experimental process

of CdS film formation on the substrate.

CdCl, — Cd* + CI* SC(NH,), — S* + CH,N,

H ! NH,OH — NH; + H,O |

0 !
0 £ Cd**+4NH; —
[Cd(NH3)],™]

Cd*™* + 8% = CdSq

Cadmium chloride dissociation Cd** ion complexation and
and ammonia dissociation thiourea decomposition

Figure 2.4 Scheme of CdS film formation via CBD

(CdS film formation
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2.2.3 Factors influencing the deposition

The main factors influencing the film deposition in CBD are (i) nature and
concentration of reactants, (ii) nature and concentration of complexing agent,
(i11) deposition temperature, (iv) pH, (v) deposition time, (vi) nature and spacing of
the substrates, and (vii) rate of stirring.

Nature of the reactants and their concentration influence the composition of
the products in the bath and the film [199]. Khallaf er al. have reported that with
CdSQq, thicker CdS films are formed in comparison to Cd(CH3;COQ),;, CdCl, and
Cdl, as Cd sources [104]. The CdS films deposited using iodides and chlorides of
cadmium at a constant pH showed a WZ structure with high band gap (2.62 eV) and
7B structure with low band gap (2.45 eV) respectively [203].

Most of the chemical depositions are carried out in alkaline solution and to
control the precipitation of metal hydroxides, a complexing agent (or ligand) is used.
The complexing agent also reduces the concentration of free metal ions (maintaining
the pH) to prevent the rapid bulk precipitation of the desired product. Ammonium
hydroxide (NH4OH), triethanolamine (TEA: CgH;sNO3), ethylene diamine—tetra
acetate (EDTA: C1pH2N20s), hydrazine (N2Hy), ethanolamine (EA: CoH;NO), tartric
acid (TA: C4HgOg), nitrilotriacetic acid (NTA: C¢HoNOg) and dimethylamine (DMA:
C2H7N) are few popular complexing agents which are frequently used in CBD [204-
207]. Khallaf ez al. have reported that CdS films deposited on quartz using NTA alone
led to porous, non—adherent films while high quality of CdS films have been obtained
with the addition of hydrazine [205].

In general, low deposition temperature favors ion by ion growth and slow rate
of chemical reaction results in higher terminal thickness. During the growth of films,
nuclei are generated on the substrate and grow as discrete grains. At low deposition
temperature, surface grains grow too slow to coalesce with each other forming voids
and smaller grains [208]. However, high deposition temperature favors the hydroxide
cluster mechanism due to the higher hydroxide concentration and lower stability of
the complexes [199]. As the deposition temperature increases, the dissociation of the
metal-complex increases. The kinetic energy of the reactant ions or molecules
increases leading to greater interaction between them. This results in increase or
decrease of terminal thickness, depending on the supersaturation of the solution.
Moreover, increase in the bath temperature is an effective path to diminish the voids
and to promote homogeneous film growth.
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The concentration of the various species at the substrate surface is pH
dependent. Hence, the selection of a suitable pH is also important for film formation
on the substrate. As the pH value of the reaction bath increases, the availability of free
metal ions reduce and more stable metal complex is formed. This decreases the rate
of chemical reaction leading to higher terminal thickness. In case of CdS deposition,
thiourea decomposition is generally faster at higher pH. The presence of a solid phase
of Cd(OH); and its concentration in the solution increase for higher pH. Most of the
films in CBD are deposited in alkaline solution (pH > 7) and very few reports are
available in literature to deposit films in acidic solution (pH < 7). Boyle et al. have
deposited CdS thin films from an acidic bath having pH between 4.5 — 5.5 and
reported that these films show entirely different properties in comparison to the films
deposited from alkaline bath [209].

The time of deposition is also significant in thin films deposition. It varies
from few minutes to even days depending on reaction rate. The deposition starts with
an induction period followed by film growth with deposition time till termination. The
film thickness can be controlled by removing the substrate from the reaction bath for
desired thickness or by numbers of successive deposition.

The substrates of different nature and shape can be coated uniformly using
CBD. The rough substrates are better for film deposition due to large actual surface
area of contact and possibility of affixing the initial deposit in pores. The ion
exchange between metal ions present in the substrate and the solution may play an
essential role in binding the initial deposit. Substrate sensitization is another way to
increase the tendency of binding the deposit on the substrate which is commonly done
using SnCl, solution. Various types of metals, glasses and semiconductors are used as
substrate in CBD for film deposition. Polymer substrates are used in many
applications after the activation treatment which introduces carboxylic groups on a
hydrophobic surface.

Stirring is another important factor to dissolve reagents and prepare
homogeneous solutions for thin film deposition. During the deposition, the overall
effect of stirring is mainly to prevent the deposition of loosely adherent and large
aggregates of particles which hinder the film growth by blocking the substrate surface
[199].

In this work, CBD technique has been used for CdS nanofilms with varying
deposition parameters, i.e., S/Cd molar ratios (0.5, 1, 2, 3, 4 and 5), deposition
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temperature (323 K, 333 K, 343 K, 353 K and 363 K) and film thickness (39.7 nm,
65.6 nm, 87.4 nm and 112.5 nm).

2.3  Characterization techniques
The films have been characterized for compositional, morphological,
structural, optical and magnetic properties. For this different tools and techniques

have been used. In this section, a description of these is presented.

2.3.1 Profilometry

The stylus profilometry is a mechanical technique used for film thickness
measurement. The measurements are obtained electromechanically by moving a
diamond tipped stylus on the film surface according to the user defined scan length,
speed and stylus force. The surface variations cause the stylus to be translated
vertically and electrical signals corresponding to the stylus movement are produced as
variation in core position of the linear variable differential transformer (LVDT).
LVDT scales an ac reference signal proportional to the change in position, which in
turn is conditioned and converted to a digital format through a high precision analog
to digital converter (Figure 2.5) [210]. The film whose thickness has to be measured is
deposited with a region masked to create a step on the sample surface. Then the
thickness of the sample can be measured by measuring the vertical motion of the

stylus over the step.

Stylus Tip 4 A
Demodulator
and
Differential
Sample Ste
P P Iron Core Amplifier
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™~
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Stylus \I\ ] LVDT
Step, Sample
Leveling Wheel

Figure 2.5 Schematic diagram and image of AMBIOS XP-1 stylus profilometer

In the present work, the thickness of deposited nanofilms has been measured

using stylus profilometer (AMBIOS XP-1; KU, Kurukshetra), with a precision of

40



Chapter 2

+ 0.1 nm having a diamond tipped stylus (radius = 2 pm), scan length (maximum;

30 mm) and programmable stylus force of 0.03 mgf — 10 mgf.

2.3.2 Composition characterization

In the present investigation, the stoichiometry of the deposited films has been
analyzed using energy dispersive x—ray spectroscopy.

Energy dispersive x—ray spectroscopy (EDAX/EDS) is an analytical technique
used for identifying the elemental composition of the material. It works on the
principle that each element has a unique atomic structure allowing specific set of
peaks in x-ray spectrum [211]. To stimulate the emission of characteristic x—rays
from a sample, a high energy beam of charged particles, is focused into the sample.
The bombarding electrons collide with the electrons of an atom of the sample,
knocking off some of them and creating holes in place of electrons. The electrons
from the outer higher energy shells occupy these holes spontaneously (Figure 2.6).
The difference in energy between higher and lower energy shell is released in the
form of x-ray. The number and energy of x-rays emitted from the sample are
measured by an energy dispersive spectrometer.

The primary components of the EDAX set up includes: the excitation source
(electron beam or x-ray beam), the x-ray detector, the pulse processor and the
analyzer. The output of this analysis is an EDAX spectrum, which is a plot of how

frequently an x—ray is received for each transition (Figure 2.6).
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Figure 2.6 Emission of x-rays and example of EDAX spectra for CdS nanofilms

An EDAX spectrum normally displays peaks corresponding to the energy

levels for which maximum x-rays are received. These peaks are characteristic of an
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atom and therefore, correspond to a single element. An EDAX spectrum also
corresponds to the type of x-ray (Figure 2.6).

In the present work, the composition analysis has been performed using
EDAX (Bruker, LN2 free X-Flash 4010 SDD detector equipped with QUANTAX
200 software; WIHG, Dehradun).

2.3.3 Morphological characterization

The uniformity and roughness of the film surface play an important role in
their opto—electronic behavior. When the surface is rough, the films are less
transparent and the grain boundaries affect the opto—electronic properties of such
films. The surface morphology of the films is studied using scanning electron

microscopy (SEM) and atomic force microscopy (AFM).

2.3.3.1 Scanning electron microscopy

SEM is a powerful and most widely used technique for imaging the surfaces
and provides information about the surface morphology. The high resolution of SEM
makes it a convenient tool for probing nanostructured materials. SEM is operated at
magnifications that are easily adjustable from 10x to over 300,000x with a resolution
of 50 nm — 100 nm. The major components of SEM are: electron gun or cathode,
electron lenses, sample stage, detectors for all signals of interest, display and data
output devices.

SEM works on the principle that accelerated electrons carry significant kinetic
energy. This energy is dissipated as variety of signals produced by electron—sample
interactions on deceleration of incident electrons [212]. These signals include
secondary electrons (that produce SEM images), backscattered electrons,
characteristic x-rays (used for elemental analysis), continuum x-rays, visible light
and heat. A stream of monochromatic electrons generated by an electron gun is
condensed and focused by condenser lens. A set of coils is used to scan the beam and
the objective lens focuses the scanning beam on one point at a time on the desired
sample area (Figure 2.7). The electron beam hits the sample producing secondary
electrons that are collected by a secondary detector, converted to a voltage and
amplified. The amplified voltage is applied to the display unit causing variation in the
intensity of the light spot. The final image consists of thousands of these spots of

varying intensity on the display that correspond to the morphology of the sample.
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In SEM analysis, sample preparation is very important depending on the
nature of the sample and/or study. In order to avoid the charging of the surface, most
of the samples are coated with a thin layer of conducting material, commonly carbon
and gold.

An improved version of SEM which is capable of examining the sample
without any conductive coating at low vacuum is field emission scanning electron

microscopy (FE-SEM).

Electron gun

First condenser lens

[ X [ Copdenser aperture

Second condenser

) EEEEEEEE Objective aperture

I I Secan coils

Objective lens

Sample

Figure 2.7 Diagram for image formation of a typical SEM and instrumental set up

In the present work, SEM (ZEISS EV040; WIHG, Dehradun and JEOL/EO
JSM-6610; IIT, Ropar) and FE-SEM (HITACHI S-4700; IIT, Roorkee) have been

used to study the morphology of nanofilms.

2.3.3.2 Atomic force microscopy

AFM is a high resolution scanning probe microscopy which gives
topographical (2 and 3 — dimension (2D & 3D)) images of solid surfaces. AFM is one
of the foremost tools for imaging, measuring and manipulating materials at the
nanoscale.

A typical AFM has a tip (probe) mounted on a cantilever, a piezoelectric tube
scanner, a laser, a position sensitive detector and control electronics as shown in
Figure 2.8. AFM is based on measuring the changes in force between the tip and the
solid surface by scanning a sharp probe over the surface of the sample. When the tip
is brought closer to the surface of the sample, forces between the tip and the sample

surface lead to a deflection of the cantilever according to Hooke’s law [213,214]. The
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force acting on the tip reflects the distance from tip atom to surface atom. Thus,
images can be formed by detecting this force. The deflection is measured using a laser
spot reflected from the top surface of the cantilever into position sensitive
photodiodes and collected by a position sensitive detector (Figure 2.8). To avoid
possible collision between the tip and sample surface, a feedback mechanism is often
employed to adjust the tip-to—sample distance. Once the deflection of the cantilever
has been detected in AFM, it can generate the topographic data sets by operating
contact and non—contact mode in one of the two principal modes viz. constant—height

or constant—force [214].

Detector and
Feedback

Sample Surface Cantilever with Tip

. PZT Scanner

Figure 2.8 Diagram and experimental AFM set up

In the present work, AFM (NTMDT-INTEGRA; IIT, Roorkee) in non—
contact mode which has a piezoscanner (55 pm x 55 pm) with vertical z—axis
resolution of 0.1 nm, a Si3sNy cantilever with force constant (1.4 Nm ') and a probe of

radius 20 nm have been used to study the topography of nanofilms.

2.3.4 Structural characterization
X-ray diffraction (XRD) has been used for the structural characterization of

the nanofilms.

2.34.1 X-ray diffraction
XRD is a versatile and non—destructive technique that reveals crystallographic
structure of materials. The distinctive diffraction pattern, fingerprint, of crystalline

sample can be used to find information about structural properties.
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(a) Principle of x-ray diffraction: Laue discovered that crystalline substances
act as three dimensional diffraction gratings for x—ray wavelengths. X-ray diffraction
is based on the constructive interference of monochromatic x—rays from a crystalline
sample. The interaction of the incident x—rays with the atoms of the sample produce
constructive interference at specific angles obeying Bragg's Law (Figure 2.9) [2, 215].
This law relates the wavelength of incident electromagnetic radiation (1) to the
diffraction angle (#) and the interplanar spacing (djx) in a crystalline sample as

2d i SiIn@ =ni (2.1)

where n is unity for first order reflection.

Brage’s Law
2dyyy sin 6 = ni

Incident X-rays Diffracted X-rays

Figure 2.9 Bragg’s law, x—ray diffraction from atoms in a crystalline sample

These diffracted x—rays are then detected, processed and counted. The possible
diffraction directions of the lattice due to the random orientation of the crystallites in
the sample are achieved by scanning the sample for a range of diffraction angles (26).
The conversion of the diffraction peaks to interplanar spacing allows the identification
of the material. This is done by comparing experimental interplanar spacing values
with standard reference patterns indexed in Joint Committee on Powder Diffraction

Standards (JCPDS) cards or Powder Diffraction File (PDF).

(b) XRD modes: Following two types of XRD modes are used for the structural
analysis of the nanofilms.

(i) Bragg-Brentano (6-26) geometry: The commonly used diffraction geometry
in commercial diffractometers is the symmetric Bragg—Brentano (BB) or 6-26
geometry [216]. In BB geometry, both incident and diffracted beam make same angle
with the surface of a flat sample (Figure 2.9). This is achieved by rotating the detector

arm with double angular speed in comparison to the rotation of the sample. In 6-20
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geometry, only the diffraction from crystallographic planes which are parallel to the
sample surface is recorded w.r.t. different diffraction angles.

(ii) Thin film geometry: In thin film (7F) diffraction geometry (Figure 2.10), the
beam is incident at a fixed angle (less than 10°) on the sample surface and the detector
moves along a circle centered at the sample position [216]. The reflections originate
from crystallographic planes that are inclined at different angles w.r.t. the thin film
surface. The angles of incident beam and diffracted beam w.r.z. to the film surface are
different leading to asymmetric diffraction geometry. It is known as grazing angle

x—ray diffraction (GAXRD).

X-ray . .
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Figure 2.10 XRD thin film geometry

In the present work, XRD measurements have been performed using
PANalytical X’Pert PRO x-ray diffractometers for 6-26 and GAXRD at SAIF, PU,
Chandigarh and HPU, Shimla respectively. X—rays are generated from a Cuk, source
(A = 1.5406 A) with filament current of 30 mA and accelerati ng voltage of 40 kV.

(c) X-ray diffraction data analysis: The structural parameters such as lattice
spacing, crystallite size, crystal phase, lattice constants, strain, dislocations, texture,
etc. are strongly dependent on the deposition conditions. The various structural
parameters associated with the nanofilms are:

(i) The interplanar spacing: The perpendicular distance between successive
parallel planes of the atoms in a crystal i.e., interplanar spacing or d—spacing (dpy) for
films has been determined using equation (2.1).

(ii)  Lattice parameters: The lattice parameters for different crystallographic
systems (‘a’ for cubic, and ‘@’ and ‘¢’ for hexagonal phase structure) depend on the

Miller indices (hkl) and interplanar spacing (du). An analytical approach [215] is
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applied to determine lattice parameters by taking an average of all the observed
diffraction peaks using relations
For Cubic structure:

1P

oy 2 (22)
For Hexagonal structure:

I e e

42y T3 o2 o2 (2.3)
(iii)  Microstrain: Microstrain (gpy) is defined as an average value of the lattice
spacing fluctuation (@dpy) in diffracting volume [215, 216]

m:m 2.4)
dpa

These fluctuations are assumed to be inside individual grains and between grains. The
origin of microstrain in the films is related to lattice misfit that depends upon the
growing conditions. The microstrain exists in the nanocrystallites and is calculated

directly using Wilson method (WM) [217]

B, coLd
Ep = (% (2.5)

(iv)  Dislocation density: A dislocation is an imperfection in a crystal and is
associated with mismatch in different parts of the lattice. The dislocation density (pu)
is defined as the length of dislocation lines per unit volume of the crystal and is
calculated using Williamson and Smallman’s formula [216]

P —— lines /m’ (2.6)

ikl

where Dy is the average crystallite size from Debye-Scherrer (DS) method and n = 1
for minimum dislocation density.

v) Packing factor: Packing factor signifies the efficient atomic layer existence in

crystalline domain. The packing factor (p) can be calculated using dpy and Dy [218]

_ D 2.7

dﬁk!‘
(vi)  Crystallite size and microstrain from x-ray peak broadening: The size of
crystallite approaches nano dimension (< 100 nm), broadening the XRD peaks. The
broad profile of XRD peaks is a collective outcome of nano crystallite size, lattice

strain and instrumental factor [219]. For broad XRD peaks, there is possibility of an
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error, due to inappropriate estimation of background level caused by small grain size
effect and microstrain. To eliminate this error, instrumental broadening is corrected
using a standard having negligible physical broadening [219,220]. The observed peak
broadening (S, ) may be represented as

B = Bsit P (2.8)
where ;. is the broadening due to instrumental factor (= 0.05 for Si sample) and S
is the broadening due to crystallite size and lattice strain. According to DS method,
the peak broadening (fp) of a Bragg reflection for nano crystallite is given by [215]

Pt 29)

D COS Gy

where k is the Scherrer’s constant and is equal to 0.9 for spherical crystals (ZB/WZ),
A is the wavelength of x—rays, fip is the angular full width at half maximum (FWHM)
and Oy 1s the Bragg’s angle. Wilson (1949) suggested that the integral peak width (f;)
induced by microstrain individually [217] can be represented as

Bs=4eptan G,y (2.10)
where gy is microstrain. Williamson and Hall [221] proposed a method (WH) of
deconvoluting the size and strain broadening by considering the peak width as a
function of Bragg diffraction angle. The crystallite size and microstrain are extracted
from total broadening (8;) using WH method as

kA
B =Pp+ By =———+4¢,,tanb,, (2.11)
D cosé,,

(vii) Texture coefficient: The physical properties of the materials as well as the
performance and reliability of the fabricated devices are strongly influenced by the
texture of the material. The texture coefficient (7Cyy) is a measure of the degree of
orientation of each reflection in context to randomly oriented sample and is

determined from [222]

Iy (1 8 Toeny )
IC ) = i) —ii(u'!') (2.12)
10(41,) | N 510Gy,
where I(h_H)is the diffraction intensity of (hikil;) plane of the sample under

investigation, Io( )is the intensity of (hik;l;) plane of standard sample and N is the

hiked;

number of reflections in the XRD pattern.
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2.3.4.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is a high resolution technique which
provides information about the morphology, composition and crystallographic
structure on nanometer scale. It is useful for the characterization of single crystals,
polycrystalline materials, biological specimens, nanostructured materials, etc. In
TEM, a specimen is irradiated with an electron beam of uniform current density.
Electrons are emitted from an electron gun and illuminate the specimen through a
condenser lens and aperture system. The electron intensity distribution behind the
specimen is magnified with a three or four stage lens system and viewed on a
fluorescent screen or recorded on photographic film or captured electronically

(Figure 2.11) [223].

[ Electron gun

First condenser

Second condenser
— Condenser aperture
Sample

Objective condenser
s Objective aperture
I I Selected area aperture
First intermediate lens

Second intermediate lens

Projector lens
Phosphor screen

Figure 2.11 Diagram for image formation by typical TEM and instrumental set up

TEM comprises an electron gun, condenser system (lenses and apertures),
specimen chamber, objective lens system, projector lens system, image recording
system as shown in Figure 2.11. TEM in selected area diffraction (SAD) mode offers
a unique capability to determine the crystal structure of individual nanomaterials, such
as nanocrystals and nanorods as well as crystal structure of different parts of a sample.

In the present work, TEM images have been obtained (Hitachi: H-7500 TEM
microscope equipped with CCD camera at accelerating voltage of 120 kV having
maximum magnification 4 x 10° with line to line and point to point resolution of 3 A

and 0.5 A respectively; SAIF, PU, Chandigarh) by scratching particles from the film
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surfaces and making a suspension with small quantity of the obtained particles in
ethanol solution. A drop of this suspension has been introduced on Cu/C grid, which

is analyzed in TEM.

2.3.4.3 Fourier transform infrared spectroscopy

IR spectroscopy is a spectro—chemical technique of material analysis based on
the interaction of IR radiation with matter. It probes the vibrational motion of atoms
in a molecule which are influenced by the masses of atoms, their geometrical
arrangement and strength of their chemical bonds [224]. When IR radiation interacts
with molecules, the bonds between atoms vibrate (stretch, bend, twist, rock, and wag)
at some specific frequencies characteristic of the molecule and the functional groups
within the molecule. Thus, molecules absorb these frequencies depending on the type
and number of functional groups present in the sample. Based on wavenumbers IR
spectrum can be divided into three regions as (i) 14000 em ' — 4000 cm™' Near-IR
(NIR), (ii) 4000 cm ™" - 400 ¢cm™' Mid-IR (MIR) and (iii) 400 cm ' - 10 cm ™" Far-IR
(FIR). A typical Fourier transform infrared (FTIR) spectrometer mainly comprises of
radiation source, optical path and Michelson interferometer, radiation detector and

sample holder (Figure 2.13) [224]
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Figure 2.12 Scheme of a typical FTIR spectrometer and experimental set up

In the present work, FTIR measurements have been obtained in the spectral
range 4000 cm '~ 400 ¢cm ! at a resolution 1 cm ' (Perkin Elmer 1600 FTIR; SAIF,
PU Chandigarh) in %7 mode using KBr pellet technique. The samples for FTTIR
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measurements were prepared by scraping the film from the substrate. The obtained
powder was mixed with KBr powder which then pressed to form a pallet.
2.3.5 Optical characterization

The measurement of absorption coefficient and optical band gap of material
are essential for opto—electronic applications. The absorption coefficient for various
energies provides information about the optical properties of material.

UV-Vis-NIR spectroscopy is commonly used for the calculation of optical
constants. UV-Vis—NIR spectrophotometer measures light intensity (absorbance
(%A), reflectance (%R) and transmittance (%7)) as a function of wavelength on
interaction of electromagnetic radiation with material [225]. Typically, a double beam
spectrophotometer (Figure 2.13) consists, (i) a deuterium arc lamp for the UV spectral
range (190 nm — 400 nm) and a tungsten lamp for the visible and IR spectral ranges
(300 nm — 2500 nm), (ii) a monochromator composed of a diffraction grating, used to
select a single wavelength (iii) a sample holder, (iv) a light detector (a photomultiplier
tube, a photodiode for the UV-Vis—NIR range and a PbS cell for the IR range) and
(v) a computer to record UV-Vis—NIR spectrum [225].

Deuterium lamp Sli Mirror Mirror D/']’_
Slits - isplay
ALY F——— >
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Tungsten lamp

Mirror Rotating disc

Figure 2.13 Diagram and experimental set up of a double beam spectrophotometer

In the present work, UV-Vis—NIR double beam spectrophotometer (Perkin

Elmer: Lambda—750; JUIT, Solan) has been used for %7 and %R measurements.
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(a) Optical parameters: No material is fully transparent at all optical
wavelengths and hence there will always be some absorption and reflection
(Figure 2.14). According to law of conservation of energy, a relation between
transmittance (7), absorbance (4) and reflectance (R) is given by

A+T+R=1 (2.13)

First reflection
I, RI,

Air Upper surface of film

(I-R)I, Second reflection
R(1-R)l,exp(-at)

Film Absorption
(1-R)l,exp(-at)

Lower surface of film

Transmission

Air !
I-R)'Iexp(-ot)

Figure 2.14 Light Interaction with film sample

In %T mode, the spectrophotometer measures the intensity of light passing
through a sample (/;) and compares it to the incident intensity of light (7,), according
to Lambert—Beer Law [226]

I
Is=1,¢ (2.14)

where a is absorption coefficient and ¢ is the sample thickness. The ratio I/7, is called
transmittance (%7).

Absorbance (A), a fraction of radiation absorbed inside of the material is [226]

- Is |_
A=log,, e log,(T) (2.15)
The light interaction with film sample is shown in Figure 2.14. The portion internally
reflected eventually is transmitted with considerable attenuation and is given by [226]
15 _ (-R)’exp(-an)

T= >
Io (1-R7)exp(—2a)

(2.16)

When the product af is large, the second term in the denominator becomes negligible

and transmittance is [226]

T = (1-R)*exp(-at) (2.17)
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(i) Absorption coefficient: Absorption coefficient measures the spatial decrease
in the intensity of a propagating beam due to the progressive conversion into different
forms of energy. The absorption coefficient (a) gets influenced by scattering losses
and fundamental absorption. In strong absorption region scattering losses can be
ignored and absorption coefficient can be calculated from transmittance using [226]
a= l.fnl

PR (2.18)

For non—absorbing films, « is a function of both 7"and R [227]

1/

2 4 /2
1 | (1-R) (I-R) 2
=_J R
o {n po +[ 4'[2 + J (2.19)

The semiconductor materials exhibit minimal optical absorption for photons with
energies smaller than the band gap and high absorption for photons with energies
greater than the band gap. As a result, there is a sharp increase in absorption at
energies close to the band gap that manifests itself as an absorption edge in the
UV-Vis-NIR absorbance spectrum. The fundamental absorption edge is given as
1.241
Eg=hv=—— oy (2.20)
/10

where /A, is the cut off wavelength. In semiconductors, the optical absorption edge
spectra can be generally divided into three distinct regions [228]
(a) For high absorption region (¢ > 10* cm"), which involves the optical transition
between VB and CB and determines the optical band gap, a is given by Tauc’s power
law as [229]

(@h)" =B~ E,) @an)
where /v is the incident photon energy, B is the slope of Tauc edge called band tailing
parameter, F, is the optical band gap and m is a constant which depends on the nature
of transition between the VB and CB. In the above equation, m = 2 for a direct
allowed transition, m = 1/2 for an indirect allowed transition, m = 2/3 for a direct
forbidden transition and m = 1/3 for an indirect forbidden transition.

(b) For intermediate absorption region or Urbach’s exponential tail region ('I()I cm’!

<a<10*ecm ™) [230], @ depends exponentially on photon energy as

a(hv) = aoexp[ i ""’]: for hv < E, (2.22)

Ey
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where a, and E, are constants determined from the converging point of In(a) vs. hy
plot. E, or Urbach energy is often interpreted as the width of the tail of localized
states in the gap region. The defects and doping perturbs both CB and VB, as a result
Fermi level shifts into the parabolic portion of the appropriate band [226].

(¢) For weak absorption region (o < 10! cm ), the strength and shape of the
absorption edge are found to depend on the structural properties of the material.

(i) Optical band gap: In semiconductors, there is a minimum energy separating
the highest filled VB and the lowest empty CB, known as the energy band gap. When
this energy gap is calculated using optical methods, then it is called optical band gap
(Ey). The optical band gap is the threshold for photons to be absorbed. The band gap
of semiconductor is normally evaluated from the measurement of @ as a function of
the incident photon energy (Av) using equation (2.21) by extrapolating the linear part

i

of plot (ahv)" vs. hv to (ahv)" — 0.
(iii)  Optical constants: The optical constants (refractive index (n;) and extinction
coefficient (ky)) of a thin film are determined from the simultaneous measurement of
9T and %R. The refractive index is the ratio of the speed of light in vacuum to the
speed of light in medium.
The optical constants (nyand k) can be estimated using %R as [227]
12 2
R:w (2.25)
(n,+19)+k, =
For semiconductors and insulators, or for weak absorbing materials, kf2 << (ns— 1)2 SO
equation (2.25) reduces to

2
R:M (2.26)
(_H'J,. +17)

The extinction coefficient (ky) is the imaginary part of the complex refraction index
which relates to light absorption and can be calculated as [226]
Nz

k
f4;r

(2.27)

(iv) Dielectric constants: A dielectric is actually an insulator and affects how light
passes through a materials. A high value of dielectric constant makes the distance
inside the material looks longer so that the light travels slowly. The complex dielectric

constant (&) is a fundamental intrinsic material property and given by [231]

(n)?=g"'xu" (2.28)
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where n" and Ju* are complex refractive index and complex permeability respectively.
For non-magnetic materials # = 1. Then above equation can be written as [231]

(Y =(np—ikp)? =e, —ie, (2.29)
where the real part of dielectric constant (g,) is associated with the term that how
much it will slow down the speed of light in the material and imaginary part (&) gives
that how a dielectric absorbs energy from electric field due to dipole motion. &, and &;
can be calculated as

8."' :ufz—kfz (2.30)
and

€ = 2nk, (2.31)
(v) Optical conductivity: The optical conductivity () describes the response of the
material to electromagnetic radiations and can be determined as [226]

on.c
o=—2L
4

(2.32)

where ¢ is velocity of light, a is absorption coefficient and nyis refractive index.

2.3.6 Magnetic characterization

There are two types of magnetism in materials i.e., induced magnetism and
spontaneous magnetism. In induced magnetism, the material is magnetized only
when there is an applied magnetic field e.g., diamagnetism and paramagnetism.
However, spontaneous magnetism refers to the ability of a material to retain its
magnetic state even in the absence of an applied magnetic field e.g., ferromagnetism,
antiferromagnetism and ferrimagnetism. The magnetic properties of the materials can
be investigated in terms of magnetic parameters i.e. saturation magnetization (M),
remanent magnetization (M,) and coercivity (H.). These can be evaluated from the
hysteresis loop (M-H curve) (Figure 2.15) obtained using vibrating sample
magnetometer (VSM).

Various types of nano and bulk materials of magnetic nature can be
characterized using VSM. The working principle of VSM is based on Faraday’s Law
of induction, according to which the e.m.f induced in an electrical circuit is
proportional to the rate of change of magnetic flux linking the circuit [232,233]. VSM
measures the change of flux in a coil when a sample with non-zero magnetic moment

vibrates near it.
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When a sample is placed in a uniform magnetic field a dipole moment will be
induced. If the sample vibrates with sinusoidal motion a sinusoidal electrical signal
can be induced in pickup coils. The signal has the same frequency of vibration and its
amplitude will be proportional to the magnetic moment and relative position w.r.z. the

pickup coils system [234]. The schematic diagram of VSM is shown in Figure 2.16.
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Figure 2.16 Diagram and experimental set up of VSM
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Chapter 3

The chemical route for the growth of bulk and nanosized materials distinctly
involves the process of precipitation of solid phase from solution. A good
understanding of the process and bath parameters controlling the precipitation helps to
improve the growth of nanostructures. This chapter is divided into the following
sections:

3.1 Simultaneous synthesis of CdS nanopowder and nanofilm
3.2 Effect of thermal annealing,

33 Effect of molar ratio (S/Cd),

3.4 Effect of deposition temperature, and

3.5 Effect of film thickness

3.1 Simultaneous synthesis of CdS nanopowder and nanofilm

The increasing interest in low dimensional nanostructured materials, such as
nanoparticles, nanopowders and nanofilms, is because of their markedly different
structure and properties from bulk counterparts [235-238]. Bulk CdS has very high
resistivity which decreases for thin film depending on the deposition conditions and
techniques. CdS, due to its wide band gap, compact unit cell and electron affinity is
preferred for coating over other p—type semiconductor materials as optical window
layer [239-240]. In addition, CdS provides better lattice matching with various p—type
absorbers [240].

This section reports the simultaneous synthesis of CdS nanopowder (NP) and
nanofilm (NF) by CBD technique. The physical and structural characteristics of
nanosized CdS, in powder and film form, obtained under same growth conditions

have been studied.

3.1.1 Experimental details

The simultaneous synthesis of CdS nanopowder and nanofilm involves drop
wise addition of ammonia solution (2 M) into the aqueous solution of cadmium
chloride (0.02 M), till transparent solution is obtained. The complexing agent
(ammonia) dissolves white precipitates of Cd(OH), under constant stirring and form
cadmium—tetra—amine complex (Ccl(NI]3)42+). The solution has been vigorously
stirred for 15 min to make it clear and homogeneous. A clean glass substrate with
dimensions 35x25x1 mm has been inclined vertically in the solution for film

deposition. An aqueous solution of thiourea (SC(NH;),: 0.01 M) is added under
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vigorous stirring within 30 s. A digital hot plate magnetic stirrer for constant stirring
at 300 rpm has been used. The temperature 343 K + 2 K and pH 11 £ 0.1 of the bath
have been maintained for a growth period of 45 min. The formation of CdS from the
reactant solution shows an initial stage of nucleation. In this stage Cd(OH), is formed
in the solution and on the substrate as an initial layer. This Cd(OH); is chemically
converted into Cd(NI I3)42+ complex reacting with NH4OH. Finally, Cd(NI I3)42+ reacts
with S* ions available in the bath from hydrolysis of thiourea. Hence, CdS in the form
of layer on the substrate and as powder in solution has been obtained. The former
growth mechanism on the substrate surface is via ion by ion process and the latter, i.e.
the agglomeration of colloids in solution via cluster by cluster process [241]. The
obtained powder and film have been thermally annealed at 573 K + 5 K for 1 h. CdS
nanofilm and nanopowder have been characterized for microstructure and surface

morphology using XRD, SEM and AFM.

3.1.2 Results and discussion
3.1.2.1 Structural analysis

The intensity of prominent reflection plane (002) has been observed to be high
for NF as compared to NP (Figure 3.1.1). The diffused background in XRD pattern of
NP (Figure 3.1.1(a)) indicates the formation of weak crystalline structure. This
behavior may be due to distorted periodicity of lattice elements and short range order
structure of nanocrystallites. However, NF has smooth XRD pattern (Figure 3.1.1(b)).
This may be attributed to the high crystallinity and long range order of large
crystallites. Both samples have multiple reflection peaks with broad profile reflecting
polycrystalline nature and existence of nanocrystallites. Besides, samples exhibit
prominent o-CdS (WZ7) phase. NP (Figure 3.1.1(a)) has additional peaks at
20 = 29.82°, 31.84° and 55.14° that correspond to (200) reflections of -CdS, (002)
reflection of hcp—Cd and (004)/(222) reflection of mixed o and f—CdS phases
respectively [242,243]. However, for NF (Figure 3.1.1(b)), only one additional peak
at 20 = 24.03° corresponding to (222) of orthorhombic (a-Sg) phase has been
observed [243]. Thus, NF has prominent a—CdS structure with high crystallinity in
comparison to NP. The growth of NP via cluster by cluster process may be attributed
to predominant f—CdS phase in comparison to ¢—CdS structure. In NF, ion by ion
growth process may be responsible for enhancing a—CdS structure. The occurrence of

hep phase of Cd in NP and orthorhombic a-Sg in NF may be attributed to the size of
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Cd** and S* ions. In the later stages of reaction, the large size Cd** ions are more
favored in solution whereas, in the initial stage the tendency for adsorption of small
S* ions on substrate is more in comparison to Cd** jons. The identical nature of 26
and (hkl) suggests that the growth of CdS in solution and its adsorption on the
substrate may have evolved under the same growth parameters. The dj values (Table

3.1) are in reasonable agreement with standard dj values of CdS [242].
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Figure 3.1.1 XRD spectra for (a) NP and (b) NF

The texture coefficient (TCyyy) has been calculated using equation (2.12) [222].
TChy values indicate higher degree of orientation for NF in comparison to NP (Table
3.1). For NF, crystallites illustrate strong orientation along (002) plane whereas, for
NP they are weakly oriented. The evolution of the texture during growth mechanism
has a strong effect on the surface features of grains. The initial ion by ion growth on
substrate contributes to the strong texture development in comparison to cluster by
cluster growth in the residue.

The lattice constants a and ¢ for WZ structure have been calculated using
equation (2.3) (Table 3.1). The c¢/a ratios for both the samples have been found to be
slightly greater than the standard value 1.623 for the o—CdS (Table 3.1) [242]. Thus,

for NP and NF, lattice deviation along ¢—axis is high. In NP, both lattice constants are

61



CdS nanofilms

less than standard value [242] which indicates that crystallites in NP are under
compressive strain. However, higher ¢ value for NF indicates tensile strain [64].
Generally, the lattice constants of nanoparticles are different from their bulk
counterparts due to the existence of defects like surface & interface stress, strain,
grain boundaries, dislocations, etc. The deviations in ¢/a ratios are 0.80% and 0.84%

for NP and NF respectively and are < 1% showing a marginal structural distortion.

Table 3.1 The structural parameters: Bragg’s angle (26), interplanar spacing (djx),
texture coefficient (TCpy), lattice constants (a & c¢), ¢/a ratio, bond length (L),
distortion parameter (&,), crystallite size (D) by DS method, crystallite size (D,) and
microstrain (&;;) by WH method for NP and NF

Dk ), 1
20 | d a c Leas Dy | D, Enti

= | i
Slaeo| i [T @ | @ | “ | @] & |0@m] 6w <0

NP | 26.75| 3.330| 1.27 | 4.083]| 6.659 | 1.6311| 2499 | -0.034 | 7.53 | 5.03 | -1.38

NF | 26.68 | 3.339| 354 |4.093| 6.677 | 1.6314| 2506 | -0.026 | 14.24| 23.16| 7.70

In a real crystal, the WZ structure deviates from the ideal arrangement due to
changing c¢/a axial ratio and internal parameter (u;) [244] (for NP and NF,
uip = 0.375). The parameter u;, signifies the shift of anionic sub-lattice w.r.f. cationic

sub-lattice in z—direction and is given as [244]

1{a? 1 3.1.1
u'fp = ;[C_QJ_F[I] ( )

The structural deviation due to change in ¢/a ratio is responsible for contraction or

expansion of lattice and hence, the bond length (L¢y ) (Table 3.1), which has been

2 { 2
e 2 3.1.2
LC{.IT—S = [7}"1‘(3—“1-.0} & ( )

The lattice deviation in terms of distortion parameter (g,) (Table 3.1) has been

calculated using [244]

calculated from [244]

&, =la*e—aZe, ) aZe, (3.1.3)
where a, and ¢, are the standard lattice constants [242]. The unit cell volume (for NP
and NF = 96.133 A’ and 96.873 A’ respectively), i and Leg s are less than their
respective standard values [242]. Moreover, the negative value of &, and higher

62



Chapter 3

density (for NP = 4.992 g/cc and NF = 4.954 g/cc) w.r.t. standard CdS [242] directly
indicate that there may be contraction of lattice. In nanocrystalline materials, the
smaller surface energy of the nanocrystallites causes size contraction and
solidification by elastic distortion of lattice [245]. The correlated arrangement in
nanoparticles may also be responsible for the random lattice disorder and bond length
contraction. This contracted bond length stiffens the nanoparticles leading to high
density [246].

The crystallite size (D) has been calculated using DS method, equation (2.9)
(Table 3.1). Additionally, WH method (equation (2.11)) has been used to get a fair
idea of full width half maxima (FWHM) for diffraction peaks. The crystallite size (I,)
and microstrain (g) have been calculated for NP and NF from the linear fit of WH

plot (Figure 3.1.2) (Table 3.1).
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Figure 3.1.2 WH plot for (a) NP and (b) NF

The small negative value of microstrain for NP indicates nanocrystallites
under compressive strain leading to compact shrank lattice while the high positive

strain value for NF indicates that film structure is under tensile strain [247].

3.1.2.2 Morphological analysis
SEM micrograph of NP (Figure 3.1.3(a)) consists of nanocrystallites and their
aggregates. The formation of compact agglomerates and flocks of crystallites in NP

may be due to homogeneous precipitation of CdS. The nanocrystallites are embedded
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densely in these clusters. SEM micrograph of NF (Figure 3.1.3(b)) shows the surface

of film to be homogeneous and uniformly spread, devoid of pores and cracks.

L

Figure 3.1.3 SEM micrographs for (a) NP and (b) NF

The roughness (R,,,;) from AFM images for NF has been observed to be 6.80
nm (Figure 3.1.4(a)). The highly organized and densely packed nano CdS facets have
been observed. CdS particles grow in columnar structure parallel to the plane of
substrate (Figure 3.1.4(b)) indicating the growth of hexagonal-WZ structure with
(002) orientation. Hence, few grain boundaries are present in NF to disrupt the flow of

charge carriers. This may be explored for application of NF in window layers.
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Figure 3.1.4 (a) 2D and (b) 3D AFM images for NF

3.2 Effect of thermal annealing

Annealing is a process of heating the material for a suitable temperature, kept
at that temperature for a period of time and then cooling it slowly. During annealing
(at high temperature) atoms of the material have high energies which provide freedom

to restructure themselves. As the temperature is reduced the energy of these atoms
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decreases, until a state of minimum energy is achieved. Annealing is applied to
relieve the internal strain and stress of the films after they have been deposited.
Annealing occurs by the diffusion of atoms within films, advances them towards
equilibrium state, breaking bonds and redistributing the dislocations [248,249].
Annealing treatment affects the surface morphology, grain distribution and
crystallization of films. In general, as—deposited films show poor crystallinity and
crystal imperfections. Anncaling plays an important role in reducing the crystal
imperfections and strains, thus, enhancing the crystallinity of films at temperatures
higher than the deposition temperature [249-251]. It also improves the quality of the
films and on impurity addition, ensures the uniform distribution [249,250].
Practically, thermal treatments are given during the fabrication of several kinds of
optoelectronic devices [249-253].

[n this section, the effect of annealing at different temperatures (373 K, 473 K,
573 K and 673 K) on the structure, morphology and optical properties of CdS

nanofilms has been studied.

3.2.1 Experimental details

CdS nanofilms have been deposited using procedure given in section 3.1.1.
The reaction bath has been wrapped tightly to minimize the evaporation of ammonia.
The nanofilm has been deposited for a period of 1 h. During the chemical reaction
mechanism, large amount of gas bubbles have been formed in the bath. In order to
eliminate the gas bubble formation, non—ionic surfactant TX-100 (5%) dissolved in
double distilled water (Millipore, 15 MQcm) has been used. TX-100 completely
eliminates the gas bubbles, thus, leading to a good quality of films.

The chemical reactions leading to the film formation may be represented as:
The cadmium tetra—amine complex ion decomposition

[CA(NH3)4*"] = Cd** + 4NH;
The hydrolysis of thiourea in alkaline solution with S* jons generation

SC(NH,), + 20H — CHoN; + 2H,0 + §&

The overall reaction is as follows

[CA(NH2)s>*] + SC(NH,), + 20H  —  CdSgim + CNoHy + 4NH; + 2H,0

e : - ~ 42 ~2- -
The deposition occurs when the ionic product of Cd™" and S° ions exceeds the

solubility product of CdS (10'2?) [199].
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The obtained films have been observed to be pale yellow, uniform and with a
good adherence to the substrate. The obtained films have been thermally annealed at
temperatures 373 K, 473 K, 573 K and 673 K + 5 K for 1 h. Thickness, structural,
morphological, compositional and optical measurements have been carried out on
these films using stylus profilometer, XRD, SEM, EDAX and UV-Vis—NIR

spectrophotometer respectively.

3.2.2 Results and discussion
The thickness of the sample Z0 (as—deposited), annealed samples Z1 (373 K),
72 (473 K), 7Z3 (573 K) and Z4 (673 K) has been calculated to be 40 nm, 41 nm,

38 nm, 40 nm and 41 nm + 0.1 nm respectively.

3.2.2.1 Structural analysis
The films annealed at different temperatures show single broad XRD peak

indicating nanocrystalline nature (Figure 3.2.1). The 26 values for peak position of
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Figure 3.2.1 XRD spectra for as—deposited film (Z0), annealed films (Z1, 722, 7Z3 and
Z4) CdS nanofilms

films (Table 3.2) have been assigned to the reflection (/17) of cubic—ZB structure
[101]. The preferred (//7) orientation may be due to the controlled nucleation
occurring in the film growth process and reflects the slow growth rate of the film

deposition [106]. The sample 70 has a peak at 26 = 26.94° with small intensity, which
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indicates low crystallinity, while its broader width reflects the nanocrystalline nature.
The diffraction peaks have been observed to be more sharp and intense with
increasing annealing temperature while their width goes on narrowing enhancing the
crystallite size.

The full width half maxima (FWHM) values and peak position change with
annealing temperature. The FWHM values give an estimate of the crystalline quality
of the films. The smaller FWHM value indicates the better crystallinity of the film.
For sample 70, its value is maximum (0.5722). The FWHM values decrease from
0.5425 - 0.3319 with annealing temperature from 373 K — 673 K. At 673 K, the film
shows sharp and intense peak with a small FWHM indicating high crystallization with
a larger crystallite size. The XRD peaks of reflection (/77) shift towards the lower
scattering angle (20) with increase in annealing temperature. This shift may be due to
an increase in crystallite size, interplanar spacing, while the dislocation densities &
microstrain in the film decreases (Table 3.2).

The crystallite size (Dyy) for CdS films calculated using DS formula (equation
(2.9)) has been given in Table 3.2. The film Z4 has maximum Dyy. The crystallite size
increases with the increasing annealing temperature. The grain growth is 7%, 18%,
29% and 72% for films Z1, 72, 7Z3 and 74 respectively. With increasing annealing
temperature the grain growth increases. This may be due to coalescence responsible
for reorganization of crystallites, leading to densification of film and reduction of
voids and strains.

The interplanar spacing (dpy) and lattice constant (a) for samples have been
determined using equations (2.1) and (2.2) respectively. These values have been
found to increase with annealing (Table 3.2). The increase in the interplanar spacing
and lattice parameter leads to the crystallite growth from 14.12 nm to 24.33 nm. All
films have lower lattice parameter in comparison to powder sample (5.82 f\) [242].
Vigil et al. and Morales et al. have also observed an increase in dyy and a values with
increasing annealing temperature [254,255].

The microstrain (gx;) and dislocation density (p,y) have been evaluated from
equations (2.5) and (2.6) respectively and are listed in Table 3.2. As the annealing
temperature increases, micro strain and dislocation density of the films decreases.
This may be due to dominant re—crystallization and reorganization of crystallites

which reduce the lattice mismatch of the films [256].
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Table 3.2 Values of Bragg’s angle (26), crystallite size (Dyy), interplanar spacing
(dwi), lattice constant (a), microstrain (gpy), dislocation density (ppw), absorption
coefficient (a) and optical band gap (E,) for CdS nanofilms for as—deposited film
(70) and annealed films (Z1, 72, 73 and 74)

rim | 20| oA | e | e | | e
70 26.94 | 14.12 | 3.306 | 5.727 | 10.04 5.02 1.37 2.81
71 26.84 | 14.89 | 3.319 | 5.748 | 9.92 4.51 1.59 2.76
72 26.79 | 16.96 | 3.325 | 5.759 | 8.72 3.48 1.68 2.49
73 26.77 | 17.61 | 3327 | 5763 | 841 3.23 1.71 2.46
74 26.75 | 2433 | 3.329 | 5.766 | 6.09 1.69 2.17 2.42

3.2.2.2 Morphological analysis

SEM micrographs of nanofilms show homogeneous and continuous surface
(Figure 3.2.2). The surface morphology of all films is smooth, uniform without
pinholes and cracks. This may be due to the influence of TX-100 which acts as
reducing agent and shows low solid—water interfacial tension. The adsorption of
TX-100 on glass substrate provides better wetting property and eliminates gas
bubbles in the bath [257]. Small nanosized grains with grain boundaries are
distributed uniformly. There is change in film surface morphology with annealing.
The annealing enhances the tendency of coalescence of small crystallites into larger
grains and shows densification of the particles. After annecaling, the CdS nanofilms
show denser microstructure. These results are in good agreement with XRD results
which show that the grain size increases with annealing temperature.

The quantitative elemental analysis of the films carried out using the EDAX is
shown in Figure 3.2.3 together with S/Cd elemental ratio (in at. %). EDAX spectra
confirm Cd and S elements. EDAX spectrum also shows the signal of other elements
such as Si, Na, Ca, Mg, Al, K and O. These elements are observed due to their
presence in the glass substrate (Figure 3.2.2). On comparing the EDAX of uncoated
glass substrate with the coated sample, the actual elemental composition of the CdS
nanofilms has been determined and found to be stoichiometric in at.%. However,
sulfur content goes on decreasing with increase in annealing temperature

(Figure 3.2.3).
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Figure 3.2.2 SEM micrographs of as—deposited film (Z0) and annealed films (Z1, 72,
73 and 74) and EDAX of glass substrate (as reference)
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Figure 3.2.3 EDAX spectra for CdS nanofilms annealed at different temperatures
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3.2.2.3 Optical analysis

The transmittance (%7) of all films is high in visible and NIR region of solar
spectrum (Figure 3.2.4). The relative high %T of the films and sharp fall in their
transmission at band edge indicate low surface roughness and good homogeneity
[258]. The %T has been observed to decrease with increase in annealing temperature.
This may be due to scattering and absorption of light; since after the annealing, films

become denser and for denser films scattering and absorption of light is higher [258].
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Figure 3.2.4 Transmittance (%) spectra of as—deposited film (Z0) and annealed CdS
nanofilms (Z1, 22, Z3 and 74)

The optical absorption coefficient (o) due to inter-band transition near the
band gap has been calculated using equation (2.18). The value of ¢ is minimum for
as—deposited film and increases with increase in annealing temperature (Table 3.2).
This may be due to formation of larger crystallites as a result of annealing. These
larger crystallites (Table 3.2) lead to an increase in absorption. Similar variation in
transmittance and absorption on annealing has been reported [259,260]. The optical
absorption edge shows a shift towards longer wavelengths with annealing, i.e., red
shift takes place w.r.r. as—deposited film. This red shift indicates an increase in
crystallite size with increase in annealing temperature. The change in optical behavior
may be due to the structural changes occurring as a result of crystallization in the
films with an increase in annealing temperature.

The value of optical band gap (F,) has been determined using equation (2.21)

and listed in Table 3.2. Figure 3.2.5 clearly shows that E; decreases with annealing
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temperature. The decrease in E, with increase in annealing temperature may be due to
formation of sharp band edges because of induced recrystallization and an increase in
crystallite size. The increase in annealing temperature leads to the reduction of defects

and microstrain, resulting in dense homogeneous films with smaller band gap.
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Figure 3.2.5 Plot of (ah v)2 vs. hv for as—deposited film (Z0) and annealed CdS
nanofilms (21, Z2, 723 and 74)

3.3 Effect of molar ratio (S/Cd)

The nature of the reactants and their concentration has an influence on the rate
of deposition, film thickness and stoichiometry of the films [199]. Oztas et al. and
Li et al. have reported that the variation in reagent concentration (atoms/ions) leads to
the formation of defects, change in crystallite quality and geometry in the deposited
films [261,262]. Hodes G and Cortes et al. have reported that a nanocrystalline system
can be deposited for a critical concentration ratio of reactants in the solution
[200,263]. Marin et al. have studied the effect of concentration on CdS-CdTe
interface in order to improve the CdS/CdTe solar cell performance [264].

This section presents the effect of S/Cd molar ratio on the structural,
morphological and optical properties of (CdS nanofilms. The variation in the
properties with varying S/Cd ratio has been discussed in terms of quantum

confinement.
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3.3.1 Experimental details

The procedure for the deposition of CdS nanofilms is given in section 3.1.1.
The molarities of thiourea for different S/Cd ratios {Molarity = 0.01 M (S-1), 0.02 M
(S-1I), 0.04 M (S-I1I), 0.06 M (S-1V), 0.08 M (S-V), 0.10 M (S-VI)} have been
varied to deposit six nanofilms. The nanofilms have been deposited for a period of
45 min each. After deposition, films have been ultrasonically cleaned with 20%
methanol solution and finally drip dried in air. The obtained films have been annealed
at 573 K+5 K for2h.

Thickness, structural, morphological, compositional and optical measurements
have been carried out using stylus profilometer, XRD, SEM, EDAX and UV-Vis—

NIR spectrophotometer respectively.

3.3.2 Results and discussion
The thickness of the deposited nanofilms has been tabulated in Table 3.3.1.

The thickness for S—III has been found to be maximum and minimum for S—V film.

3.3.2.1 Structural Analysis
XRD spectra of CdS nanofilms show broad diffraction peak profiles (Figure

3.3.1). The existence of single broad peak in all CdS films indicates nanocrystalline

Intensity (arb. unit)

20 22 24 26 28 30 32 34 36
Bragg's angle (deg.)
Figure 3.3.1 XRD spectra of CdS nanofilms after thermal treatment for different S/Cd

molar ratios
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structure. The structural analysis of films deposited for varying thiourea concentration
shows a preferential orientation with a single main peak at position 24 (Table 3.3.1).
This corresponds either to hexagonal-WZ (002) reflection or to cubic—ZB (/11)
reflection of the CdS structure [99,242]. The more stoichiometric films (Table 3.3.2),
i.e., S-II & S-III show high probability for ZB (/11) lattice reflection of the CdS
structure corresponding to peak position 28 = 26.79°, while the less stoichiometric
films are aligned towards WZ (002) reflection corresponding to peak position 26 =
26.76°. This behavior indicates the phase transformation, which may be due to
varying S/Cd molar ratios. The smaller crystallites having large surface area in as—
deposited films are more likely to undergo the phase transformation. By varying S/Cd
molar ratio and on annealing their as—deposited films the crystallite size increases.

The crystallite size (Dpy) in CdS thin films has been calculated using equation
(2.9). It is observed that for films S-I to S-IV, reflection XRD peak intensity is high
in comparison to S—V and S-VI. This indicates an enhanced nucleation and growth in
the films S-I to S-IV in comparison to films S—V and S—VI. For S-I, low thiourea
concentration is responsible for less release of S* ions and excess Cd** agglomerates
in the solution. This causes the ionic species to get uniformly associated on the
substrate surface, yielding uniform agglomeration with high crystallinity and
crystallite size (SEM image, Figure 3.3.2). For film S-II, with little more thiourea
decomposition, the solution is less rich in Cd** free ions. Therefore, smaller fine
agglomerates of Cd** rich particles are uniformly formed with homogeneous CdS
deposition. The film shows cubic—ZB (/11) structure with an increase in crystalline
order of S—II film unlike hexagonal-WZ (002) of S—I. The deposition conditions for
films S—III and S-IV are similar on account of increasing thiourea decomposition in
respective solutions indicating Cd** deficient environment. The decrease of Cd** free
ion concentration with an increase in thiourea decomposition slows down the rate of
agglomeration from S—III to S-IV. Therefore, lesser agglomeration of particles takes
place on increasing S/Cd ratio from S-III to S-IV. On increasing the S/Cd ratio from
S—III, the structural changes show a phase transformation from cubic-ZB (111) to
hexagonal-WZ (002).

For S-1 to S-IV (i.e. S/Cd molar ratio < 3) the predominant mode of film
deposition is via ion by ion mechanism [38] yielding high crystallinity and large
crystallite size. For S/Cd molar ratio > 3 (S5-V and S-VI), cluster by cluster
mechanism of film formation is more prevalent [38]. The reaction rate is fast enough
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to promote a quick CdS precipitation resulting in agglomeration in the solution rather
than nucleation on the substrate. This causes poor homogeneous growth of the film.
Hence, films S—-V and S-VI get rich in S% and deficient in Cd** (Table 3.3.2). The
crystallite size decreases to minimum for S-III due to relatively lower S/Cd ratio and
optimizes (Table 3.3.1). But the crystallite size increases for S-IV to S—VI on account
of high S/Cd ratio in precursor solution. For S/Cd = 2 (S-III), small crystallite size

and high thickness favors optimum crystallite growth (Table 3.3.1).

Table 3.3.1 Values of S/Cd molar ratio, film thickness (), Bragg’s angle (20),
crystallite size (Dyy), interplanar spacing (dj), microstrain (), dislocation density
(pm) and packing factor (p)

S/Cd
Film | molar
ratio

S-1 0.5 | 33.7 | 26.76 | 19.70 | 3.329 7.52 2.58 59.17

! 20 Dy dp Enkl Prax10 B

(nm) | (deg.) | (nm) (A) %107 line/m? P

S-1I 1 325 | 26.79 | 15.83 | 3.325 9.34 3.99 47.62

S-111 2 353 | 26.79 | 14.68 | 3.325 10.08 4.64 44.16

S-1v 3 322 | 26,76 | 15.53 | 3.325 9.54 4.15 46.70

S-V 4 31.2 | 26.76 | 16.82 | 3.329 8.81 3.53 50.54

S-VI 5 326 | 26,76 | 1835 | 3.329 8.07 297 55.13

The interplanar spacing (dpy), microstrain (&x), dislocation density (pur) and
packing factor (p) have been determined using equations (2.1), (2.5), (2.6) and (2.7)
respectively and are listed in Table 3.3.1. The calculated dy values for all films are
close to standard cubic and hexagonal values of CdS [242,265]. S-I has maximum
number of atomic layers (p = 59.17) in the crystalline domain because of larger
crystallites with least microstrain 7.52 x 10~ and dislocation density of 2.58 x 10"
line/m®. The reduction in the number of atomic layers for S/Cd < 3 ratio (S-I to
S—1III), enhances the dislocation density and microstrain to maximum for S—III (Table
3.3.1). This may be due to small crystallite size and hence minimum atomic layers in
S—III. On increasing the S/Cd > 3 ratio, (S-IV to S-VI), the atomic layers begin to
pile up, due to increase in crystallite size, reducing the dislocation density and

microstrain to minimum for S—VI. Hence, S—VI has higher number of atomic layers.
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3.3.2.2 Morphological Analysis
SEM micrographs show that deposited films are homogeneous, continuous

and uniform on the substrate without pinholes and cracks (Figure 3.3.2).
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Figure 3.3.2 SEM micrographs of CdS nanofilms for varying S/Cd molar ratios

Nanocrystallites having spherical symmetry are distributed uniformly in the

background throughout the surface and are closely packed to each other indicating
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good adhesion with the substrate. This spherical symmetry may be due to immense
surface energy of nanocrystallites. These spherical nanocrystallites may have both
hexagonal and cubic structure. These films are also accompanied by small number of
large clusters on the surface. These clusters may be the agglomerated atoms attached
to the surface even after post deposition cleaning. The influence of S/Cd molar ratio is
noticeable on S—I, S-V and S—VI, which shows large crystallite size (Table 3.3.1) and
abundance of big clusters. Films S-I, S-II, S-V and S-VI show similar surface
morphology having large number of nano clusters of different sizes. This may be due
to the reaction between ionic species in the abundant environment of free Cd** ions
for S—I and S—II and free S* ion for S—V and S—VI (Table 3.3.2). The S-III and S-1V
films have identical morphology having uniform distribution of nanocrystallites with
few large clusters. This type of morphological behavior of films may be due to the

effect of S/Cd concentration on the nucleation and growth mechanism.

Table 3.3.2 EDAX analysis, values of absorption coefficient (o), optical band gap
(E,) and blue shift (AE,) for all nanofilms

Film C'{;DAX *‘“‘:ys‘s (a'--:‘;)(:d gl']l_(l); " :3.)01 AE, V)
S-1 51.14 48.86 0.96 1.12 2.58 0.16
S-1I 50.60 49.40 0.98 1.43 2.67 0.25
S-III 49.60 50.40 1.02 1.59 2.88 0.46
S-1vV 48.90 51.10 1.04 1.52 2.76 0.34
S-v 48.35 51.65 1.07 1.44 2.64 0.22
S-VI 47.07 52.93 1.12 1.11 2.60 0.18
EDAX spectra (Figure 3.3.3) confirm the presence of Cd and S elements in the

films. It also shows small peaks of other elements as Si, Na, Ca, Mg, Al, K and O on
account their presence in glass substrate. On comparing the EDAX of glass substrate
with that of coated film, the actual elemental composition of the CdS thin film has
been calculated (Table 3.3.2). EDAX analysis shows nearly stoichiometric S—II and
S—III films in at.%. S—I is found to be sulfur deficient and S-IV to S—VI are sulfur
rich. Homogeneous film formation is more probable in CBD since both Cd** and $*
jon are obtained from same solution. The overall film formation shows S* deficient

behavior w.r.t. thiourea concentration in the solution.
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3.3.2.3 Optical analysis

All films have high %7 in visible and NIR region of spectrum (Figure 3.3.4).
These have 80% average transmission for visible spectrum with highest %7 for S—VI.
There is high %T for S—I, S—II, S-V and S—VI in comparison to S—III & S-IV. This
may be due to excess of constituent ions in the films. Moreover, increase in %7 may

also be due to an increase in the crystallite size (Table 3.3.2). The extension of %T
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observed in high energy region up to 300 nm is an evidence of disorder or presence of

amorphous component in films [208].
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Figure 3.3.4 Transmittance (%) spectra of CdS nanofilms for varying S/Cd molar

ratios and inset show plot of a vs. wavelength

In semiconductor nanocrystallites, a shift in absorption edge w.r.7. the bulk
material towards shorter wavelength, i.e. blue shift has been reported [266]. Bulk CdS
has a band gap of 2.42 eV + 0.01 eV, corresponding to an absorption cut—off
wavelength of 512 nm [116]. A blue shift (Figure 3.3.4) has been observed in all
nanofilms w.r.z. bulk and is used to evaluate the crystallite size. The cut off
wavelengths at absorption edge have been found to be 480 nm (S-1I), 460 nm (S-II),
430 nm (S-I11I), 450 nm (S-1V), 470 nm (S-V) and 475 nm (S-VI) respectively. The
absorption edge shifts toward shorter wavelength from S-I to S-III with respective
increase in S/Cd molar concentration from 0.5 to 2. As a result, the crystallite size
decreases, which is in agreement with XRD results (Table 3.3.1). The absorption edge
shows a change in its behavior after S—III with a shift towards longer wavelength on
increasing S/Cd ratio from 3 to 5 (S-IV to S-VI). This may be due to higher
crystallite growth (Table 3.3.1).

The absorption coefficient («) is influenced by scattering losses and
fundamental absorption. The absorption coefficient in the strong absorption region
has been calculated using equation (2.18). The type of electron transition indicating
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the nature of band gap has been estimated from the value of a. Absorption coefficient
has been found to be of the order of ~ 10° ¢cm™ for all films (Table 3.3.2) indicating
direct transition. It has been observed that a increases to maximum for S-III followed
by a decrease. This may be due to small nanocrystallites (Table 3.3.1) in S—III, which
provide large collective surface area leading to an increase in surface to volume ratio
and hence, results in a large number of absorption centers. While for other films with
large crystallite size and agglomerated nano clusters, surface energy is reduced
resulting in low a values.

The direct energy gap exhibits two linear region (Figure 3.3.5) one lying in the
low energy range and other in high energy. This may be due to the existence of

amorphous character leading to the degradation of structure and crystallites size in the
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Figure 3.3.5 Plot of (ahv) vs. hv for varying S/Cd molar ratios

films with varying S/Cd concentration. The E, values have been estimated using
equation (2.21) and are listed in Table 3.3.2. There is a shift in band gap (AE,) of all
films w.r.z. bulk CdS. The maximum blue shift has been observed for S—III and may
be attributed to band gap dependence on crystallite size. With decrease in particle
size, the number of constituent atoms decreases. Hence, fewer energy levels may be
occupied, increasing the band gap [267]. The band gap of hexagonal phase is slightly
less than the cubic phase (Table 3.3.2) and similar results have been reported by
Hodes et al.[268].
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The blue shift with decrease in crystallite size may also be explained using
quantum confinement. The excitonic transitions, i.e., electron transition energy
between quantized valence and conduction bands [269] have been used to
theoretically estimate the size of nanocrystallites. The variation in electronic structure
of nanocrystallites as a function of its size has been explained on the basis of
theoretical approaches; effective mass approximation (EMA) [111,112] and tight
binding model (TBM) [270,271].

The parabolic band model EMA is used to explain the blue shift or change in
energy gap as a function of crystallite size. According to EMA, depending upon the
crystallite size, there are two limiting type of confinement regimes [112]. First the
‘strong confinement regime’ applicable, when the radius of crystallite R < ap, the
exciton Bohr radius. For bulk CdS, the value of az = 3 nm [28]. In this regime,
electrons and holes are considered as two confined particles. The band gap energy

(E;"™) in this regime is approximated using the relation [62]

2 2 2
pano bulk h~x _1.78()6‘

v =E + 3.3.1
& g 2[.(R2 R ( )

where

Eg“"k is the bulk band gap, p is the effective mass of the CdS system,

j= m*m: /(m* +m‘; ), m" is the effective mass of electron (0.19 m,), m;‘ is the effective
[ [ € 1

mass of hole (0.8 my), R is the radius of the nanocrystallites. The second and third
terms in equation (3.3.1) represent kinetic energy and coulomb interaction of the
electron and holes respectively. Second is ‘weak confinement regime’, for R > ap.
This regime is characteristic of exciton existence, treated as spheres. These spheres
are confined as quasi—particles with quantized motion. The band gap energy (E,"")
in this regime is approximated using the relation [62]

7 2 72_2
2MR?

Epano = phulk (33.2)
where M is the mass of exciton, given by M = m; + mz .The latter regime of EMA has
been used for size calculation since the observed radius of nano crystallites R > ap.
TBM is based on the atomic orbital and hopping interactions defined over a
predetermined range.

According to TBM approach, the variation in blue shift (AE,) with diameter of

nanocrystallites (d) is estimated using relation [270]
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NP L

¢ =ape +aye (3.3.3)
where a;, a», b; and b are constants having values 2.83, 1.96, 8.22 and 18.07 for CdS
respectively [270].

The values of blue shift as a function of crystallite size calculated from EMA
and TBM have been plotted in the Figure 3.3.6. EMA underestimates the blue shift
for much smaller crystallite size in comparison to experimentally obtained results
from XRD [272]. In contrast, TBM results are in good agreement with experimental
results. The quantum confinement in deposited films confirms low dimension

structure and nanocrystallites of small volume.
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Figure 3.3.6 Plot of blue shift vs. crystallite size obtained by XRD, EMA and TBM
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There is systematic change in blue shift for all films with varying S/Cd
concentration in the solution (Figure 3.3.7). AE, increases to maximum for S—III and
the crystallite size decreases to minimum for S—III with the S/Cd molar ratio (0.5 to

2). For S/Cd molar ratio 3 to 5, there is an increase in crystallite size.

3.4 Effect of deposition temperature

Deposition temperature significantly influence the structural growth,
deposition rate and reaction kinetics. The role of deposition temperature (T) is
extremely critical in CBD for the film growth and controlling different properties of
the films [208,273-275]. In this section, CdS nanofilms have been deposited at
different deposition temperatures i.e., 7y = 323 K, 333 K, 343 K, 353 K and 363 K.
The deposited nanofilms have been studied for their structural, morphological and

optical properties.

34.1 Experimental details

The CdS nanofilms have been deposited using experimental detail given in
section 3.1.1. The solution is heated up to the deposition temperature i.e., Ty = 323 K,
333 K, 343 K, 353 K and 363 K. Aqueous solution of SC(NH;),: 0.04 M has been
added and depositions have been carried out for a period of 40 min. The post
deposition thermal treatment has been performed on the as—deposited films at 573 K
5 K for 2 h. The structural, morphological, compositional and optical measurements
have been carried out using XRD, SEM & AFM, EDAX and UV-Vis-NIR

spectrophotometer respectively.

34.2 Results and discussion
The film thickness (¥) has been measured using stylus profilometer and listed
in Table 3.4.1. The film thickness increases to saturation with increasing 7, from

323 K to 343 K, followed by a decrease (Figure 3.4.2).

3.4.2.1 Structural analysis

XRD spectra (Figure 3.4.1) shows that film deposited at 323 K corresponds to
cubic—ZB (f-CdS) or hexagonal-WZ7. (o—CdS) structure [242]. With an increase in
deposition temperature, ie., T; < 343 K, there is appearance of f/a—CdS and f-CdS
phases. Films deposited for T, > 343 K have prominent o—CdS phase. The films
deposited at 7; < 343 K have cubic structure predominantly whereas polymorph
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(cubic/hexagonal) CdS structure for 7; = 343 K. For T, > 343 K, hexagonal phase
dominance is evident from the appearance of other reflections peaks associated with
a—CdS phase in the polymorph. The dpy values (Table 3.4.1) calculated using
equation (2.1) are within 1% error w.r.t. standard dpy values of CdS [242]. The duy

values increase with rise of T, which may be attributed to phase alteration from cubic

to polymorph.
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Figure 3.4.1 XRD spectra for CdS nanofilms at different 7, = 323 K, 333 K, 343 K,
353 Kand 363 K

The Dy for different T; has been determined (Table 3.4.1) using equation
(2.9). The significant broad profile of XRD peaks (Figure 3.4.1) may be due to the
presence of nanocrystallites, lattice defects and strain in the films. The crystallite size
(Dy) and microstrain (gmy) have been calculated (Table 3.4.1) using WH method
(equation (2.11)). The value of the dislocation density (puu :I/I)El..) has been
calculated for all the films. As T, increases from 323 K to 343 K, D, decreases to
minimum while gz and pyy increase to maximum (Table 3.4.1). For T; > 343 K, D,
increases while euy and py, decrease. The high dislocation density and microstrain at

T; = 343 K may be attributed to strain hardening and strengthening of the film
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structure due to restriction in dislocation and its movement within grain dimensions

[277].

Table 3.4.1 Values of the CdS nanofilms parameters: film thickness (f), interplanar
spacing (dpu), crystallite size (Dpy) by DS method, crystallite size (D,) and
microstrain (gpy) by WH method, dislocation density (p;y) and AFM analysis with

deposition temperature (7).

1y t dpt Dy D, Enkl | Phki X 10215 D A]‘MR
9 3 TR, AFM rms

(K) | (nm) (A) (nm) | (nm) x10 (line/m”) (nm) | (nm)
323 | 46.20 | 3.326 | 34.51 | 25.40 0.67 1.55 39 15.56
333 | 54.80 | 3.326 | 30.04 | 22.81 1.78 1.92 32 6.87
343 | 63.60 | 3.334 | 21.93 | 20.63 1.89 2.35 21 5.65
353 | 61.10 | 3.339 | 26.93 | 28.90 0.85 1.20 33 11.73
363 | 55.30 | 3.339 | 37.64 | 35.61 0.48 0.78 38 16.84

The structure formation under the influence of T, has been discussed in terms

of deposition activation energy (F,) using Arrhenius equation [273]

In(dr) = -2 4 tn(A) (3.3.3)
RT 4

where dr, R, T;and A are deposition rate, gas constant (= 8.31 Jmol'K™), deposition

temperature and pre—exponential factor respectively.

0.5F

323 333 343 353 363

. A . .
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1000/T, (K™

Figure 3.4.2 In(dr) vs. inverse of T,. Inset shows the variation of 7 with T
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The values of E, have been observed to be 0.147 eV for deposition temperatures
ranging from 323 K - 343 K and 0.072 eV for T; = 343 K — 363 K respectively
(Figure 3.4.2). The high value of E, promotes cluster by cluster growth leading to
cubic structure, whereas low E, value corresponds to ion by ion growth favoring
hexagonal structure [273]. The chemical reactions are temperature dependent. For T}
(= 323 K - 343 K), E, has positive value and this deposition temperature range
accelerates the chemical reaction. Further increase in T; (343 K — 363 K) leads to the
negative F, values suggesting that the reaction process may be slowing down. This
negative £, value for CdS growth for temperature 343 K to 363 K suggest that there is
no energy barrier to the growth, but rather that this may be due to some other factors
such as running out of reactants, steric hindrance, increased desorption etc.

EDAX analysis indicates the films deposited at 7; < 343 K are rich in sulfur
content while for 7;> 343 K, films are rich in cadmium (Figure 3.4.3). The ratio Cd/S
(at.%) — 1.0 as T; — 343 K and the film becomes homogeneous in nature. The
change in the composition of nanofilms may be associated with the availability of free

) 2. . . . Py P
Cd™ and S” ions in the reaction solution at different 7.

Full Scale 251 cts Cursaor: 0.000 Full Scale 251 cts Cursor: 0.000 ull Scale 251 cts Cursor: 0.000
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Figure 3.4.3 EDAX spectrum of CdS nanofilms deposited at different deposition

temperatures with quantized value in at.%
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3.4.2.2 Morphological analysis

SEM micrographs of CdS nanofilms (Figure 3.4.4) show smooth and
homogeneous surface free of pores and cracks. The spherically symmetric
nanocrystallites are uniformly distributed in the background throughout the surface
which produces densely packed film structure. There is presence of few clusters due
to agglomeration of crystallites. The average crystallite size estimated from SEM
images for films deposited at T; # 343 has been found to be large in comparison to
film deposited at 7, = 343 K (Figure 3.4.4).
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Figure 3.4.4 SEM images of CdS nanofilms deposited at different 7,: (a) 323 K, (b)
333 K, (¢) 343 K, (d) 353 K, (e) 363 K and (f) zoomed image (343 K) with estimated

crystallite size
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Topographic images (Figure 3.4.5) for films deposited at 7; # 343 K show

compact and rough surfaces with large crystallites. Nanofilm at 7; = 343 K show less

compact but smooth surface with spherical and uniform nanocrystallites which

acquire hexagonal shape for T; — 363 K (Figure 3.4.5). The size of crystallites (Dzy)

80

AU BO0 S000 1000
70

€0

50

'8

U0 20U 400 WU 600
i

22

100
10

300 400 500 BOC 00 EO0 500 1300 m

00 300 sp0 SO0 BOO /U0 BOO HOO 1000

100

LU 30U 400 S0 B0 SO EUD SLO 100U [’}

100

]
0 100 300 300 400 500 &OC 700 ED0 500 1200 m

100

(1]

100

3
2

200 3w 400 500 BLD FO0 HOD YOO 1000

200 300 400 02 BOC 700 500 900 1000

0

-]
[+ oo 200

Eonusen 3

100 200 300 40 500 60 VOO 8200 900 1000

300 400 SO0 GO0 70 ROO 00 1IN0

Figure 3.4.5 2D AFM images of CdS nanofilms deposited at (a) 323 K, (b) 333 K, (¢)
343 K, (d) 353 K, (e) 363 K and (f) 3D AFM image of nanofilm deposited at 363 K
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Chapter 4

In recent years, group II-VI semiconductors have been widely studied in
various forms like quantum dots, nanorods, nanotubes, coreshells and thin films
because of their applications in solar energy, optoelectronics, photochemistry,
nonlinear optics, laser, etc. [7,11,71,298,299]. The optical band gap engineering in
semiconductor research plays an important role towards device fabrication and their
utilization. Tailoring of the band gap of semiconductor material is mainly based on
the size of particles and the type of dopants [300-302]. The transition metal (TM;
commonly Cr**, Mn**, Fe®*, Co** and Ni**) dopants in host II-VI semiconductor
introduces defects/disorders and the spin—orbit interactions may induce magnetic
ordering leading to dilute magnetic semiconductors (DMS)
[119,124,126,127,131,167,303-305]. Group II-VI based DMS show distinct magnetic
phases like diamagnetic, paramagnetic, spin-glass like antiferromagnetic and
ferromagnetic at low temperature as well as at/above room temperature [23,
124,126,127,131,159,306-308]. The spin—exchange interaction between the
semiconductor charge carriers and dopant ions (sp—d exchange interaction) modify
DMS properties making them useful for spintronics, non-volatile memories,
magneto—optical devices, etc. [79,119,304-308]. The introduction of TM dopants in
CdS semiconductors is an extensive route to tune them w.r.z. the phase, morphology
and crystallite size. Therefore, it is very important to investigate how the TM dopants

influence the optical and magnetic properties.

4.1 Influence of Ni** dopant on CdS nanofilms

Among the various TM ions, Ni** jons are efficient dopants for controlling the
properties of various semiconductors. The presence of Ni** ions suppress the
recombination of electron—hole pairs on the surface of the photocatalyst, partially
increase surface area of the films and enhance the photocatalysis [85]. Ming er al.
have observed the band gap narrowing effect in SnO, nanopowder with increasing
nickel doping [309]. Misra ef al. have been reported that Ni doping in CeO; produces
weak room temperature ferromagnetism and the saturation magnetization is maximum
for Cego6Nip 0402, above which the magnetization decreased gradually [310]. Singhal
et al. have observed paramagnetic behaviour in as—synthesized Ni doped ZnO pellets
(Zng9sNip 0s0) however, with annealing ferromagnetic behaviour enhanced followed

by a significant drop in resistance [311].
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Ni2* ions in CdS act as quenching centres which lead to short carrier life, thus,
useful in fast optoelectronic devices. Their incorporation results in localized states in
the band gap due to 3d-shell of Ni** ions under the action of the surrounding crystal
field [312]. Ni** ions in fractional amount may able to induce magnetic character in
CdS along with its semiconducting nature. This dual character may increase
applicability of Ni doped CdS towards spintronics and magneto—optical applications.

In this chapter, the influence of Ni’* ions in CdS nanofilms have been studied
for structure, surface morphology, optical band gap and magnetic behaviour. The
Cd;.Ni,S nanofilms for 0 < x < 0.09 have been deposited by CBD technique and

characterized for the above said properties.

4.1.1 Experimental details

The basic process of film deposition in CBD proceeds by the slow release of
anions with a free metal cation in the presence of a complexing agent [38,200]. The
chemical reactions leading to the deposition of Ni doped CdS film may be expressed
as:

The cadmium/nickel tetra—amine complex ion decomposition
[CA(NH3)4**] + [Ni(NH3)s**] == Cd** + Co”* + 4NH;
The hydrolysis of thiourea in alkaline solution with S* jons generation

SC(NHa), + 20H — CHoN, + 2H,0 + S*

T'he overall reaction for varying molar concentration of Co”" ions (x) is as follows

(1-x)[CA(NH3)4>*] + X[Ni(NH3)4>*] + SC(NHa), + OH’

00T—XL Pue VI,
ITHAE® N greie

\4
(Cdl__‘-NiIS)mm + CNQHQ + 4NH";T + 2H20

The experimental procedure for the deposition of undoped CdS nanofilms is

given in section 3.1.1 and 3.3.1. Ni doped CdS films have been deposited by adding

NiCl,.6H,0O (1 mM to 5 mM) with Ni to Cd ratio x,, - Ni/(Cd+Ni) varied in the range

of 0 — 0.2, into reaction bath. Few drops of triethanolamine (TEA; 4%) have been

added to the final solution to control the release of metal complex during the reaction.
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The films have been grown at a constant temperature (343 K + 2 K), pH (= 11) and
for a deposition period of 80 min under constant stirring. After deposition, the films
have been ultrasonically washed with acetic acid (5%) to remove the poorly adherent
particles and dried. Post deposition annealing has been performed at 573 K + 5 K.

The deposited films have been characterized using XRD, FTIR, FE-SEM,
EDAX, AFM, UV-Vis—NIR double beam spectrophotometer and VSM.

4.1.2 Results and discussion

The thickness of the deposited films has been measured by stylus profilometer
(Table 4.1). The results have been verified by the tilted SEM images of the nanofilms
(Figure 4.1) and found to be in agreement with profilometer measurement with

accuracy of = 2 nm.

Figure 4.1 Tilted SEM images for thickness of Cd;.,Ni.S (0 < x <0.09) nanofilms
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4.1.2.1 Structural analysis

GAXRD spectra shows that all the deposited nanofilms contain (/00) and
(002) reflection peaks which belong to e—CdS structure [242] in conjunction with
other reflection peaks shared by either a—CdS or both « and p—CdS (Figure 4.2). The
existence of multiple reflection peaks show the polycrystalline nature of the deposited
nanofilms comprising of preferred orientation along (002) direction. The intensity of
reflection peaks of Cdi,Ni,S (0 < x < 0.09) reduces, while the 28 position of
prominent (002) peak shifts to higher diffraction angle with increase in Ni content.
The Ni content in CdS structure is responsible for structural disorder and hence,
results in degradation of crystallinity. The shifting of diffraction peaks is attributed to
the incorporation of Ni** ions into host CdS lattice. The small cation size of Ni**
(rnio = 0.69A) in comparison to Cd** (reg™* = 0.95A) [313] contracts the lattice (Table
4.1). No characteristic peak associated with Cd, Ni, NiS or their oxide phase has been
observed in GAXRD spectra, which suggests a thorough distribution of Ni**in CdS.
The o—CdS phase in nanofilms remain dominant on addition of Ni** impurities, but
the reflection peaks (Figure 4.2) become broad leading to a decrease in crystallite size
and abundance of lattice defects. A stable CdNiS structure may also be formed by the

release of internal strain and hence, the grain size reduces with increasing Ni content.

Table 4.1 Values of film thickness (7), Bragg’s angle (26), interplanar spacing (dj),
lattice constants (a & c), crystallite size (Dpy), microstrain (ggy) and dislocation

density (ppw) for Cd . Ni,S (0 < x <0.09) nanofilms

Fi ; 20 (deg.) ds | ! .attice Parameter D | e Pt
A 3 x10
(nm) (A) - ) (nm) | x10 . 2
(100) | (002) a(A) c(A) (line/m?)
CdSs 67.6 |24.13 | 26.73 | 3.332 | 4.255 | 6.665 |21.17 | 3.46 223

Cdos NigsS | 794 | 24.17 | 26.82 [ 3321 | 4.248 | 6.643 |16.83 | 434 | 3.53

Cdyo7 NigezS | 83.5 | 2420 | 26.85 | 3.318 | 4.243 | 6.636 | 15.84 | 4.61 399

Cdpos NigeeS | 884 | 2421 | 26.89 | 3313 | 4.242 | 6.626 | 14.69 | 4.96 4.64

Cdpos NigesS | 922 | 2424 | 2692 | 3309 | 4.236 | 6619 | 1346 | 5.41 5.52

Cdpoy NigeeS | 103.8 | 2430 | 27.00 | 3.309 | 4236 | 6.619 | 11.54 | 6.31 7.51

The crystallite size (Dyy) and interplanar spacing (dpy) have been calculated

using equations (2.9) and (2.1) respectively (Table 4.1). The values of Dy as well as
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Figure 4.2 GAXRD spectra for Cd;.Ni,S (0 < x <0.09) nanofilms

dpu (Table 4.1) decrease with the increase in Ni concentration and are responsible for

variation in lattice parameters. The lattice parameters (¢ = 2d mgN3 and ¢ = 2dpg)

have been calculated (Table 4.1) using the values of dgpy> and d;gp [105]. The c/a ratio

has been observed to be < 5% for Cd;.Ni,S nanofilms in comparison to the ideal ¢/a
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value for the WZ-CdS structure [242]. The low ¢/a values and shift of 26 to higher
value indicate that the nanofilms are under tensile strain along (002) orientation. The
decrease in ¢/a value indicates a lattice contraction due to substitution of large Cd**
ions by the small Ni** jons in the a—CdS structure. This lattice contraction results in
solidification of nanocrystallites.

However, the reduced crystallite size due to Ni** doping may be responsible
for variation in microstrain (gxy) and dislocation density (puu) (Table 4.1) which
shows an increase with Ni content. This reflects towards growing number of structural
defects in CdS structure with Ni incorporation. The surface energy of the
nanocrystallites decrease, which leads to size contraction and solidification by
distorting their crystal lattice elastically. A correlated arrangement of nanoparticles is
responsible for the random structural disorder. The defects may be formed in grain
boundaries due to an increase in microstrain and dislocation density on Ni doping,
play an important role.

FTIR spectra for Cd;.,Ni,S nanofilms (Figure 4.3) show various absorption
bands/peaks at different frequencies. The absorption bands/peaks at ~ 3400 em’ -
3430 cm™, 1438 cm™ — 1450 ¢cm™, 860 cm™ = 900 ¢cm™, 1370 cm™ = 1400 cm™, 1990
cm™” = 2150 cm™ and weak doublet at 2920 cm™ and 2851 cm™ have been assigned to
the O-H stretching, asymmetric scissor deformation (8,—CH>), hydrogen bound O-H
out of plane bending, primary or secondary OH in-plane bending, isothiocyanate
(-NCS) formed due to the thiourea dissociation, the asymmetrical and symmetrical
vibration of the CH; group (v,s—CH; and ve—CHy) respectively [314-316]. The peak at
~ 1011 em™ (x = 0) and ~ 1075 em™ (x = 0.02 — 0.09) belongs to primary amine C-N
stretch [314] and also shared by C-O stretching [315]. However, secondary amine
C-N stretch is indicated by peaks at 1399 em™ (x = 0) and ~ 1370 em™ (x = 0.02 -
0.09) [314]. These peaks of C-N stretching are evolved due to alkaline nature of
solution because of the presence of TEA and NH;. The Cd;_Ni,S (x > 0.03) nanofilms
have small peaks in the region 470 cm™ - 600 cm”! belonging to S-S stretch [314]. All
nanofilms have an absorption peak at ~ 650 c¢m™ associated with Cd-S stretching
[315]. No peak for the Ni-S stretching has been observed which may be due to the
homogeneous substitution of Ni** jons in CdS structure. The shift of Cd-S stretch
(~ 650 c¢cm™) towards the lower wavenumbers with increasing x indicates the

. . It . . 1
incorporation of Ni“* ions in the CdS structure.
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Transmittance (%)
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Figure 4.3 FTIR spectra for Cd;.Ni,S (0 < x < 0.09) nanofilms (The ordinate scale

for different x vales is shifted for clarity)

4.1.2.2 Morphological analysis

Figure 4.4 shows the surface morphology for Cd;.Ni,S nanofilms at a scale of
Ipum (50Kx). All nanofilms show uniformly distributed spherical nanocrystallites on
the surface of substrate with good adhesion. The surface of all films is compact,
densely packed, continuous and barren free which may be attributed to the chemical

activity of triton (TX-100) (section 3.2.2.2). The surface morphology of nanofilms is
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Figure 4.4 SEM micrographs for CdyNi,S nanofilms ((a): x = 0, (b): x = 0.02,
(c): x=0.03, (d): x=0.06, (e): x=0.07 and (f): x =0.09)
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strongly dependent on Ni content. The substitution of Ni** ions in CdS structure
produces substantial surface changes with less agglomeration of the crystallites i.e.,
reduction in crystallite size and increase in grain boundaries. The nanofilm x = 0.07
shows sphere-like crystallite chains in an irregular spatial distribution. However, the
surface morphology for x = 0.09 is quite different, showing sheet like structural
growth.

EDAX spectra (Figure 4.5) confirm the presence of Cd, S and Ni elements in
the deposited films. EDAX results for Ni doped CdS films (x; = CoACd + Co)) are in
accordance with the molar ratio of Ni**ions in solution (xm = Co/Cd + Co)) and the
constituent elements have been observed as expected (Figure 4.6). The Ni** jons get
substituted in host CdS structure with decreasing cda* leading to the variation in Cd

and S content (Table 4.2).
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Figure 4.5 EDAX spectra for Cd;_.Ni,S (0 <x <0.09) nanofilms
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Figure 4.6 Plot of solution concentration (x,,) from molarities and film composition

(xp) from EDAX for Cd;..Ni.S nanofilms

The surface topography and structure of Cdy..Ni,S DMS nanofilms surfaces
are shown in Figure 4.7 (3D AFM images) and Figure 4.8 (2D AFM images). All
nanofilms grow with columnar structure along the c-axis perpendicular to the
substrate (Figure 4.7) which confirms the prominent hexagonal-WZ. structure in the

deposited nanofilms [107,287]. The low values of surface skewness (Sg < 0.7) and

Figure 4.7 3D AFM images for Cd;..Ni,S nanofilms ((a): x = 0, (b): x = 0.02,
(c): x=0.03, (d): x =0.06, (e): x=0.07 and (f): x =0.09)
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kurtosis coefficient (Sg, = 3) for all nanofilms indicate that the height distribution is
uniform, with approximately equal number of high peaks to deep valleys (Figure

4.7(a—f)) over the scanned area (1 um x 1 pm). Nanofilm with x = 0 (Figure 4.8(a))
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Figure 4.8 2D AFM images for Cd;.,Ni,S nanofilms ((a): x = 0, (b): x = 0.02,
(): x=0.03, (d): x =0.06, (e): x =0.07 and (f): x=0.09)
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possess larger crystallites (D4ry) and high average surface roughness (Ry) (Table 4.2).
However, with increasing Ni** concentration (Figure 4.8(b-f)) the Dapy of Cd;Ni, S
nanofilms decreases. Ry also decreases up to x = 0.07. Initially, with increase in Ni**
concentration from x = 0 to x = 0.06, the incorporation of Ni** ions in CdS structure

deteriorate the larger crystallite into smaller one (Figure 4.8).

Table 4.2 The compositional, morphological and optical parameters of Cd;.Ni,S

(0 £x £0.09) nanofilms

at.% from EDAX AFM T)XIOL“ . .

Film cd | ni | s | Dam | B e ;;; o eV | v

(nm) | (nm) (cm™)

Cds 53.40 46.60 26 9.6 1.01 2.80 | 0.282
Cdyog NiggeS | 52.17 | 0.88 | 46.95 21 52 2.65 2.65 | 0.291
Cdyg7 NigesS | 51.17 | 1.48 | 47.35 17 5.1 2.73 2.53 | 0.332
Cdpoa NigoeS | 46.58 | 2.86 | 50.56 15 5.0 2.77 2.49 | 0.372
Cdpgs Nigg7S | 45.47 | 3.28 | 51.25 15 3.1 5.32 2.40 | 0.490
Cdpgr NiggoS | 47.66 | 4.86 | 47.48 10 4.5 6.80 2.33 | 0.509

4.1.2.3 Optical analysis

Figure 4.9 shows %7 and %R spectra of DMS nanofilms grown on glass
substrate. The occurrence of low %7 interference pattern in spectra indicates that the
deposited nanofilms are ultra thin, smooth and homogeneous. But, in the visible
region, the relatively high %7 (> 65%) and low %R (< 20%) make these films good
candidate for solar energy applications.

The optical behavior of deposited DMS nanofilms have been analyzed in
terms of optical absorption coefficient (o) calculated using equation (2.19). The value
of o for all nanofilms (Table 4.2) has been found to be of the order of 10* cm ™ in the
visible region, and at absorption edge, o increases with increasing Ni content
(Figure 4.10). This may be due to decrease in crystallite size which provides large
collective surface area and number of absorption/scattering centers for light.

The exponential dependence of o on photon energy (hv) near the band edge
has been studied in terms of Urbach energy (F,) by Urbach-Martienssen model

(equation 2.22). A systematic increase in E, (Table 4.2) may be attributed to the
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creation of more localized states within the band tails of valence band and conduction

band due to the existence of defects and disorders.
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Figure 4.9 %T and %R spectra for Cd;_Ni,S nanofilms (0 < x <0.09)
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A sharp fall in %T7T (Figure 4.9 & Figure 4.10) near the fundamental absorption
edge indicates a direct energy transition in the forbidden gap. The optical band gap
(E,) for direct transition has been determined using Tauc’s equation (2.21). The E;
values have been estimated by extrapolating (mf::v)2 — 0 (Figure 4.11). The band gap

decreases with increasing Ni content in CdS nanofilms (Table 4.2).
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Figure 4.11 Tauc’s plot (ahv)* vs. hv for Cd;,Ni,S (0 < x <0.09) nanofilms

The variation of Eg(xp) with film composition (x;) (Figure 4.12), indicates

non-linear behavior and shows bowing phenomenon following Vegard’s law [317]

Eo(xp) = xr Enis + (1 = xpEcas — bxg(1 — xp) 4.1)
where Epyis (= 0.8 ¢V) is band gap of NiS [318], Ecys is band gap of CdS
(experimental) and b (= 2.78 ¢V) is the bowing parameter defined as the coefficient of
parabolic term in phenomenological expression of band gap on doping.

The red shift in band edge on Ni doping (Figure 4.9 and Figure 4.13) indicates
the narrowing of band gap even with decrease in crystallite size. This may be
attributed to structural disorders, increased tail width of localized states (FE,)
(Table 4.2) and sp—d hybridization effect. The Ni** ions in the host CdS crystal form
new localized electronic states in the band gap, which arise from the 3d-shell of Ni**

ion under the action of surrounding CdS crystal field [312].
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With an increase in Ni** ion concentration, the sp—d exchange interaction
between the band electrons and the localized d-electrons of Ni** ions increase
[305,319]. The strength of this interaction strongly depends on the number of
d-electrons [320]. The reduction of crystallite size with doping of Ni** jons also leads
to an increase in surface to volume ratio. As a result, the surface states corresponding
to Ni** jons in CdS increase and reduce the excitonic emission via non—radiative
surface recombination [312]. The Ni doping creates high density of impurity states in
the nanofilms, which may also perturbate the band structure in the energy gap. The
impurity band merges with the nearest intrinsic band and the Fermi level may lie
inside the parabolic portion of the valence band [261]. Thus, less energy will be
required for the electrons to move from the Fermi level into the conduction band

[261].

4.1.2.4 Magnetic analysis

The M-H curves (Figure 4.14) obtained using vibrating sample magnetometer
at room temperature show the nature of magnetic behaviour in Ni doped CdS
semiconductor. This behaviour depends upon the magnitude of Ni** ion exchange

coupling with the electronic levels. The partial substitution of Ni** ions result in the

25 —«—CdS
* = Cdy ggNig 1S
B Cdn_g?Nin_n:;S
—* = Cdg 94Nig 065
—— Cdﬂ,()3NIU.mS ) {MM
—+=Cdy 4;Ni 695 P
m"'ﬁ-
=)
(9]
"g s
5 0
=
-10
-15-°
=20+
_25 C 1 1 1 1 1 1 1 1 1 1
-10 -8 -6 -4 -2 0 2 4 6 8 10
H (kOe)

Figure 4.14 M-H curves for Cd;_Ni,S (0 <x <0.09) nanofilms
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creation of various defects and disorders in the host CdS (Table 4.2) and exhibit
diverse magnetic phases ranging from diamagnetic to weak ferromagnetic via
paramagnetism. For x < 0.06, nanofilms exhibit diamagnetic behaviour as illustrated
by second quadrant of M—H curve (Figure 4.14) with negative magnetic susceptibility
(¢m). The bulk CdS has been reported to show diamagnetic behaviour with
am=-1 5x10° cgs [161]. The extent of diamagnetic character goes on decreasing with
increase in Ni content. A transition from diamagnetism to para/weak ferromagnetism
has been observed for x > 0.06, as indicated by first quadrant M—H curve. For
x = 0.06, ie., CdgosNiggeS, M—H curve is linear which exhibit prominent
paramagnetism. However, for CdggsNipe7S and CdgoiNiggeS nanofilms, the linearity
is reduced and a mixture of paramagnetism/weak ferromagnetism is found. The low
field M—H curve (Figure 4.15) for x > 0.06 clearly displays the saturation magnetism

(M;), remanent magnetization (M,) and coercivity (H.) (Table 4.3).

= %= Cdg ;Nig 065
= Cdg 97Nig 02S
—o— Cdy o Nig oS

-1600 -800 0 800 1600
H (Oe)

Figure 4.15 Low field M-H curves for Cd;,Ni,S (x > 0.06) nanofilms

An increase in para/weak ferromagnetism for x = 0.07 and 0.09 is due to an
increase in non—equilibrium states for unpaired d—orbital electrons with increasing Ni
content. This may be due to the replacement of Cd** ions with Ni** ions and Ni—Ni

exchange interaction at higher Ni content.
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Table 4.3 Magnetic parameters; saturation magnetism (M;), remanent magnetization

(M,), coercivity (H.) and squareness ratio (M,/M,) of Cd.Ni,S (x > 0.06) nanofilms

Film at x M, (emuj’cm3 ) M, (emuf’cm3 ) H.(G) M, /M,
0.06 1.16 0.072 362 0.062
0.07 14.5 0.421 360 0.029
0.09 22.45 0.477 319 0.021

In dilute magnetic semiconductors, the sp—d interactions are responsible for
magnetism. Since, Ni** has 34" spin states, this leads to unoccupied or partially
occupied spin up and spin down states. For x = 0, the Cd** has 4d" electronic
configuration leaving no unpaired d—electron. Hence, host CdS with x = 0 shows
diamagnetic behavior (Figure 4.16). At low Ni concentration (x = 0.02 & 0.03), the

Ni%* jons are tetrahedrally coordinated to CdS structure, thus increasing the possibility

x < 0.06
e e 0 0 00
oo ® 0 00
eo\feooe
®e o0 yloe
e o 0 0 o0
<«H—
x> 0.06 x=0.06 /L-/
©. 0 ® 0 v O oooooo/
ol.f':{oooo .A«g..oo\’
® 0rhr @0 T e e 040
o <«0o Ve | .oiwog_
e o 0 0 0% o e o 0 0%
N -H—
® Cd & H ~8¥ Net magnetization for x < 0.06
® S

<8 Net magnetization for x > 0.06

Figure 4.16 Scheme of magnetic behaviour of Cdi.Ni,S DMS nanofilms
representing: magnetic phase transition (i) prominent diamagnetic phase at x = 0 and
diminishingly extended upto x < 0.06, (ii) paramagnetic phase at x = (.06 and weak

ferromagnetic phase for x > 0.06
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of sp—d interaction. But, due to the strong diamagnetic nature of host CdS and the
substantial influence of substrate on nanofilms, these films show diamagnetic
behaviour (Figure 4.16). For x = 0.06, the Ni* spins act as stray magnetic domains
resulting in paramagnetic behavior, with a non—saturated M—H curve (Figure 4.14 &
Figure 4.15). For x > 0.06 (high Ni concentration), the decrease in M,/M, values
(Table 4.3) is due to an increase in the fraction of paramagnetic Ni** ions, giving a
clear indication of weak ferromagnetism arising due to spin canting (Figure 4.16).
Also, Ni** dopant causes a short range of antiferromagnetic coupling via a
superexchange d—d mechanism. The antiparallel spin of Ni** ions does not perfectly
orient, but, remain canted under the influence of deficient magnetic field. This may be
due to induced defects in the lattice associated with reduction in the size of
nanocrystallites and an increase in the percentage of spins on the surface [321].
Moreover, spin canting may also be induced due to cationic vacancy disorder on Ni**
substitution in the host CdS lattice. These films exhibit stronger coupling due to an
enhanced Ni** d-orbital mixing with the valence and conduction band of the host
CdS, splitting the valence band via sp-d mechanism, conforming to the
ferromagnetism. Therefore, for x > 0.06, d—d interactions along with sp—d interaction
cause a change in the magnetic susceptibility. Thus, high Ni content nanofilms show a

transition from dia to para/weak ferro-magnetism.

4.1.3 Conclusion

The Ni content in CdS is responsible for structural disorder and hence, results
in degradation of crystallinity. The crystallite size decreases while microstrain and
dislocation density increase with increase in Ni content. The Ni** ions in CdS show
change in absorption peak position (~ 650 cm™) and the strength of respective
vibrational bands indicate the incorporation of Ni in host CdS lattice. The surface
morphology depends on Ni** concentration and shows less agglomeration of the
crystallites with an increase in grain boundaries and decrease in surface roughness on
increasing Ni content. The red shift in band edge on incorporation of Ni** ions in CdS
shows band gap narrowing (2.80 eV to 2.33 ¢V). A transition in magnetic phase from
diamagnetism to para/weak ferromagnetism with Ni content in CdS nanofilms has
been observed. M—H curves for x > 0.06 show remnant magnetization and coercive
field. An additional magnetism with an increase in Ni content (x > 0.06) comes into

play leading to a small ferromagnetic order.
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Chapter 5

The functional behavior of dilute magnetic semiconductor (DMS) depends
upon the concentration and type of transition metal (TM) doping. TM ions have half
metallic character and their presence in semiconductors is able to perturb Fermi
energy and lead to band gap tuning. In addition, interaction of 3d electrons of TM
ions with the free charge carriers of host semiconductor leads to magnetic influence in
DMS. In the present chapter, Cobalt has been selected as another TM dopant to study
its influence on structural, morphological, optical and magnetic properties in CdS

nanofilms.

5.1 Influence of Co** dopant on CdS nanofilms

Co™* ions have 3d’ spin states which lead to unoccupied or partially occupied
spin up and spin down states with paramagnetic nature [322]. The Co’ ion has an
orbital singlet ground state in tetrahedrally coordinated lattice. The Co’* jons tend to
coordinate tetrahedrally in CdS structure by occupying the sites of Cd** ions. Hence,
Co based CdS may be expected to exhibit phenomena related to magnetic ordering.
Chandermohan er al. have observed that with the increase of Co concentration, from
0.34 at.% — 10.8 at.% in CdS thin films prepared by ion implantation, the optical band
gap decreases from 2.39 ¢V — 2.26 eV [79]. Thambidurai ef al. have reported that the
band gap of 1.20% Co-, 5.02% Co—, and 7.25% Co—doped CdS quantum dots to be
3.91 eV, 3.85 eV and 3.80 eV, respectively in comparision to 3.97 eV of undoped
CdS quantum dots [120]. Zhang ef al. have reported the absence of ferromagnetism in
Co ions doped ZnO [323]. Santara er al. have reported high temperature
ferromagnetism in Co (3% and 8%) doped TiO, nanoparticles grown by ball milling
method [324]. The magnetic ZnS thin films doped with 2.5% Co fabricated by pulsed
laser deposition exhibit a paramagnetic behaviour at room temperature [37].
Therefore, the existence of magnetic behaviour in Co doped DMS is a topic of
interest. The influence of Co dopant concentration (0 < x < 0.08) on the structural,
morphological, optical and magnetic properties of CdS nanofilms has been

investigated.

5.1.1 Experimental details
Cd;..Co,S nanofilms have been deposited on glass substrates using CBD at a
constant temperature (343 K + 2 K), pH (= 11) for a deposition period of 1 h under

constant stirring. Analytical grade reagents (Merck, India), CdCl,.H,O (0.02 M;
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Cd** ion source), SC(NH,), (0.04 M; S* ion source), CoCl.6H,0 (Co** dopant ion
source), NH4OH and TX-100 have been used. The experimental procedure for
deposition of undoped CdS nanofilms has been given in sections 3.1.1 and 3.3.1. The
Co doped CdS nanofilms have been deposited by adding CoCl, in Co to Cd ratio
X = Co/(Cd + Co) varied in the range of 0 — (.2, into the reaction bath containing the
solution for CdS deposition. Few drops of triethanolamine (TEA; 4%) have been
added to the final solution to control the release of metal complex during the reaction
and to provide better wettability to the substrate. The overall reaction for the
deposition of Cd;_,Co,S films by varying molar concentration of Co** ions (x) may be

expressed as

(1-)[CA(NH3)4~*] + x[Co(NH3)4*] + SC(NHy), + OH

==
vzl N
> | K
| W
z | =
— | &
==
1=
=| =
g| =
Y

(Cdl_xCO_tS)ﬂlm + CNQHQ + 4NH3T + 2[‘120

After deposition, the films have been washed with acetic acid (5%) ultrasonically to
remove the poorly adherent particles and dried out in the air. The obtained films have
been found to be yellow in color with good adherence to the substrate. Post deposition
annealing of as—deposited films has been performed at 573 K+ 5 K for 2 h.

XRD & FTIR, EDAX, SEM & AFM, UV-Vis-NIR spectrophotometer and
VSM have been used for structural, compositional, morphological, optical and

magnetic measurements respectively.
5.1.2 Results and discussion

5.1.2.1 Structural analysis

The diffraction peaks for (100) and (002) reflections in GAXRD spectra for
pure and Co doped CdS nanofilms (Figure 5.1) have been indexed to e—CdS structure
with hexagonal unit cell in conjunction with other reflection peaks shared by either
o—CdS or both o and f—CdS [242]. No characteristic peak associated with cobalt
metal, oxides or other cadmium—cobalt metallic phase has been observed within the
detection limit of GAXRD. This may suggest that Co content is thoroughly
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distributed in Cd;.Co,S nanofilms with prominent WZ phase. The existence of
multiple reflection peaks shows the polycrystalline nature of the deposited nanofilms

with preferred orientation along (002) direction.
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Figure 5.1 GAXRD spectra for Cd;_.Co,S (0 < x <0.08) nanofilms
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The intensity of reflection peaks of Cd;..Co,S nanofilms has been observed to
reduce, while the 26 position of prominent (002) peaks (26.74°, 26.76°, 26.81°,
26.85° 26.91° and 26.94°) shift towards higher 20 with increase in Co concentration.
The shift of GAXRD peaks may be attributed to the incorporation of small Co™ jons
(teoet = 0.72 A) into host CdS lattice by occupying the sites of large Cd** ions
(er2+= 0.97 f\) [325]. A similar shift in GAXRD peak with TM doping has also been
reported in literature [326]. The decrease in intensity of reflection peaks is related to
the change in the scattering intensity of the crystal structure (hkl) components and
their arrangement in the lattice [215,327]. The substitution of Cd** ions by Co** ions
may lead to change in the structure factor of CdS lattice, causing the reduction of
reflection peak intensity because the atomic scattering factor for Co atom (= 27) is
almost half to that of the Cd atom ( = 48) [215]. Another possibility for the decrease
of diffraction intensity is an increased texturing of the nanofilms [328]. The texture
coefficient has been calculated (equation (2.12)) and found to be 2.99, 2.90, 3.23,
3.15, 3.39 and 3.53 for x = 0, 0.01, 0.02, 0.03, 0.06 and 0.08 respectively.

The prominent a—CdS phase in nanofilms remains unaltered with Co addition,
but the reflection peaks (Figure 5.1) become broad indicating a decrease in crystallite

size and abundance of lattice defects.

3332} {1.572
o
\ . * o dyy,
338\ e *da |58
N
\'o/ =9 \.' a
— *,
« 3324 . \ 11.564
— * Y
= \
g \
) L \ 1 )
g 332 1560
< *. A
= 3316+ \ {1.556
\\I
. \
e \\
33124 {1552
T e
a
3.308}+ 41.548

000 001 002 003 004 005 006 007 008
Co?* concentration

Figure 5.2 Variation of d>g spacing and ¢/a ratio with Co concentration
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The average crystallite size (Djy) (Table 5.1) and interplanar spacing (dpx)
(Figure 5.2) have been calculated using DS formula (equation 2.9) and Bragg’s law

24

(equation 2.1) respectively. The decrease of dygp,—spacing with increasing Co
concentration (Figure 5.2) leads to a change in lattice parameters. The lattice
parameters (a = 2d;00/N3 and ¢ = 2dyp:) have been calculated (Table 5.1) using the
values of djgp and dyp, respectively [105]. The lattice parameter (¢/a) ratio has been

observed to be < 5% for the Cd;.,Co,S nanofilms in comparison to the ideal ¢/a value

Table 5.1 The values of film thickness (1), Bragg’s angle (26), interplanar spacing
(dui), lattice constants (a & c), crystallite size (D), microstrain (&) and dislocation

density (pp) for Cd;Co,S (0 <x <0.08) nanofilms

Lattice
{ 20 ((ICg.) dgu Parameter Dy Enkl xﬁl'!(l;jli

103
(nm) (100) | ©002) (A) A e (nm) | x10 (line/m?)

0.00 | 55.58 | 24.22 | 26.74 | 3.331 | 4.240 | 6.662 | 16.01 | 4.161 3.901

0.01 |51.21 | 24.16 | 26.76 | 3.329 | 4.250 | 6.657 | 14.33 | 4.647 | 4.872

002 |[52.61| 2423 | 26.81 | 3.323 | 4.238 | 6.645 | 14.08 | 4.719 | 5.044

0.03 |59.20 | 24.24 | 26.85 | 3.318 | 4.236 | 6.636 | 13.61 | 4.875 | 5.397

0.06 |58.25| 2429 | 2691 | 3.311 | 4.228 | 6.621 | 12.76 | 5.188 | 6.139

0.08 | 58.60 | 24.03 | 26.94 | 3.311 | 4.273 | 6.621 | 10.08 | 6.566 | 9.833

for WZ CdS structure [242]. A decrease in the value of dgy, and c¢/a (Figure 5.2)
indicates the incorporation of Co’* ions into CdS lattice and shows lattice contraction.
A shrinkage in dyy: spacing and shift in the position of peaks to higher 26 values
signify that the nanofilms are under tensile strain along the substrate—film interface
(i.e., along the (002) direction) [329]. This may be due to the substitution of small size
Co™ ions taking place more prominently in the o—CdS structure [330]. The
substitution of Co®* ions at Cd** sites and difference of their ionic radii may be
responsible for lattice defects. The microstrain (gx4) and dislocation density (pp) of
nanofilms have been calculated (Table 5.1). With Co content, gy and ppy increase
indicating an increase in lattice defects.

FTIR spectra for Cd;..Co,S nanofilms (Figure 5.3) show a broad absorption
band in the higher energy region of ~ 3430 cm™ — 3330 cm” and peaks at ~ 1625 cm’!

which have been assigned to O-H stretching [314-316]. The peaks between 895 cm’
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Figure 5.3 FTIR spectra for undoped and Co doped CdS nanofilms

— 860 cm™ belong to O-H out of plane bending of water molecules present in the
films. The peaks between ~ 1072 cm™ — 1009 cm™, ~ 1399 cm™ — 1370 cm™ and
~2160 cm™ = 1900 cm™ belong to the primary amine C—N stretch/C=S of thiourea, the
tris—amine C—-N stretch shared by C-O stretching and N=C stretch or isothiocyanate
(-NCS) formed due to thiourea dissociation respectively [314]. The weak doublet at

2920 cm™ and 2851 cm™” has been assigned to asymmetrical and symmetrical
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vibration of CH group while asymmetric scissor deformation vibration lies between
1450 cm™ — 1399 0111"[316]. For all nanofilms an absorption peak at ~ 650 cm’
associated with Cd-S stretching has been observed [315]. The shift of Cd-S stretch
(~ 650 crn") towards lower wavenumber (red shift) and decrease of peak intensity
w.r.t. undoped CdS film indicates the incorporation of Co** ions in the CdS structure
[325]. The lattice of the host CdS semiconductor may be perturbed on the addition of
Co”* jons [331]. These perturbations lead to frequency shift depending upon
concentration and size of impurity atoms [331]. With increasing Co concentration, the

lattice of host CdS become compact leading to red shift of Cd-S stretch.

5.1.2.2 Morphological analysis

The surface morphology of Cd;..Co,S nanofilms have been observed by SEM
(Figure 5.4). All nanofilms show uniformly distributed nanocrystallites on the surface.
The surface of the films is compact, densely packed and continuous. SEM images
reveal that the surface morphology of Cd;.Co.S nanofilms changes with Co
concentration. The introduction of Co®* ions in CdS structure produces substantial
surface changes with lesser agglomeration of the crystallites which decreases the
compactness and surface roughness while increases the grain boundaries. For x = 0,
the large CdS crystallites in dense and compact form are observed (Figure 5.4). The
Co™ incorporation in CdS results in deterioration of large crystals due to formation of
structural defects. With increase in Co concentration (x > 0.01) a reduction in the
crystallite size and compactness has been observed (Figure 5.4 & Table 5.2).

EDAX spectra of Cd;Co,S nanofilms (Figure 5.5) show different peaks
((K-series; 2.4 keV for S, 1.8 keV, 7 keV and 7.6 keV for Co) and (I—series; 3.2 keV
and 4 keV for Cd)) which suggest the presence of Cd, S and Co elements in the
deposited films. EDAX analysis reveals that the Co content in Cd;..Co,S nanofilms
i.e., xy = Co/(Cd + Co) increases from O to 0.08 in accordance with an increase in
molar concentration of Co®* ions i.e., x = Co/ACd + Co) in the solution (0 to 0.2)
(Figure 5.6). The decreases of Cd content with an increase in Co concentration may
be due to the introduction of Co®" ions in CdS structure (Table 5.2). The fractional
presence of Co™* ions may also be seen from the low intensity peak in EDAX w.r.1.
Cd and S (Figure 5.5). The remaining peaks in EDAX spectra correspond to various

elements (mainly Si, O and C etc.) present in the glass substrate and carbon coating.
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Figure 5.4 SEM micrographs for Cd;..Co,S (0 < x <0.08) nanofilms
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Figure 5.5 EDAX spectra for Cd;.,Co,S (0 < x <0.08) nanofilms
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Figure 5.6 Plot of solution concentration from molarities and film composition from

EDAX for Cd;..Co,S nanofilms

Figure 5.7 and 5.8 show 2D and 3D images respectively for Cd;..Co,S
nanofilms obtained by AFM. AFM study reveals that the crystallite size (Dapuy) and
root mean square roughness (R,,;s) of Cd;.Co,S nanofilms vary with Co concentration
(Table 5.2). Undoped CdS nanofilm possesses larger crystallites and high surface
roughness (Figure 5.7(a) and 5.8(a)). However, with the increase in Co concentration
(x = 0.01), Dagy of nanofilms decreases (Figure 5.7(b—f)). From Figure 5.7 it is clear
that the morphology of nanofilms change beyond x = 0.02 which may be due to the
phase separation with increase in Co concentration. R,,; decreases with increasing Co
concentration (Figure 5.8(a—c)) and reaches a minimum of 6.16 nm for x = (.02 and

then increases for x > 0.02 (Figure 5.8(d-f)). The change in the R,,,; with varying Co**

Table 5.2 Composition and morphological parameters for Cd;..Co.S (0 < x <0.08)

nanofilms
X C()mpositi()n (‘dt.%) DAFM ers v \
Film Cd Co S (m) | (am) | % | Sk
CdS 50.64 0 49.36 21.5 8.26 1.02 | 3.04

Cdp.goCop 1S | 50.52 0.46 49.02 19.3 742 | 094 | 323
Cdo.ogCop.02S | 49.66 0.91 4943 18.8 6.16 | 0.64 | 2.87
Cdo.97Cop03S | 48.85 1.31 49.84 16.3 772 | 079 | 275
CdoosCopo6S | 47.65 3.21 49.14 15.8 3.28 0.49 | 2.63
Cdy.92CoposS | 47.26 4.12 48.62 12.2 8.85 0.66 | 2.89
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Figure 5.7 2D AFM images for Cd;,Co,S nanofilms ((a): x = 0, (b): x = 0.01,
(©): x=10.02, (d): x=0.03, (e): x =0.06 and (f): x =0.08)

concentration may be due to the random distribution of Co™ ions in the CdS structure
signified by the variation of peak to valley distribution in the film morphology (Figure
5.8(a—f)). The low surface skewness (S;) and kurtosis coefficient (Sy,) values for all

nanofilms (Table 5.2) indicate that height distribution is uniform, with approximately
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Figure 5.8 3D AFM images for Cd,,Co,S nanofilms ((a): x = 0, (b): x = 0.01,
(¢): x=10.02, (d): x=0.03, (e): x=0.06 and (f): x=0.08)

equal number of high peaks to deep valleys over the scanned area (1x1 1.11112) [332].
3D AFM images (Figure 5.8(a—f)) show that the deposited films grow with columnar
structures along the c—axis perpendicular to the substrate which confirms the
prominent WZ structure in the Cd;_.Co,S nanofilms [287]. This is also supported by

high intensity curve at (/00) and (002) reflection in XRD spectra (Figure 5.1).

5.1.2.3 Optical analysis

Figure 5.9 shows %71 and %R spectra of Cd;..Co,S nanofilms. The %T of
Cd;.xCo,S nanofilms in the wavelength range 500 nm — 900 nm varies with increasing
Co concentration. This variation may be attributed to an increase in structural disorder
due to deteriorating the crystallite size (Figure 5.7), which leads to enhanced
absorption/scattering of light. Further, the increase of Co** ions in CdS structure may
cause the localization of light due to the formation of traps (point defects) for optical
confinement [333]. The occurrence of low interference patterns in %7 spectra indicate
that deposited nanofilms are ultra thin, smooth and homogeneous.
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Figure 5.9 Transmittance (%) and reflectance (%) spectra for Cd,..Co,S nanofilms

The values of absorption coefficient () at a frequency of radiation has been

calculated using equation (2.19) and found to be ~ 10° cm™ in the visible region. The

value of o at absorption edge increases with increasing Co content (Table 5.3). This

may be attributed to the decrease in crystallite size which provides large collective

surface area and number of absorption/scattering centers for light. A sharp fall in %T

(Figure 5.9) near the fundamental absorption edge indicates a direct energy transition

in the forbidden gap [294]. However, the absorption edge is red shifted with

increasing Co concentration (Figure 5.9).

Table 5.3 The values of absorption coefficient (@), optical band gap (F,), Urbach

energy (E,) and structural disorder (X) for Cd;..Co,S (0 < x <0.08) nanofilms

Film ‘E‘C’I‘nl_{,); E, (eV) E,(eV) X

Cds 1.31 2.88 0.497 46.31
Cdo.sCo0.01S 1.74 2.64 0.524 48.88
Cdo.9sC00.02S 1.80 2.60 0.533 49.74
Cdo.97C00.03S 1.95 261 0.575 53.74
Cd 94C00.06S 2.51 2.46 0.617 57.74
Cdo.92C00.05S 2.68 243 0.705 66.12
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According to the inter-band transition theory, the optical band gap (E,) for
direct transition can be determined using Tauc’s equation (2.21). The E, values have
been estimated by extrapolating the straight line of plot (ahv)* vs. hv to (ahv)* — 0
(Figure 5.10). All plots show a straight line (for a > 10* em™) signifying direct
allowed band gap transition in Cd;..Co,S nanofilms. A decrease of band gap on Co
doping in CdS nanofilms has been observed. Similar behavior of band gap in DMS

has been reported [79,302,325].
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Figure 5.10 Plot (oshv)2 vs. hv for Cd..Co,S nanofilms

The absorption profile within the band tail region can be explained in terms of
Urbach energy (E,) by Urbach—Martienssen model equation (2.22). E, originates from
the structural disorders, compositional fluctuations, point defects (e.g., vacancies,
interstitials, and antisites defects), grain boundaries, strain etc. [79]. The value of E,
has been calculated from the plot of In(a) vs. hv (Figure 5.11). An increase in the
value of E, with increasing Co concentration has been found (Table 5.3).

According to Cody’s model, the Urbach energy is related to degree of

structural disorder, lattice ionicity and temperature as [334]

X +coth E, (5.1)
2ksT

where T'is the room temperature (300 K), E, the photon energy (25 meV) [334] and

20,

kg the Boltzmann constant (1.38 x 107 J/K). The parameter o, depends on lattice
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ionicity of material (1.19) [334]. X is a measure of structure disorders and its values
with Co®* concentration are given in Table 5.3. An increase in the value of E, and X
with Co content may be attributed to the creation of more and more localized states

within the tail region of valence and conduction band.

13.5F ° CdS
4 CdygeCopgyS
3ol * CdgggCoypS
" CdygyCopgsS

¢ Cdjo4C00 065
S

Cd, 9,Co

0.08

2.55 2.60 2.65 2,70 2.75 2.80
hv (eV)

Figure 5.11 Plot In(a) vs. hv for Cd;.Co,S (0 <x < 0.08) nanofilms

The variation of Eg(x;) with composition (xy), indicates non-linear behaviour
showing bowing phenomenon following Vegard’s law, (Figure 5.12) as [317]

Eo(xp) = xr Ecos + (1 = xp)Ecas — bxy(1 — xp) (5.2)
where x;is film composition, E¢,s is band gap of CoS (0.6 eV) [318], Ecys is band gap
of CdS. b is the bowing parameter and its value has been calculated to be 2.83 eV.
The variation of band gap with increasing Co concentration (Figure 5.12) indicates
that both experimental and theoretical observations for band gap show similar
behaviour.

The red shift of band edge in Co added CdS (Figure 5.9 and Figure 5.10)
clearly indicate the narrowing of optical band gap. This may be attributed to increase
in impurities, structural disorders, increased tail width of localized states and may be
explained by sp—d hybridization effect [319]. Co** ions in host CdS form new
localized electronic states in the band-gap region, which arise from the 3d—shell of

Co”* ions under the action of surrounding CdS crystal field [320]. With an increase in
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Figure 5.12 Band gap dependence on Co>* concentration (xp) for Cd;..Co,S

nanofilms

Co** jons concentration, the sp—d exchange interaction (sp—d hybridization effect)
between the band electrons and the localized d—electrons of Co’* ions increases. The
strength of this interaction strongly depends on the number of d—electrons [320]. The
Co doping creates high density of impurity states in the nanofilms, which may also
perturb the band structure in the energy gap. The impurity band merges with the
nearest intrinsic filled band and the Fermi level may lie inside the parabolic portion of
the valence band for n—type dopant [261]. Thus, less energy will be required for the

electrons to move from the Fermi level to the conduction band.

5.1.2.4 Magnetic analysis

The field dependent magnetization (M—H curves) of Cd;Co,S nanofilms at
room temperature (Figure 5.13) have been calculated after subtracting the
diamagnetic contribution of the glass substrate. The magnetic parameters like
saturation magnetization (M,), remanent magnetization (M,), magnetic coercivity (H.,)
and squareness ratio (M,/M;) have been calculated from M—H curves. The magnetic
properties in DMS strongly depend on different factors such as concentration of TM

impurities, defect structure, secondary phase formation and metallic clustering, etc.
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[79]. Since, no impurity peak or secondary phase formation has been observed in the
GAXRD spectra, therefore, the magnetic behaviour of the nanofilms may be

2 . . . - .
* jon concentration and the lattice defects/disorders evolved

associated with Co
thereof. In CdS, Cd** has electronic configuration 44" with f ully paired d—electrons.
Hence, CdS shows diamagnetic behavior and same has been detected in experimental

results (Figure 5.13).
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Figure 5.13 Room temperature M—H curves for Cd;_,Co,S (0 <x <0.08) nanofilms

The diamagnetism in pure CdS (bulk) with magnetic susceptibility of -1.5 x
10°° (cgs units) has already been reported [159,161]. For x = (.01, the observation of
an anti S—type M-H curve (Figure 5.13) indicates that the nanofilm is still in
diamagnetic state. The existence of diamagnetism in x = 0.01 may be due to strong
influence of the host CdS towards magnetic behaviour. For x = 0.02, the M-H curve
(Figure 5.13 and inset of Figure 5.14) exhibits linearity in hysteresis indicating
paramagnetic state. The lattice defects (vacancies or interstitials) induced by Co’* ion
in the CdS structure may be responsible for the progressive alignment of the
neighboring Co™* pair spin components along the direction of magnetic field.

A 24 - .y . . . .
Consequently, the Co™ ions exhibit nearest-neighbor interaction via superexchange
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mechanism resulting in short range anti—ferromagnetic coupling in them and the spins
remain canted to some extent [322]. Hence, no significant hysteresis is observed for
x = 0.02. The nanofilms acquire enhanced magnetic properties (i.e., definite value of
M,, M, and H.) with further increase of Co content (x > 0.02) in the CdS structure. As
a result, the M-H curve gradually makes transition into S—type hysteresis, indicating
the growth of ferromagnetic long range order in Co doped CdS films. For x > 0.02,
the narrow magnetic hysteresis loop shows a clear transition to ferromagnetic state in

these films (Figure 5.13).
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Figure 5.14 Low field M-H curves of Cd;..Co,S nanofilms for x > 0.03 and inset

show M—H curve for CdgesC0g02S nanofilm

The calculated values of saturation magnetism (M;), remanent magnetization
(M,), coercivity (H.) and squareness ratio (M,/M;) of Cd;.Co,S (x > 0.02) nanofilms
are listed in Table 5.4. The squareness ratio (M,/M;) represents how square the
hysteresis loop is and has been found to be very low (M,/M; < 0.09) for x > 0.02. The
M, and M, increase while H. decreases with increase in Co concentration for x > 0.02.
The low values of H. and M,/M, indicate that Cd,..Co.S nanofilms for x > 0.02 exhibit

soft magnetic behavior which increases with cobalt content [335].
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For x > 0.02, the free delocalized carriers of host CdS lattice and the localized
d spins of Co®* ions interact through a double exchange interaction mechanism (sp—d)
[151,322] and become stronger with Co content. This exchange interaction leads to
the spin polarization of the free delocalized carriers with local spin polarized electrons
of Co™ ions in the same spin direction under the influence of external magnetic field
[151], which results in ferromagnetism for x > 0.02. It has been reported that M,
values for oxide based DMS lie in the range of 1 emw/cm’ — 10 emu/cm’ [336], but, in

the present case the range of M, lies in ~ 20 emu/cm’ — 30 emu/cm® for x > 0.02.

Table 5.4 Magnetic parameters: saturation magnetism (M;), remanent magnetization

(M,), coercivity (H,) and squareness ratio (M,/M;) of Cd,_.Co,S (x > 0.02) nanofilms

Film M, (emw’cm3 ) | M, (emw’cm‘%) H.(G) M,/M,
Cdo97C00.03S 19.65 1.84 164.87 0.09
Cdo.94C00.06S 25.33 1.94 160.94 0.08
Cdg92C00.08S 29.78 2.41 131.84 0.09

Moreover, the decrease in the crystallite size with Co content enhances the
surface spin disorder in the films because of lattice defects/disorder associated with
the increase in microstrain and dislocations (Table 5.1) [337,338]. Thus, the increase
in percentage of spins on the surface may generate magnetic frustration in the films
enhancing the ferromagnetism. This results in hysteresis loop that appears along hard
axis for x > 0.02. Therefore, the substitution of Co*'in CdS leads to the spin—orbit
interaction for doping x > 0.02, which induces ferromagnetism in Cd;..Co,S

nanofilms.

5.1.3 Conclusion

The lattice defects associated with the introduction of Co” ions in CdS lattice
bring significant structural and morphological changes. The introduction of Co*™ in
CdS structure increases structural disorder and hence, results in degradation of
crystallinity. The incorporation of Co* jons in CdS lattice deteriorates large
crystallites, decreasing the surface roughness with an increase in grain boundaries.
Cd;..Co,S nanofilms show columnar growth of crystallites oriented along (002)
reflection plane indicating prominent WZ structure. A red shift in the peak position of

Cd-S stretch may be due to incorporation of Co”* jons in CdS lattice. A red shift in
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the absorption edge of transmission spectra makes the optical band gap shift from
2.88 eV to 2.43 eV with increasing Co” concentration. The diamagnetic state of CdS
vanishes with increasing Co content for x = 0.02 and a transition to ferromagnetic
state for x > 0.02 has been observed which may be due to the induced lattice defects,

phase separation and sp—d exchange interaction.
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Chapter 6

Nanofilms are strongly influenced by surface/interface effects and have a wide
range of applications in modern world. Understanding the behavior of nanofilms in
relation to their structure, morphology, optical and magnetic response is of greater
importance. CdS is II-VI semiconductor. CdS films are promising candidate for
optoelectronics and photovoltaics applications. Transition metal doping in CdS
increase its potential towards spintronics. In this work, pure and transition metal
doped CdS nanofilms have been deposited via chemical bath deposition technique.
The Ni** and Co** ions have been selected as transition metal dopants. The deposited
nanofilms have been studied for structural, morphological, optical and magnetic
properties.

The nanopowder and nanofilm of CdS have been synthesized simultaneously
using chemical bath deposition. The nanopowder has low texture and weakly
crystalline nanocrystallites while, the nanofilm has high texture and strongly
crystalline nanocrystallites. CdS nanocrystallites growth is better in the nanofilm in
comparison to nanopowder.

The effect of annealing temperature on CdS nanofilms results in an
enhancement of coalescence of small crystallites, reduction of defects and
densification of the nanofilms. The optical band gap decreases with increase in
annealing temperature.

The S/Cd molar ratio (0.05, 1, 2, 3, 4 and 5) affects the film formation with
variation in structure, morphology and optical behaviour of CdS nanofilms. A phase
transition has been observed with varying S/Cd molar ratio. The observed band gap
values are more than that of bulk CdS. The nanofilms for S/Cd = 2 show minimum
crystallite size and maximum blue shift.

The effect of deposition temperature (323 K, 333 K, 343 K, 353 K and 363 K)
on CdS nanofilms results in wurtzite (¢—CdS), zinc blende (f/—CdS) and polymorph
(a/p—CdS) structures. The CdS nanofilms deposited at 343 K, shows polymorph
structure with better morphology, low crystallite size (~ 20 nm), high stoichiometry,
higher band gap (2.88 eV) and minimum disorder.

CdS nanofilms of different thickness have been studied. Nanofilms show an
increase in crystallite size and lattice parameter relaxing the inherent strain and
dislocations with increase in film thickness. The crystallization and orientation of the

crystal growth gets enhanced with increase in film thickness. The optical band gap



Summary

decreases, whereas the refractive index and extinction coefficient shows normal
dispersion and increase with an increase in film thickness.

The substitution of Ni** ions in CdS (Cdy14Ni,S, 0 < x < 0.09) structure is
responsible for structural disorders and hence, results in degradation of crystallinity.
The incorporation of Ni** ions in CdS shows band gap narrowing. A transition in
magnetic phase from diamagnetism to para/weak ferromagnetism with Ni content in
CdS nanofilms has been observed.

The crystallite size, interplanar spacing and lattice parameter ratio decrease
with increasing Co** concentration in CdS (Cd;..Co,S, 0 <x < 0.08) nanofilms. A red
shift in the peak position of Cd-S stretch and optical band gap has been found with
Co™* content. The diamagnetic state of CdS vanishes with increasing Co content for x
=0.02 and a transition to ferromagnetic state at x > 0.02 has been observed.

The pure and transition metal doped CdS nanofilms deposited using low molar
concentration of chemicals via chemical bath deposition which grow with columnar
structure of crystallites parallel to the plane of substrate possess less grain boundaries.
The CdS nanofilms, having low thickness (< 100 nm), small crystallite size (< 30 nm)
and high transmittance (> 75%) may be suitable for photovoltaic, optoelectronic and
visible light detection applications.

The stable wurtzite structure, high transmittance and band gap tailoring of Ni**
& Co** doped CdS nanofilms in visible region and UV end of solar spectrum make
them suitable for large area coating of photovoltaic devices, anti-reflection coating,
solar control coating and warming window layers. The flexibility in magnetic phase
from diamagnetic to para/ferromagnetic with transition metal (Ni** & Co”*) content
in CdS and the presence of low magnetic coercivity, may offer multipurpose dilute
magnetic semiconductors for opto—electronic, magneto—optical and spintronics

applications.
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