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Abstract

In the present investigations, different chemical routes were optimized for the
synthesis of ZnO nanoparticles with and without doping of various rare earth
elements. Supramolecular assembly of diblock copolymer PS-b-P4VP and
additive HABA have been explored for the fabrication of well-ordered array
of ZnO nanostructures for their optoelectronic applications. Synthesized
ZnO nanoparticles were studied for their action against Bacillus subtilis
biofilm formation.

Zinc oxide nanoparticles (ZnO NPs) were synthesized by chemical meth-
ods using different precursors (zinc chloride, zinc nitrate hexahydrate and
zinc acetate) and media (water, ethanol, and methanol). An effort has been
made to precisely control the particle size and optical band gap by various
methods, while maintaining the crystal structure. Transmission Electron Mi-
croscopy (TEM) analysis confirmed that the particle sizes of the synthesized
ZnO nanoparticles were in the range of 5 nm to 20 nm. X-ray diffraction
(XRD) studies were in tandem with the TEM studies and confirmed the
hexagonal crystal structure for all the samples. Absorption spectra of these
nanoparticles exhibit broad peaks in the range of 274 to 376 nm. Optical
band gap values of the synthesized ZnO NPs were found to be in the range
of 3.2 eV to 3.32 eV. The photoluminescence (PL) spectra show two emis-
sion peaks; one at 393âĂŞ420 nm which corresponds to band gap excitonic
emission, and another located at 520-550 nm, due to the presence of defects.
Variations in peak positions of the emission spectra are due to changes in the
defect densities on the surfaces of the nanoparticles which were synthesized
with different precursors. The number of sub peaks obtained from Gaus-
sian peak function fitting of PL spectra shows the possible energy levels, the
types of defects present in the samples and also their influence on the optical
properties.

The synthesis of size controlled ZnO and rare-earth (RE) (terbium (Tb), er-
bium (Er), Europium (Eu)) doped ZnO nanoparticles (NPâĂŹs) via simple
chemical route have been done. The structural, morphological and opti-
cal characterization was done using x-ray diffraction (XRD), transmission



electron microscopy (TEM), diffuse reflectance spectra (DRS) and photo lu-
minescence (PL) spectroscopy. The formation of almost spherical, wurtzite
phase with average crystallite size 12 nm of ZnO and RE doped ZnO was
confirm by XRD and TEM. Decrease in band gap was observed in RE doped
ZnO as compared to pure ZnO NPâĂŹs. Photo luminescence (PL) measure-
ments reveal enhancement of visible luminescence intensity in RE3+ ZnO as
compared to pure ZnO. RE doped ZnO shows characteristic peaks along
with broad visible luminescence of ZnO originates from multiple intrinsic or
extrinsic defects. The luminescence from RE3+ is enabled by energy transfer
from defect centers of the host nanocrystal lattice to dopant sites. ZnO-RE
energy transfer facilitates efficient intra-4f orbital transitions (5D4 −7 Fj for
Tb3+, 5D0 −7 Fj for Eu3+ and 4F9/2 −4 I15/2,

4 S3/2 −4 I15/2 for Er3+) related
characteristic green or red emission. Modulation of energy transfer dynamics
is imperative to use the ZnO-based phosphor materials in future applications
like optoelectronics and multi-colour emission displays. This can be achieved
by the manipulation of defects through bottom up techniques, which is most
viable, as suggested by the above studies.

The preparation and characterization of PS-b-P4VP block copolymer nan-
otemplates have been discussed. Ordered nanotemplates have been prepared
using supramolecular assembly from diblock PS-b-P4VP and low molar mass
additive HABA. Solvent annealing in a selective solvent (1-4 dioxane) affects
the mobility of each block and results in the ordering of blocks. The molec-
ular weight and volume fraction of one of the blocks determines the mor-
phology of templates. It has been found that the cylindrical nanotemplates
changes to lamellar when the relative volume fraction of minority block
(P4VP/HABA) increases from âĹĳ 0.3 âĹŠ 0.5. Ex situ approach were opt
for deposition of ZnO nanoparticles in order to obtain the regular assembly
of the nanoparticles for different optoelectronic applications.

With the advancements in medicine, technology and research strategies the
world has witnessed a rise in spectrum of options available for treatment and
prevention of diseases. By understanding the complex nature of interaction
of pathogen with host and its environment, the focus has shifted from con-
ventional therapy to modern improved preventive strategies. Nanoparticles
have shown immense potential and have been effective in eradicating bacte-
rial biofilm, which is the common cause of drug resistance development and
repeated bacterial proliferation. Hence, in order to explore the same, in this
study ZnO nanoparticles have been synthesized by different routes and their



action against Bacillus subtilis biofilm formation was evaluated. The dose
dependent reduction in biofilm biomass and density was observed as a result
of nanoparticle exposure. There was ∼ 86% reduction in biofilm formation
after treatment of ZnO NPs. Change in surface morphology of the Bacillus
subtilis cells was observed which could be due to oxidative stress induced by
ZnO nanoparticles. The oxidative stress was estimated by measurement of
the catalyse activity that also showed dose dependent decrease.
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General Introduction

1.1 Introduction

Ordered nanostructures have attracted a great attention as they have wide range applica-
tions from optoelectronics to biomedicine. Various techniques are known for patterning
in nanometer range, such as X-ray lithography, e-beam or electron beam lithography,
imprint lithography and Photo lithography [7–9]. But it is very difficult to achieve or-
dered nano structures of size less than 30 nm over a large area with the lithographic
techniques mentioned above. This calls for a simple and effective patterning technique
to generate large area ordered nanostructures with dimensions less than 30 nm. Fab-
rication of ordered nanostructurs using block copolymer nanotemplate is an efficiant
approach [10, 11]. Block copolymers are phase-separated and self-assembled into nanos-
tructured morphologies due to the covalent linkage of the two blocks. These block
copolymer thinfilms with micro-phase separated blocks involves several steps for best
utilization [12, 13]. Furthermore block copolymers provides variety of morphology such
as spherical, cylindrical, lamellar and gyroidal. The nanoparticles (NP’s) incorporation
into these self-assembled blocks is relatively simple since no external field is required
for deposition of NP’s [13]. It is a great challenge to get stable nanosturctures in an
ordered fashion. The stability along with controlled arrangement of these NPs in an or-
dered fashion above substrate is a great challenge. Various methods have been adopted
for selective deposition of metallic NP’s into the desired block of the block copolymer
domain by preloading or post-loading of NP’s. Here pre-loading is the process of load-
ing the block copolymer solution with NP’s before deposition onto the surface. In this
the pre-synthesized metallic NP’s and block copolymer solution are mixed. Now these
NP’s selectively interact with blocks to form nanopatterned block copolymer arrays.
Whereas post-loading is the process of loading the NP’s after the fabrication of the thin
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1. GENERAL INTRODUCTION

film of nanotemplates [14, 15]. Among these methods post-loading methods widely used
for deposition of metallic NP’s, since this approach is relatively simple. Moreover, this
method can be easily extended to fabricate large area templates and hence samples. For
example, E. Bhoje Gowd et al. and co-workers have used 4-vinyl pyridine (polystyrene-
block-poly) (PS-b-P4VP) nanotemplates for the deposition of Au, Pt and Pd NP’s [16].
Furthermore supramolecular assembly (SMA) plays a crucial role in the fabrication of
metal-oxide nanostructures.

This thesis work is an effort to prepare an ordered nanostructure of optically active
material via template method. Pure and rare earth (RE) doped ZnO NP’s were syn-
thesized via simple chemical route in the diameter regime 5-15 nm. The supramolecular
assembled thin film of block copolymer PS-b-P4VP and low molecular mass aditive 2-(4-
hydroxyphenylazo)benzoic acid (HABA) were deposited on silicon substrate using dip
coating technique. These films were further annealed 1-4 dioxane atmosphere in order to
get ordering. Further, these thin films were rinsed using ethanol for selective removal of
the block P4VP which is bonded with HABA. The obtained nanoporous template were
used for deposition of pre-synthesized ZnO and RE doped ZnO NP’s. These prepared
nanostructures has potential application in optoelectronics devices such as LED’s, solar
cells etc... Antibacterial activity and biofilm activity of ZnO were also studied.

1.2 Block copolymers

Polymers are long chain molecules and broadly they are categorized into two types of
polymers; homo-polymer and co-polymer. Homo-polymers consists only one type of
monomers where as block copolymer consists of two or more than two monomers. The
arrangement of monomers in co-polymers may be random or periodic. If the arrange-
ment is periodic then copolymer is known as block copolymer.

Figure 1.1: Schematic diagram of linear di-block (AB), triblock (ABA, BAB and ABC)

and AB multi-block copolymers [1].

So, block co-polymers are the polymers comprising of the blocks of monomers repeating
in a particular sequence and according to the number of blocks they are called di, tri or

2



1.2 Block copolymers

multi block copolymers. Figure 1.1 represents the schematic representation of different
block copolymers.

1.2.1 Diblock copolymers

Diblock copolymers consist of two monomers grouped together in a homogenous block of
the polymer chains. The phase diagram for possible morphologies and their dependency
on tha degree of polymerization (N), the volume fraction (f) and on the Flory-Huggins
interaction parameter (χ) as well as schematic representation of the morphologies have
been addressed in section 1.2.3. Diblock copolymers represents the simplest architectures
rather than the other block copolymers (triblock and multiblock) and these are the most
investigating block copolymers for the device applications. Most of diblock copolymers
are consisting of PS, here are some examples for diblock copolymers; PS-b-PMMA, PS-
b-P4VP, PS-b-P2VP, PS-b-PEO, PS-b-PI, PS-b-PB. Among them PS-b-PMMA and PS-
b-P4VP have been extensively investigated for different structures, ordering, alignment
and fabrication of nanostructures.

1.2.2 Triblock copolymers

Triblock copolymers consists of three dissimilar monomers (ABC triblock copolymer)
grouped in homogenous blocks having repulsive interactions among them. The phase
separation of microdomains in triblock copolymers not only depends on f , N and χ but
also depends on the mutual interactions between the blocks A-B, B-C and C-A, and
the blocks sequence. Therefore, they have more complexed morphologies as compaired
to diblock copolymers. Zeng et al. have focused on the dependency of morphology on
the sequence of block and strength of interactions between the blocks and theoretically
calculated the phase diagram for the morphology of triblock copolymers [17].

1.2.3 Self assembly

Block copolymers are covalently bonded polymers. The formation of large domains re-
stricted by connectivity between the polymers, leads to so called microphase separation.
The theoretical descriptions of micro-phase separation has been developed by Helfand,
Wassermann [18] and Leibler [19] and finally Matsen and Bates combined them in 1996
[20]. The appearance of micro-domains are determined by three principal factors the
total degree of polymerization Ntotal(= NA + NB), the Flory-Huggins interaction pa-
rameter χ, and volume fraction ( (fA and fB ) of the blocks A and B respectively (
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fA + fB = 1) [21]. The degree of incompatibility of blocks is specified by the χ param-
eter, which drives the phase separation between the blocks, A and B. Equation (1.1)
describes the relation between χAB and temperature (T )

χAB = (
z

kBT
)[εAB −

1

2
(εAA + εBB)] (1.1)

where z is the number of nearest neighbors in the polymer, kB is the Boltzman con-
stant, T is the temperature in kelvin, εAA, εBB and εAB are the interaction energy of the
repeated unit A-A, B-B, and A-B, respectively. The degree of polymerization predesti-
nate the radius of gyration Rg which indirectly determine the size of the micro-domains.
Characteristic stretching is associated with the polymer growth to fill the space, this
N accommodates the entropic contribution towards the Gibbs free energy of the block
copolymer.

Figure 1.2: (a) Equilibrium morphologies of the bulk of AB diblock copolymers: S and

S’ = sphere, L = lamellae, G and G’ = gyroid, and C and C’ = cylinder. (b) Theoretical

phase diagram of AB diblocks and (c) Experimental phase portrait of polyisoprene-block -

polystyrene copolymers, here fA represents the volume fraction of block A, PL = perforated

lamellae [2].

Chemical incompatibility among the blocks causes repulsion between them which causes
phase A to penetrate into phase B. The incompatibility is described by the χ parameter,
which is a function of temperature, which inherently specifice the enthaplic contribution
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towards the total Gibbs free energy. The curve between the product χN and f (the
volume fraction of one of the blocks) expresses phase balance between entropy and
enthalpy of the block. Hence this curve is considered as a phase diagram (figure 1.2).
The mechanism for formation of the different morphologies is affected by two factors:
one mediated by the chain stretching, the contribution towards entropy and other is the
intefacial energy between the two blocks, the enthalpic contribution. During microphase
separation, the blocks get separated in such a way that the interfacial lowered so that
the total energy is minimized. minimize the interfacial area to lower the total interfacial
energy. This phase separation results in the chain stretching, directed away from the
preffered polymer chain conformation. The relative volume fraction wrt diblock is the
major factor controlling the degree of stretching. The well known mechanism for the
morphological transition ’the cone-column mechanism’ is described in Figure 1.2. When
there is a high asymmetry between the diblocks, the smaller block usually prefers to
aggregate into spherical microdomain, hence allowing the other block to surround them
“coronas” (figure 1.2 a). This process increases the configurational entropy by lowering
the interfaciall area when compared to other morphologies making it energetically more
favourable. As the effective volume fraction fA increased at a fixed temperature, the
corona volume fraction gets decreased resulting in the formation of less curved interfaces
(figure 1.2 b and c). This changes forces the polymer chains to adopt new arrangements
so as to reduce stretching. This leads to the morphological transformation of spheres
to cylinders and then to lamellae(figure 4.2 b). The length scale of each domain is
of the order of the corresponding radius of gyration [22], which results in structure
sizes of ∼ 10 − 40 nm. Block copolymers can be aligned in the bulk and thin films.
Several reports have been proposed to make ordered block copolymers highly interesting
for technological applications such as nanofabrication [23]. It is known that block co-
polymers films can be aligned by shear [24], or by exploiting surface properties such as
the surface roughness, [25, 26] or else by using electric fields [27–29]. This way large-area
ordered nanostructures can be processed cost-efficiently, without the use of lithography
[30] which can be used as nanostructured templates.

1.2.4 Supramolecular assembly

Supramolecular assembly (SMA) is the process in which the small molecules called ad-
ditives are attached with the one of the copolymer blocks via some specific interactions.
The addition of these small molecules swells significantly one of the blocks and induces
the interesting phase behavior of the block copolymers. These small molecules are as-
sociated with the co-polymer with weak interactions or noncovalent bonds. Generally,
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they interact with co-polymer via hydrogen bond. These molecules attach with one
of the block, resulting in the alteration of the relative volume fraction of that block
which in-turn changes the morphology. Another advantage with the SMA is the readily
removal of these small molecules by selective solvents which make them interesting for
the fabrication of variety of functional nanomaterials. An example of the supramolecu-
lar complex system is PS-b-P4VP and pentadecylphenol (PDP) which has been widely
investigated by Ikkala and co-workers [31]. The chemical structures and schematic rep-
resentation of PS-b-P4VP and PDP are shown in figure 1.3 (a), PDP molecules possess
the hydroxyl group which is bonded with pyridine group of P4VP via hydrogen bond.
PDP molecules have polar backbone and non-polar alkyl tails with a sufficient repulsion
between them. This repulsion is responsible to form the structures within structures
with two length scale (figure 1.3 (b)). So, PDP molecules are microphase separated
from P4VP and non-polar alkyl tails are aligned normal to the P4VP copolymer (shown
in figure 1.3 (a)).

1.3 Zinc oxide (ZnO) nanostructures

An extensive research in the field of science and technology for nanomaterials has been
going on since past decades. The structural, thermal, electronic and optical properties
altered drastically when the size of the materials is reduced to the nanometer scale. ZnO,
a II-VI compound semiconductor with a wide bandgap of ∼ 3.4 eV , is a versatile mate-
rial with wide range of applications in optical devices (like light-emitting diodes (LEDs),
UV laser, optical waveguides, solar cells etc...), field emission devices, photocatalysis,
UV sensors, security printing, antibacterial and gas sensing [32–37]. Its vast and diverse
morphology, easy and economic synthesis and thermal, mechanical as well as chemical
stability of ZnO makes it a popular choice in optical devices. However, the promise
of these nanocrystals as a technological material for such applications may ultimately
depend on tuning their behavior by doping. Impurities can modify the properties of the
material including optical, electronic, and magnetic properties [38–40]. It is required
to control the size, shape, crystal structure and synthesis of novel nanostructures in
order to design these properties of ZnO for practical applications. However, for some
applications, such as nano-electronics and fluorescent imaging it has been noticed that
tuning of band gap only by changing the morphology or size of nanocrystals is sufficient.
Doping of appropriate impurity in semiconductor material plays an important role for
desired optoelectronic and photovoltaic applications [41–43]. ZnO is considered as a
unique host material for doping of optically active impurities which have luminescence
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at room temperature [44]. Generally, semiconducting NP’s are known to exhibit ex-
otic physicochemical properties due to quantum confinement effect. Considering these
advantages, there was a recent sruge in review articles, describing the progress in the
growth and applications of various ZnO nanostructures having different morphologies
[45, 46].

1.3.1 Crystal Structure

ZnO crystallizes in its thermodynamically stable wrutzite structure at ambient condi-
tions. However, zinc-blend and rock-salt structures are also favorable crystal structures.
In Schoenflies notation the wrutzite structure belongs to the class C6v4 (Space group)
and to P63mc class in Hermann-Mauguin notation. The primitive unit cell of ZnO con-
sist of two formula units, in which each zinc ion is surrounded by four oxygen ions in a
tetrahedral coordination and vice versa [47]. The piezoelectric properties and crystallo-
graphic polarity of ZnO is due to the noncentrosymmetric tetrahedral coordination in
ZnO which is a key factor in crystal growth and defect creation. Out of these the polar
and the (1010) surfaces are found to be stable while the (1120) face is less stable [48].
For an ideal wrutzite structure, the lattice parameters derived from X-ray diffraction, at
room temperature are a = b = 3.25Å and c = 5.20Å with a c/a ratio of 1.6. However,
the lattice parameters aandbÅ typically ranges from 3.2475 to 3.2501Å and c-parameter
from 5.2042 to 5.2075Å. This variation is directly related to the concentration of foreign
atoms, external strains, defects and temperature [47].

(Wurtzite) (Zinc blende)

Figure 1.3: Schematic representation of ZnO crystal structures: hexagonal Wurtzite (a)

and cubic zinc blende (b). The shaded black and grey spheres represent oxygen and zinc

atoms respectively
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1.3.2 Native defects in ZnO

It is of prime importance to control the defects and its associated charge carriers for the
device applications of ZnO materials. The defects are directly correlated to doping which
exploits the properties of ZnO materials, minority carrier lifetime and luminescence
efficiency. This may be directly correlated to the diffusion mechanisms connected to
growth, processing and devices degradation.

UV

3.18 eV

3.06 eV

Zn

2.9 eV

VZn

Vo

2.28 eV

O1

OZn

Eg = 3.36 eV

Ev

1.62 eV
2.38 eV

Ec

Figure 1.4: The schematic of calculated defect’s levels in ZnO film

There are a number of intrinsic defects in ZnO with different ionization energies: oxygen
vacancy (VO), Zn vacancy (VZn), zinc interstitial (Zni), oxygen interstitial (Oi) and
antisite oxygen OZn. The predominant ionic defect types are Zn interstitials and oxygen
vacancies [49–51]. The energy levels of the native defects in ZnO film were calculated,
as shown in figure 1.4. The atomic and electronic structures of the native defects in
ZnO have been extensively investigated, both theoretically and experimentally [49–53].

1.3.3 Synthesis of ZnO NP’s

There are several methods reported for the synthesis of ZnO nanostructures having
different structures, shapes, and morphologies. Basically, the methods are chemical,
physical, or mechanical, such as sol gel process [54], chemical vapor de-position [55],
microwave synthesis [56], direct precipitation [57], homogeneous precipitation [58], micro
emulsion synthesis [59], spray pyrolysis [60], plasma synthesis [61], ball milling [62], wet
chemical synthesis [63], solvo-thermal and hydro thermal synthesis [64], pulsed laser
ablation technique [65], combustion flame [66] etc... Out of these methods, the co-
precipitation method is simple to implement, economically effective, and high yielding
method for obtaining NP’s at desired room temperature [67–69]. This method is steady,
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1.4 RE doped ZnO NP’s

fast, and spontaneous for the controlled growth of ZnO NPs by controlling the various
parameters such as temperature, pH, and the type of solvent and reacting time of
precursors to form co-precipitation.

1.4 RE doped ZnO NP’s

For enhance the performance properties of ZnO without changing it’s physio-chemical
properties numerous studies are taking place by researchers to find the optimum solu-
tion. Thus, modifications are taking place by adding impurity or defect at the time of
synthesis of NP’s [70] The addition of impurities or foreign atoms to a compound by
creating defect for enhancing its physical properties is termed as doping. Here, dop-
ing is required to modify the physical properties of nanostructures [71, 72]. Tuning of
electrical conductivity, optical, luminescent, magnetic, and other physical properties of
semiconductor material can be achieved by doping of impurities into the semiconduc-
tor lattices [73]. Due to wide band gap, pure ZnO is an insulator so electrical devices
would not operate without having impurities. A small change in the concentrations
of native or non-native defects can improve the conductivity of ZnO over 10 orders
of magnitude. So, the doping is required for using ZnO in different devices. In ZnO
nanostructures, there are basically two types of defects: intrinsic defects and extrinsic
defects. The interstitial of zinc and oxygen, and vacancies at the bonding between zinc
and oxygen are intrinsic or native point defects of ZnO NP’s. Since the oxygen vacancies
and zinc interstitials are dominant native or relevant donor, so the formation of donor
levels are highly probable, if the Fermi energy band is at the valence band [74]. The
zinc vacancies are the main native acceptor in ZnO. Oxygen anti-site has considered as
deep acceptors because it has the highest defect formation energy even for oxygen rich
conditions among the native point defects of ZnO NP’s. Extrinsic defects are classified
into two types: n-type and p-type. The n-type ZnO are obtained by doping with III
Group elements (Al, In etc...), transition metal elements (Pb, Mn, Fe, Ni, Co etc...)
and RE metals (Eu, Er, Gd, Tb etc...) [75–79]. These elements incorporate on the zinc
lattice site and become shallower effective mass donors. With the help of hydrogen free
electron concentration of n-type ZnO can be achieved. It is very difficult to formation
of p-type ZnO because of the asymmetric doping limitations in ZnO nanostructures
for practical as well as industrial applications [80]. The RE elements are considered as
good dopants in ZnO due to their optical and high conductivity properties [75–77, 81].
RE doped wide band gap semiconductors has the importance for display applications
involving UV, visible, and infrared light emission because of wide band gap that exhibits
less thermal quenching of emissions than narrow gap semiconductors. Furthermore the
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studies of RE (Tb, Eu, Gd etc...) doped ZnO suggest that these materials may useful in
optoelectronic spintronic applications [82, 83]. Thus the doping of RE helps to modify
the properties of ZnO nanostructures by modifying their crystal structure, morphology,
size, and surface defects [78, 82].

1.5 Applications of RE doped ZnO

Due to their unique and versatile features and properties, the RE-doped ZnO nanos-
tructures can be used in various industrial applications [84, 85]. They are used in
the field of electronics and semiconductor industry for developing single electron tran-
sistors, photodetectors, fabricated LEDs, laser diodes, flat panel displays, transparent
electrodes, nano-generators, solar cells, optical waveguides, PZT transducers, surface
acoustic wave devices and optoelectronic devices [40, 84, 86–107]. They are used in
the field of spintronics for making solid state devices for memory storage and electro-
magnetic devices. They are used in sensing applications and for photocatalysis. They
show photocatalytic degradation of various anionic and cationic dyes [108–111]. With
this, they are used for regulated and controlled drug release over sites and can be helpful
in anticancer and antibacterial activities [84, 85, 112]. As a micronutrient, zinc can also
be used as a supplement for plants and animals. The RE doped ZnO NP’s have several
other applications in printing inks, fire resistant materials, artificial fertilizer, fingerprint
analysis, cigarette filters and bio-sensors for the detection of various enzymes and other
bio-molecules.

1.6 Block copolymer nanotemplates directed nanos-

tructures

The ordered block copolymers thin films can be used for fabrication of the nanostruc-
tures with higher aspect ratio. However, commercially available alumina nanotemplates
have the high aspect ratio but block copolymer nanotemplates provide a denser array
of pores with less size of pores and periodicity and it comes with variety of patterns
because of their self-assembly into various morphologies on nanometer scale. Block
copolymer nanotemplates with porous structures normal to the substrate are mainly
used for the fabrication of ordered nanostructures. Mainly the cylindrical and lamellar
block copolymer structures are used for the fabrication of nanorods, nanowires, nanodots
and nanowalls [113–115]. The fabrication process mainly involves three steps;
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1 Selective removal of one of the block and creation of nanoporous templates.

2 Backfilling of porous channels with inorganic materials

3 Removal of remaining polymer matrix via different techniques.

There are the different ways to remove the polymer block like UV etching, chemical
etching, depending on the chemical nature of the block copolymer. Nanoporous channels
can be filled by sol-gel method or direct deposition of NP’s into the templates. In
sol-gel method the reaction conditions have to be controlled carefully. Another way
is the deposition of pre-synthesized inorganic NP’s into the templates. It offers the
flexibility to tailor the properties of NP’s before deposition and can be controlled by
their assembly time. Polymer templates/matrix can be removed by UV irradiation,
pyrolysis and plasma etching.

1.7 Motivation & objectives of the work

Block copolymer nanotemplates using supramolecular assembly of diblock copolymer
PS-b-P4VP and additive HABA have been explored for the fabrication of ZnO and RE
doped ZnO nanostructures. The main objectives of the thesis are as follows;

• To synthesize ZnO NP’s and optimization of their particle size.

• To synthesize RE doped ZnO NP’s.

• To fabricate the block copolymer nanotemplates with different morphologies vary-
ing their molecular weight and the volume fraction.

• To fabricate the ordered ZnO and RE doped ZnO nanostructures using the pre-
pared block copolymer nanotemplates.

• Antibacterial and biofilm activity of ZnO.

11
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2

Brief Review of Literature

2.1 Introduction

The popularity of small length scale devices with high efficiency and low power con-
sumption promotes the field of nanomaterials in the industrial applications. The low
scale patterning with high resolution on the substrate is key factor for the rate of ad-
vancement in the semiconductor industry. The nanoscale patterning on a substrate with
a 40 nm has been achieved by conventional UV photo lithography. Further improvement
in the pattering structures in terms of scale makes the process complicated and increase
the overall cost. The advance techniques for the nano patterning as nano-imprint lithog-
raphy, extreme UV photo lithography, and interference lithography are still facing some
difficulties for next generation device applications. These issues intensify the growing
interest in self-assembly of materials which offers the well-ordered structures with a pre-
cise control at atomic or molecular level. For the device application of self-assembly, the
nanomaterials, as a device component, are to be deposited on the substrate in a well-
organized manner. Block copolymers have great interest over more than a decade for
their use in semiconductor device applications because of their ability to self-assemble
in the nanometer scale (typically 5 - 100 nm) with different morphologies [116, 117].
The block copolymer nano-lithography using spherical microdomain structure in 1995
was firstly demonstrated by Mansky et al.[118, 119]. The nano-patterning with block
copolymers as an alternative for the polymeric photoresist offers the opportunity to ex-
plore the more benefits of self-assembly of block copolymers towards the optoelectronic
applications. With this aim, enormous efforts have been dedicated to exploit the prac-
tical applications of block copolymer based nanostructures. Despite of ease of process
and spatial scale of block copolymer pattering, still the work remains for the practi-
cal use of self-assembly in optoectronic applications. To combine the block copolymer
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lithography with the current photolithography, important issues of domains orientation
and lateral ordering must be focussed. The cylindrical domains are preferable than
spherical domains for pattering or templating, owing to their stability or connectivity
to the substrate and high aspect ratio. In this chapter, we have reviewed the literature
for materials and methods for self-assembly of block copolymers along with the semi-
conductor material which is most suitable for fabrication of nanostructures using block
copolymers nanotemplates for optoelectronic applications.

2.2 ZnO NP’s

The efforts are being made by the researchers to prepare highly ordered nanostructures
for the advancement of recent technology [120]. In the field of nanotechnology, different
categories of nanostructures with unique characteristics are being processed and applied
for a wide range of industrial applications [120].

Table 2.1: Basic properties of ZnO

1. Appearance White Solid

2. Odor Odorless

3. Molecular Weight 81.38 g/mol

4. Crystal Structure Wurtzite

5. Coordination Geometry Tetrahedral

6. Lattice Constant a = 3.25Å, c = 5.2Å

7. Band Gap 3.36 eV

8. Solubility in Water 0.0004% (17.8◦C)

9. Refractive Index µD 2.0041

10. Density 5.606 g/cm3

11. Melting Point 1975◦C

12. Flash Point 1436◦C

13. Space Group P63mc

Nano-sized semiconductor materials widely used in recent years due to their unusual
thermal, structural, optical and electronic properties, and applications in different ar-
eas such as electronic industries, textile industries, medical industries, photo catalysts,
gas sensors and photo electron devices [92, 120] . ZnO is a widely used material in
recent years because of it’s attractive features for catalytic, electrical, optoelectronic,
and photochemical [120]. ZnO can be easily processed by different routes with variety
of morphology along with excellent stability under high-energy radiation [120]. Further-
more, it can be grown on substrate in a variety of nanostructured morphologies, by low
cost, low temperature methods and with less complex equipments [92]. These salient
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2.2 ZnO NP’s

feature motivated us to dig out more interesting properties of this novel compound. The
remarkable basic properties of ZnO are summarized in table 2.1.

2.2.1 Synthesis methods of ZnO NP’s

The morphology and size of ZnO NP’s play an important role for observing the differences
between the properties of nanostructures in comparison to bulk compound [121–124].
Many reports show that properties of nanomaterials depend on their morphologies and
sizes. Relative luminescence intensity of ZnO varies with morphologies as nanowire >
nanopowder > nanoneedle > nanoparticle. [124] Small changes in experimental condi-
tion like solvent, temperature, precursor, pH etc... may change the morphologies and
properties of nanostructures. D Sridevi et al. synthesized ZnO NP’s by hydrother-
mal method, x-ray diffraction confirmed crystalline nature and hexagonal structure of
ZnO [125]. M. A. Shah et al. synthesized ZnO NP’s by a chemical reaction of zinc
metal with ethanol at 200◦C. Morphology was change to nano rod with the addition of
ethylenediamine to the reaction mixture [126]. ZnO flake structures were synthesized
hydrothermally by D. Geetha et al. [127, 128]. Different synthesis methods of ZnO
nanostructures and their morphologies are tabulated in table 2.2.

2.2.2 RE-doping in ZnO

Doping in ZnO are used to for devices application [103, 149–169]. The desired electronic
properties can be achieve by doping of n type or p type. Furthermore RE doping is
helpful for tuning the optical properties. The common problems with doping are that
it change the morphology when dopant introduced during the growth, and the accurate
determination of electronic properties. Therefore, most of the studies of doped ZnO are
focused to the effect of dopant on the optical properties. The synthesis method and
their morphologies are summarized in table 2.3.

2.2.3 Optical properties of ZnO and RE-doped nanostructures

2.2.3.1 UV Visible spectra

Generally bulk ZnO shows absorption peak at 370 nm in UV region. At nanometer
scale, this peak shifts towards low wavelength side due to quantum confinement effect.
The position of absorption peak varies with synthesis condition, precursor, solvent etc...
[182, 183]. For example A.K. Singh et al. reported that the absorption peak shifted
towards blue with concentration of Triethanolamine (TEA) [183].
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Table 2.2: Various methods for synthesis of ZnO nanostructures.

Method Chemical reagents Synthesis condition Properties Reference

Mechano-chemical

process

ZnCl2, Na2CO3, NaCl,

ethanol

Temp-350◦C-450◦C

Calcination-1 hr.

Hexagonal and regular shape of par-

ticles, particle size of 51 nm

[129]

ZnCl2, Na2CO3, NaCl,

ethanol

Temp-400◦C Calcination-0.5

hr.

Hexagonal and regular shape of par-

ticles, particle size of 27-56 nm

[130]

ZnCl2, Na2CO3, NaCl,

ethanol

Temp-600◦C Calcination-1 hr. Hexagonal structure, particle size of

21-25 nm

[131]

ZnCl2, Na2CO3, NaCl,

ethanol

Temp-400◦C-800◦C Hexagonal structure, particle size of

18-35 nm

[131]

Sol-gel method Zinc acetate, ethanol, ox-

alic acid

Temp-60◦C Drying 24 hrs.,

60-80◦C and calcinations at

500◦C

Uniform, wurtize structure particle

size of 100 nm

[132]

Zinc acetate, oxalic acid,

ethanol

Temp-50◦C, time 60 min Dried

at 80◦C for 20 hrs.

Wurtize structure, spherically

shaped particles, size of 50-200 nm

[133]

Zinc accetate, di-

ethanolamine, ethanol

synthesis at room temp. an-

nealing: 500◦C for 2 hrs.

Nanotubes of Hexagonal structure

and

[134]

Hydrothermal process Zinc acetate, NaOH,

HMTA

Temp-100◦-220◦C for 5-10 hrs.

and HMTA be of 0-200 ppm

Spherical shaped structures having

particle size of 55-110 nm

[135]

zinc acetate dihydrate,

NaOH, PVP

stirring at 400 rpm at 60◦C,

thermally treated temp. up to

120◦C, heating rate 2◦C/min.

for 72 hrs.

Hexagonal prismatic rods [136]

Zinc nitrate, deionized wa-

ter, HMT

Microwave heating at 90◦ for 2

min and dried at 60◦C, 2 hrs.

Hexagonal wurtize structure,

nanorod and nanowire shape of 280

nm diameter

[122]

Zinc acetylacetonate, n-

tuboxyethanol and zinc

oximate

Microwave heating of 800 W for

4 min and drying at 75◦C

Crystallite size of 9-31 nm and par-

ticle diameter of 40-200 nm

[137]

Zinc chloride, NaOH Temp–100◦-220 ◦C for 5-10

hrs.

Different types of structures are ob-

tained: bullet like, rod like, sheet of

size 50-200 nm

[138]

Zinc acetate, Zinc nitrate,

LiOH, KOH, NH4OH

Temp-120◦-250◦C for 10-48

hrs.

Hexagonal wurtize structure of size

greater than 100 nm

[139]

Co-precipitation pro-

cess

Zinc nitrate, NaOH,

Ionised water

Temp-100◦C Stirring overnight

at room temp.

Particles of spherical size of 40 nm [121]

zinc acetate dihydrate, DI

water, tri-n-propylamine,

NaOH

magnetic stirring at 80◦C, pH

9, dried in hot air oven at

120◦C for 4 h

Nano and micro-flowers, dumbbell

shaped, rice flakes, and rings

[140]

Zinc acetate, KOH,

Ionised water

Temp-20◦-20◦C Particle size of 160-500 nm [141]

Zinc acetate, NaOH,

Ionised water

Temp-75◦C Overnight drying

at room temp.

Hexagonal structure, flower shape,

particle size of 500-800 nm.

[142]

Zinc nitrate, NaOH,

Ionised water

Temp-100◦C Cacination-2 hrs. Particle size of 50 nm [143]

ZnSO4, NH4HCO3,

ethanol

Temp-100◦C Cacination-2 hrs. Wurtize structure, particle size of

12 nm

[144]

ZnSO4, NH4HCO3,

ethanol

Temp-25◦C Drying-80◦C

Cacination-1 hr.

Hexagonal structure, flower-like

and rod-like shape, size of 15-25

nm

[123]

Green synthesis Zinc acetate dihy-

drate, DI water, NaOH,

[bmim][NTf2]

domestic microwave oven (2.45

GHz, 850 W) in air, dried in

vaccume at 40◦C for 10 hrs.

Hexagonal wurtize structure and

spherical shape size of 20-30 nm

[145]

Other methods Diethylzinc, oxygen Using helium as carrier gas Hexagonal wurtize structure and

size of 9 nm

[146]

Zinc nitrate, NaOH, hep-

tanes, hexanol, triton X-

100, PEG

Temp. 140◦C for 15 hrs. and

dried at 60◦C

Hexagonal wurtize structure and

varying size of 50-200 nm

[147]

Zinc acetate, NaOH, de-

cane, water, ethanol

Temp.-90◦C for 2 hrs. Spherical and hexagonal particles,

size of 100-230 nm

[122]

Zinc acetate Pyrolysis or thermal deposition

around 800◦C

Hexagonal wurtize structure and

size of 20-30 nm

[148]
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2.2 ZnO NP’s

Table 2.3: Various methods for synthesis of RE doped ZnO nanostructures.

Method Chemical reagents Synthesis condition Properties Reference

Sol-gel ZnA, ErCl2 , MEA Stirring with temp.-60◦C, for 1

hr. Annealing at 500-600◦C for

1 hr.

Sphere like structures obtained on

crystalline surfaces having size of

27.44 nm and 29.28 nm.

[82, 83]

ZnA dehydrate, GdA hy-

drate, ethanol, NȦH

Stirring at 80◦C for 6 hrs. and

pH 8-11

NP’s formed of size 9-22 nm. [170]

Zinc acetate, neodymium

nitrate, CTAB, ammo-

nium bromide,

Stirring and aged at room

temp. for 48 hrs then dried at

60◦C for 12 hrs.

NP’s formed of size 22-33 nm [109]

Hydrothermal Zinc acetate, neodymium

nitrate, water, HTMA

Constant stirring for 1 hr., then

heated at 95◦C for 16 hrs.

Hexagonal wurtzite structure hav-

ing size of nearly 200 nm.

[171]

ZnA, Eu2O3, methanol,

NaOH

Temp.-150◦C for 12 hrs. under

stirring and dried at 60◦C

Wurtzite structure NP’s size of 9-12

nm.

[91]

Microwave assisted ZnA, NaOH, Europium ni-

trate, water, ethanol, PVA

Constant stirring, room temp,

pH-10, annealed at 200◦C for

2 hrs.

Hexagonal crystal structure

nanorods of size 25 nm.

[172]

Co-precipitation Zinc nitrate, neodymium

nitrate, NaOH, water and

ethanol

Stirring at room temp. for 30

min, then temp.-80◦C for 5 hrs.

and drying at 120◦C for 2 hrs.

The Hexagonal wurtzite structure

having size of 29-35 nm

[136]

ZnA, NaBH4, Europium

nitrate, water

Stirring for 4 hrs. at 60◦C,

dried at 200◦C

NP’s formed of size 1-60 nm [173]

ZnA,

Eu(CF3COO)3Âů3H2O,

ethanol, NaOH

Stirring for 2 hrs. at room

temp, dried under vaccum for

24 hrs at 60◦C

Quasi-spherical crystalline struc-

tures having size of 5-6 nm.

[174]

Diffusion process ZnA, Eu, O2 Temp.-900◦C under vaccum

and annealing for 1 hr.

Single crystal Eu-doped ZnO

nanowire diameter appx. 200 nm.

[175]

Chemical route ZnA, ErCl2 , dist. Water,

octanol

Room temp.-25◦-35◦C Spherical like structures having

particle size of 15-50 nm and diam-

eter of appx. 850 nm.

[79]

Zn(NO3)2, Er(NO3)3, oc-

tanol

Solvothermal conditions,

Temp-200◦C for 10 hrs. and

washed with ethanol

Nanocrystals are obtained having

particle size of 23-30 nm.

[80]

ZnA dehydrate, TMAH,

GdA hydrate, ethanol,

oleic acid

Constant stirring at room

temp.

NP’s formed of size 3-5 nm. [176]

Sonochemical synthe-

sis

ZnA dehydrate, GdNhex-

ahydrate, PVP/CTAB,

ammonia

Sonication 30 mins and dried at

320◦C

Hexagonal wurtzite structure of size

10-70 nm

[177]

Combustion ZnO, Eu2O3, nitric acid,

water, NH4OH

Temp.350◦C for boiling, pH =

5, Annealed at 550◦C

NP’s obtained of size nearly 50 nm. [178]

Zinc nitrate, Europium ni-

trate, urea

Temp.-350◦C, Annealed at

550◦C

NP’s obtained of size 28 nm [179]

Thermal evaporation ZnAdihydrate, GdNhex-

ahydrate, O2, ethanol

Temp-500◦C for 2 hrs.

Cacination-2 hrs.

NP’s formed of size 10 nm. [180]

Reverse micelle Zn(CH3COO)2Âů2H2O,

Eu(CH3COO)3Âů4H2O,

CTAB, butanol and octane

Temp.-200◦C for 10 hrs. Nanocrystals of Eu-doped ZnO of

size 50 nm,

[90]

Electrospinning calci-

nations

ZnA dehydrate, GdNhex-

ahydrate, PAN, N,N -

dimethyl formamide

Stirred at 35◦C for 3 hrs.,

Voltage-22.5 kV, Calcinated at

500◦C

Gd doped ZnO nanorods formed

size of 73 nm.

[181]

17



2. BRIEF REVIEW OF LITERATURE

Pandey et al. Optical Studies of Europium-Doped ZnO Nanoparticles Prepared by Sol–Gel Technique

A
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Fig. 6. FT-IR spectra of (a) undoped ZnO:0.0%Eu, (b) ZnO:0.1%Eu,
(c) ZnO:0.2%Eu and (d) ZnO:0.3% Eu doped ZnO nanoparticles.

conduction band edge, a process related to degenerate dop-
ing in semiconductors.
The Fermi level for Eu-doped ZnO lies between the con-

duction and valence bands. As the doping concentration is
increased, electrons populate states within the conduction
band, which shifts the Fermi level to higher energy. In the
case of degenerate doping, the Fermi level lies inside the
conduction band. In our case of Eu-doped ZnO, an elec-
tron from the top of the valence band can only be excited
into a conduction band above the Fermi level since all the
states below the Fermi level are occupied. The Pauli exclu-
sion principle forbids excitation into these occupied states.
Thus, we observe an increase in the apparent bandgap.
This slight increase in the bandgap can be explained in
terms of a change in the nature and strength of the crys-
talline potential by addition of Eu3+ dopant ions, including
the effect of their 4f electrons on the crystalline electronic
states. Widening of the optical bandgap is due to filling of
states near the bottom of the conduction band.

Fig. 7. (a) UV-Vis spectra of pure and ZnO:Eu3+ (0.1, 0.2 and 0.3 mole%) doped samples (b) Comparison of bandgap energies with the variation in
concentration of Europium.

Photoluminescence emission spectra of pure and
Europium doped ZnO samples with an excitation
wavelength of 270 nm are shown in Figure 8(a). Photo-
luminescence spectra of ZnO exhibits a near-band-edge
UV emission originates from the recombination of the
free excitons of ZnO presented in Figure 8(a), for all the
samples, with an excitation wavelength of 270 nm. It is
well-known that in ZnO:Eu3+ material with an excited
wavelength lower than 385 nm, no emission from the Eu
dopant can be observed.20–32 As shown in Figure 8(a), the
270 nm photon is not in resonance with any transitions of
the Eu3+ ions. The 400–405 nm photon is in resonance
with the 7F2–

5D2 transition of Eu3+ ions considering the
stark splitting effect. The 400 nm light can directly excite
Eu3+ ions in europium doped ZnO nanoparticles.20 The
electrons can transfer from the 5D2 state to 5D0 state by
the nonradiative process of excited Eu3+ ions. The emis-
sion spectra, shown in Figure 8(b) consists of two groups
of emission bands at about ∼ 618 and 642 nm. These
groups are due to the transitions from 5D0 to 7FJ (J = 2
and 3). 5D0–

7F1 is a magnetic dipole transition and its
intensity hardly varies with the bonding environment of the
Eu3+ ions while 5D0–

7F2 is an electric allowed transition,
which is hypersensitive to the coordination environment of
Eu3+ ions.
According to the Judd–Ofelt theory, the magnetic dipole

transition was permitted. However, the electric dipole tran-
sition was allowed only when the europium ion occupied
a site without an inversion center and the intensity was
significantly affected by the symmetry in local environ-
ments around Eu3+ ions.33 If the Eu3+ ions occupied an
inversion symmetry site in the crystal lattice, the mag-
netic transition 5D0–

7F1 was the dominant transition with
orange-red emission. On the contrary, the electric dipole
transition 5D0–

7F2 (around 615 nm) was the dominant tran-
sition with red emission. In this case, the presence of a
more intense red peak at 618 nm, due to the 4f–4f intra-
shell transition of 5D0–

7F2 transition, confirms that Eu3+

J. Adv. Phys., 3, 1–7, 2014 5

Figure 2.1: (a) UV-Vis spectra of pure and Eu3+ doped ZnO (0.1, 0.2 and 0.3 mole%)

doped samples (b) Comparison of bandgap energies with the variation in concentration of

Europium [3].

Shift in absorption peak also occurs by doping of RE elements. The absorption threshold
of pure ZnO (373 nm) was shifted from UV range to visible range for RE doped ZnO
products (Nd(2.0at%)/ZnO, Eu(2.0at%)/ZnO and Ce(2.0 at%)/ZnO) [184]. Moreover,
Eu doped ZnO shows (figure 2.1a) that the absorbance decreases below 400 nm and
optical band gap increases with increase in Eu doping [3]. The energy transfer from
O atom to Eu3+ ion was observed in Eu doped ZnO samples [185]. Another study
shows that with incorporation of Er in ZnO, the UV absorption bend shows shift in
towards the lower energy side [186, 187]. Furthermore, the band edge was shifted to
the shorter wavelength side for the La doped ZnO as compared to the pure ZnO [188].
The absorption study of Tb doped ZnO also shows an increase in the band gap as Tb
is incorporated with ZnO NP’s [107]. The UV absorption of Er-doped ZnO film was
observed lower than annealed Er doped ZnO film because of the poor crystalline nature
of as deposited film [189].

2.2.3.2 Low temperature photoluminescence

Low temperature photoluminescence (LTPL) studies are useful tool in order to examine
the quality of ZnO nanostructures becouse room temperature photoluminescence does
not detect the diffect emmition [190]. The information about impurity presents in the
sample may also be extracted by high resolution measurements of LTPL spectra. In
addition to neutral donor bound exciton peaks, free exciton emission in LTPL spectra
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at 10 K for ZnO nanorods was also ditecteded which indicates the high optical quality
of prepared ZnO nanorods [191].

Table 2.4: peak position and possible origin of bound exciton lines in ZnO

Position (eV) Possible origin Reference

3.332 Excitons bound to structural defects [192]

3.31 Surface states [193]

3.315 No acceptor [194]

3.3725 [195]

3.3718 [195]

3.3679 [195]

3.3674, 3.3665 Ionized donor bound excitons [195]

3.3660 [195]

3.3614, 3.3604, 3.3600, 3.3593 Neutral donor bound excitons [195]

3.3628, 3.3630 H [194, 195]

3.3608 Al [195]

3.3598 Ga [195]

3.3567, 3.3572 In [195]

3.356 Na acceptors [195, 196]

3.353 Li acceptors [195, 196]

3.3531 [195]

3.3484 [195]

3.3481, 3.3530, 3.3564 Neutral acceptor bound excitons [197, 198]

3.3484-3.3614 Neutral acceptor bound excitons [199]

3.3562 Neutral acceptor bound excitons [197, 200]

3.358 Neutral acceptor bound excitons [195, 197]

3.3566 Neutral acceptor bound excitons [197, 201]

3.3598-3.3693 Donor (neutralorionized) bound excitons [195, 197, 200, 201]

3.3686, 3.302 Rotator states [197, 198]

3.3670, 3.3664, 3.3702, 3.3714 Rotator states [197, 200]

3.3724 B excitons bound to neutral donor [197, 198]

3.3707, 3.3741, 3.3754, 3.3772 B excitons bound to neutral donor [197, 202]

ZnO nanostructures shows the emission due to biexcitons in the LTPL spectra which
may be indirect indication of the quality of sample[203]. S. Ozaki et. al. spotted the
biexciton emission in LTPL spectra (Temp. up to 200 K) at 3.35 eV for ZnO nanowires
synthesized via simple vapor transport route. The binding energy of biexciton was found
to be 17 meV [204]. Further, the LTPL study of ZnO results the number of bound exciton
peaks labeled from I0 to I11 [199]. Mmagnetic field dependent analysisshows that the
presence of exciton lines from I5 to I11 are due to excitons bound to neutral acceptors
[199]. While the bound exciton lines I4 (3.3628 eV), I6 (3.3607 eV), I8 (3.3598 eV),and
I9 (3.3567 eV) have been attributed to donor bound excitons, namely excitons bound to
hydrogen [195, 205].
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excitons or near band edge (NBE) emission.41,42 The sharp
feature of the of the UV emission also gives indirect signature of
narrow size distribution of the nanorods,43 which is in good
agreement with TEM observations (Fig. 2 and 3). Interestingly, it
is noted that although the excitonic absorption maxima blue
shi with increasing doping content (Fig. 6), there is no
signicant shi (�2 nm) in NBE maxima.

A broad visible PL band (Fig. 6) is noticed in the wavelength
region of 500 nm 750 nm. Similar inherently broad visible band
is usually observed for ZnO crystal and attributed to deep level
defects within the crystal such as vacancies and interstitials of
oxygen and zinc.44–46 Undoped ZnO rods have feeble emission in
similar visible wavelength region. However, intensity related to
defect emission is increased with increasing impurity doping.
The doping induced enhancement of visible luminescence
intensities of nanorods may be attributed to more defects
generated due to RE3+ ions incorporation in the ZnO lattice and
energy transfer from ZnO defect states to the guest RE3+ ions.
Rare-earth incorporated defects are either due to their lattice
mismatch or creating oxygen vacancy owing to their charge
imbalance in the Zn2+ sites. Although steady-state PL does not
show transitions related to RE3+ ions, however, time delayed PL
(Fig. 6c and d) exhibits characteristic intra-4f transitions (5D4/
7Fj) for Tb

3+ and (5D0 /
7Fj) Eu

3+ ions present inside the ZnO
host. The emission spectra for Tb3+ doped ZnO consist of four
main lines at 488 nm (5D4–

7F6), 543 nm (5D4–
7F5), 586 nm

(5D4–
7F4), and 620 nm (5D4–

7F3) under 325 nm excitation.47,48 In
case of Eu3+-doped ZnO nanorods, ve relatively narrow emis-
sion peaks are observed at 583, 592, 615, 650, and 706 nm due to
5D0 /

7F0,1,2,3,4 intra-4f transitions upon excitation at 325 nm.
Therefore, from these combined results it is very likely that
energy transfer from host ZnO defect levels to RE3+ is respon-
sible for the enhanced visible luminescence of nanorods. Time-
resolved PL measurements (vide ante) further conrm defect
mediated host–guest energy transfer processes.

Solid state PL spectra were recorded at different temperature
ranging from 10 K to 300 K. The narrow UV emission band
maximum (�370 nm) at 10 K gradually red-shis with increase
of temperature (Fig. 7a) and become a relatively broader emis-
sion at ca. �380 nm. The red shi of the UV band maxima is

associated with simultaneous decrease of PL intensity with
increase of temperature (Fig. 7a). Earlier Zhao et al. has
observed similar temperature dependent red-shi if the UV PL
band for ZnO nanowires grown on sapphire substrates.49 The
sharp UV PL band at ca. 370 nm which was observed at 10 K is
assigned to impurity related exciton, most likely donor-bound
exciton. The intensity of the band due to donor-bound exciton
decreases with increase of temperature and it red-shis grad-
ually due to decrease of band-gap energy. At higher temperature
the contribution due to donor-bound exciton minimizes. The
broad band with maximum at 380 nm observed at room
temperature is related to the transition due to free-to-bound
exciton, which survives at room temperature. Current temper-
ature dependent PL study is in good agreement with the results
reported by Zhao et al.49

The characteristic PL emission originating from Tb3+ related
intra-4f transitions are observed in solid state PL measurement
for Tb3+-doped ZnO nanorods (Fig. 7b) at 325 nm excitation.
The emission spectra for Tb3+ doped ZnO consist of four main
lines at 488 nm, 543 nm, 586 nm, and 620 nm under 325 nm
laser excitation (vide infra).47 These sharp signatures of intra-4f
transitions appear along with broad defect luminescence of
ZnO. The lower intensity visible emission observed at room
temperature under evacuated conditions indicates that adsor-
bed solvents (or water or other labile groups), surface hydroxyl
groups are responsible for the intense detect emission (Fig. 7a),
in addition to defects induced by Tb3+ ions. It should be noted
that experimental excitation wavelength of 325 nm does not
correspond to any particular intra-4f excitation of Tb3+, but
higher energy near band-gap excitation of ZnO NCs. The emis-
sion due to intra-4f transitions indicates excited state energy
transfer mechanism as proposed by Wang et al.50 The mecha-
nism proposes the band-gap excitation of carriers is followed by
the relaxation of carriers to the band edge of conduction band
and valance band. Aer that, carriers are either trapped in the
defects or undergo radiative transition. The trapped excitons
transfer energy to the excited states of RE3+ resulting intra-4f
emission. Recently Leung and co-workers have shown
a cascade energy transfer model in 1,10-phenanthroline (phen)
(non-emissive) functionalized Eu-doped ZnO nanostructure
where phen act as potential exciton trap acceptor from ZnO
conduction band (CB) and subsequently energy of the excited
triplet state of phen is efficiently transferred to the near reso-
nant states of Eu3+ in ZnO host.51 From our results and
evidences available in the literature, it is therefore reasonable
proposition that RE3+ emission happens via sensitize activation
pathway and not due to direct excitation of the luminescent
centres in RE3+ doped ZnO nanorods.

To analyze the charge carrier dynamics for better under-
standing of the excited state energy transfer from ZnO to RE3+

ions, time resolved PL measurements were carried out. PL
decays were recorded at the excitation of 290 nm, far away from
the lowest energy excitation maxima of Tb3+ (349 nm)48 and Eu3+

(414 nm).50 Emission decay were collected at the emission
wavelength ca. 545 nm for Tb3+ with maximum intensity
(Fig. 6c) or 615 nm for Eu3+ (Fig. 6d). PL decays traces were
observed to decay completely in 1–1.5 ms time range (Fig. S4

Fig. 7 Temperature dependent solid state PL measurements for ZnO
nanorods doped with 3.3 atom% Tb precursor; (a) NBE emission
intensity of ZnO increases and blue shifts to higher energy with
decrease in temperature; (b) visible PL spectra due to distinct intra-4f
transition lines related to Tb3+ in ZnO nanorods with decrease in
temperature. All spectra were recorded at the excitation wavelength of
325 nm.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 35892–35900 | 35897
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Figure 2.2: Solid state PL measurements for ZnO nanorods at different temperature

doped with Tb precursor; (a) Near band edge emission and (b) visible PL spectra due to

distinct intra-4f transition [4].

Annealing and surface modification can alter the PL spectra of ZnO nanostructures
[190, 206]. K. H. Tam et. al reported the significant decrement in the defect emission
was observed by annealing at 200◦C while the ZnO nanorods was having large defect
concentrations [190]. The LTPL study of NiO-ZnO shows enhansement in emission
intensity of donor-bound exciton, which was corrosponds to oxygen deficiency [206]. On
the other hand, Ni-ZnO shows enhancement in emission of acceptor-bound exciton due
to diffusion of hydrogen into ZnO during the reduction process [206]. A. Layek et. al.
investigated that intensity of UV peak related to donor-bound exciton decreases and
shifted towards higher wavelength with the increase in temperature (10K to 300K) due
to donor-bound exciton minimization as shown in figure 2.2 [4]. Reported bound exciton
peak positions are listed in Table 2.4.

2.2.3.3 Room temperature photo-luminescence

Photoluminescence spectra of ZnO at room temperature generally shows two emmition
peaks. First peak corrosponds to near band edge emission (NBE) and second broad
emission band originated from defect emissions [207–209]. For example, RTPL spectra
of ZnO NP’s prepared by co-precipitation method showed an intense defect-related
green emmision centered at 560 nm and a weak UV band-edge emmition centered at
373 nm[210]. Strong UV emission is not a sufficient proof of low defect density or
good crystalline quality in the samples [190]. Green emission is the most commonly
observed emission in PL of ZnO but the peak positions for green emission were found
different from one study to another [211]. Many hypothesis have been proposed for the
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2.2 ZnO NP’s

explanations of green emission such as structured green emission is due to Cu impurities

[212], Zn vacancies [213], oxygen antisite [214] and singly ionized oxygen vacancy [215].

Table 2.5: Positions and proposed origin of room temperature PL peaks in ZnO

Peak position(eV) Proposed Origin Reference

373-390 Near-and-edge emission [216]

∼402 (77K) OZn [213]

∼446 Shallow donor-oxygen vacancy transition [217]

∼459 Zinc interstitial [218]

∼495 Oxygen vacancy [218]

∼500-510 CuÃ¿/Cu2Ã¿ [212]

∼510 Surface defects/defect complexes [211]

∼510 Singly ionized oxygen vacancy [215]

∼520 Zinc vacancy [213]

∼520 OZn [214]

∼520 Oxygen vacancies and zinc interstitial [219]

∼540 Vo [220]

∼560 Surface defects [221]

∼566 (10K) Shallow donor-deep acceptor(zinc vacancy con-

taining complex)

[222]

∼580 Oxygen interstitials, Li impurities [223]

∼590 Hydroxyl groups [224]

∼626 Oxygen interstitials [219]

∼750 Oxygen-related defects, zinc interstitials [225]

Apart from green emission, broad yellow emission is also observed in ZnO samples pre-

pared by solution methods [190, 224, 226, 227]. The possible reason for yellow emission

are defects associated with excess oxygen [224], presence of hydroxyl groups [190] and

Li impurities [223]. Some other emissions have been reported in addition to green and

orange-yellow emission such as violet, blue, red and near infrared but there is no con-

sensus on their origin [216]. The different growth conditions cause the variation of rela-

tive contribution of free excitons due to which position of the NBE varied significantly

[210, 228]. Reported peak positions and their proposed origin are summarized in table

2.5. RTPL studies of ZnO nanostructures are mostly focused on the origin of defect

emission. Partha P. Pal1 and J. Manam reported that the RTPL of Eu3+ doped ZnO

nano phosphors showed bright red and orange emissions nearly at 618 and 594 nm, re-

spectively along with efficient broad blue green emission spectrum due to ZnO lattice.

Furthermore, a good energy transfer process from ZnO host to Eu3+ was observed in

PL emission and excitation spectra of Eu3+ doped ZnO ions [229].
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2. BRIEF REVIEW OF LITERATURE

concomitantly with increasing their respective RE3+ precursor
concentration added to ZnO sol during nanorods growth. We
also observed that that Tb3+ has relatively higher propensity to
be incorporated into ZnO nanorods than Eu3+, although their
precursor concentrations were same (Fig. S3, ESI†). It should be
noted that the actual amount of RE3+ doped in the NRs were
estimated from ve point averages for each samples.

3.2. Spectroscopic properties of nanorods

Optical absorption spectra of undoped and RE3+ ion doped ZnO
nanorods are shown in Fig. 5. The clear blue shi of excitonic
absorption maxima with RE3+ doping denotes band gap
enhancement due to inhibited growth of the nanorods with
increasing dopant concentration in the nanocrystal host. In the
insets of Fig. 5, it is shown that the excitonic absorptionmaxima
of undoped nanorods blue shi from 368 nm to 356 nm (355
nm) for Tb3+ (Eu3+) doped nanorods. It is well known that
dopant ions on the nanocrystal surfaces may inhibit growth and
hence smaller size which results in band gap.38 However, no
signicant size variation in ZnO nanorods is observed with
increasing doping concentration. Moreover, diameter of the
nanorods much larger than the exciton Bohr radius and hence
size dependent quantum connement can be ruled out.
Recently, Sharma et al. reported band gap enhancement as
a consequence of Tb3+ doping in the sub-surface regions of ZnO
nanoparticles, due to which hydrodynamic compressive strain
arises in the NCs.39,40 The dopant induced strain is likely to be
responsible for blue shi of absorption peak in RE3+ doped ZnO
nanorods. It is in good agreement with the W–H analysis where
it shows RE3+ doping induces anisotropic strain in ZnO nano-
rods. It is therefore, reasonable to believe that this type of stress/

strain effect may also be responsible for the blue-shi of the
excitonic transition of RE3+ doped ZnO nanorods.

The solution phase PL spectra (Fig. 6) of both undoped and
doped ZnO nanorods show very sharp UV emission with
a maximum at �380 nm. The narrow UV emission (FWHM < 25
nm) has earlier been attributed to the radiative annihilation of

Fig. 4 Typical EDS micrograph of (a) Tb3+-doped and (b) Eu3+-doped
ZnO nanorods.

Fig. 5 Steady-state optical absorption spectra of (a) Tb3+ and (b) Eu3+

doped ZnO nanorods. The arrowhead indicates an increase in dopant
concentration from (i) to (v). The inset shows energetics of absorption
maxima blue shift with increasing dopant level.

Fig. 6 PL spectra recorded for RE3+ doped ZnO nanorods synthesized
using different concentrations (atom%) of (a) Tb3+ and (b) Eu3+

precursors. All spectra are normalized at respective wavelengths of UV
PL band maxima. The gradual increase of visible PL intensity with
increase of RE3+ doping content is indicated by arrowheads. (c and d)
Time delayed PL spectra are shown for Tb3+ and Eu3+ doped ZnO
nanorods, respectively. Time delayed PL spectra display characteristic
intra-4f orbital transitions in both cases. All spectra were recorded at
the excitation wavelength of 325 nm.

35896 | RSC Adv., 2016, 6, 35892–35900 This journal is © The Royal Society of Chemistry 2016
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Figure 2.3: PL spectra of RE3+ doped ZnO nanorods synthesized using different con-

centrations (atom%) of (a) Tb3+ and (b) Eu3+ precursors. (c and d) Time delayed PL

spectra of Tb3+ and Eu3+ doped ZnO [4].

The extra blue emission at 441 nm (2.81 eV) was observed along with emission bands
from undoped ZnO in RTPL spectrum of Gd doped ZnO sample [230]. Eu3+ doped ZnO
shows a sharp red emission due to the intra-4f transitions of Eu3+ ions at an excitation
of 397 nm and 466 nm. At higher concentration of Eu3+, luminescence quenching
was observed [178]. The recent report by A. Layek et al. showed that the sharp UV
emission due to the radiative annihilation of excitons with a maximum at ∼ 380 nm in
solution phase RTPL spectra of pure and doped ZnO nanorods. A deep level defects
related broad visible PL band (Fig. 6) was found in the wavelength rang from 500-750
nm. Moreover the excitonic absorption maxima was shifted twards blue with increasing
doping concentration (figure 2.3) while there is no significant shift was observed (∼ 2

nm) in NBE maxima [4]. By the direct excitation of ZnO host efficient energy transfer
from ZnO host to guest RE ions has been revealed through the characteristic emissions
of RE ions [231].

2.2.4 Antibacterial Properties of ZnO

ZnO is a II-VI semiconductor shows longer durability, higher selectivity, and heat resis-
tance. Synthesis of variety of nano-sized ZnO has led to the investigation of its use as
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2.2 ZnO NP’s

new antibacterial agent. In addition to its unique antibacterial and antifungal proper-
ties, ZnO NP’s possess high catalytic and high photo chemical activities. ZnO possesses
high optical absorption in the UV-A (315-400 nm) and UV-B (280-315 nm) regions which
is beneficial in antibacterial response and used as a UV protector in cosmetics [232]. In
protein dysfunction and generation of Reactive Oxygen Species (ROS) mechanism, the
particles bind to thiol groups in the protein hence changing their conformation. Also,
through electron transfer reactions, they generate abnormal amount of ROS. In release
of Metal Ions mechanism, for instance Ag or ZnO NP’s release Ag+ or Zn+2 ions respec-
tively that have ability to inhibit respiratory enzymes and cause protein dysfunction
and influence DNA replication. Also, hydrophobicity is an essential feature of bacterial
cells to adhere to surfaces and form biofilm, ZnO NP’s have been reported to have en-
hanced cellular hydrophilic nature of Pseudomonas aeruginosa cells and reduce biofilm
formation [233]. Delay in FtsZ (a cell division protein essential in initiating septation
) ring formations and reduction in EPS production have been found to be responsible
for slow growth and inhibition of biofilm. ZnO NP’s synthesized by green method show
more enhanced biocidal activity against various pathogens when compared to the one
synthesized by chemical route. The use of ZnO NP’s in functionalized or unfunctional-
ized forms have been tested for mammalian cytotoxicity vastly and it has been found
that ZnO NP’s show selective toxicity towards cancerous cells. NP’s are taken up by
the cell, after which dissolution takes place inside the cell. In-vitro results indicate
that induction of oxidative stress is the most important or most likely mechanism un-
derlying ZnO NP’s toxicity other than changes in mitochondrial membrane potential,
membrane integrity, apoptosis, etc... [234, 235]. Also HepG2 and MCF-7 cells when
exposed to ZnO NP’s showed the same fate. The cells showed dose-dependent decrease
in cell-viability, increased cytotoxicity that was likely mediated through ROS genera-
tion and oxidative stress [236]. Cytotoxicity analysis of ZnO NP’s against three types
of cancer cells (human hepatocellular carcinoma HepG2, human lung adenocarcinoma
A549, and human bronchial epithelial BEAS-2B) was done and it was found that cell
viability was reduced specifically in transformed cells when compared to normal cells.
ROS generation and oxidative stress was elevated, apoptotic and antiapoptotic genes
where up-regulated and down-regulated respectively [237]. In-vitro and in-vivo study
was conducted for effect of pH-sensitive, hollow ZnO nanocarriers loaded with pacli-
taxel in breast cancer. ∼75% of the paclitaxel payload was released within six hours
in acidic pH and a dual cell-specific and pH-sensitive nanocarrier greatly improved the
efficacy of paclitaxel to regress subcutaneous tumors in vivo [238]. Pure and Al-doped
ZnO NP’s synthesized via a simple sol-gel method had an IC50 of 44 µg ml−1 and 31
µg ml−1 for MCF-7 breast cancer cell line. Al-doped ZnO NP’s induced apoptosis in
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2. BRIEF REVIEW OF LITERATURE

MCF-7 cells through mitochondrial pathway which was indicated by up-regulation of
apoptotic genes (e.g. p53, bax/bcl2 ratio, caspase-3 & caspase-9) along with loss of
mitochondrial membrane potential. Comparative analysis showed no effect on normal
cells [239]. Porous and rod like structured ZnO NP’s synthesized by green synthesis
from Borassus flabellifer fruit extract with an average size of 55 nm had the inhibitory
concentration (IC50) to be 0.125 µg ml−1 for MCF-7 and HT-29 cells. Nuclear staining
by Hoechst 33258 showed induction of apoptosis. In murine model system DOX-ZnO
NP’s showed low systemic toxicity and further results proved that the DOX-ZnO NP’s
has low toxicity and high therapy efficacy providing convincing evidence for the green
biosynthesized ZnO as a promising candidate for a drug delivery system [240].

2.2.5 Applications of RE doped ZnO nanostructures

Due to their versatile features and properties, ZnO nanostructures can be used in various
industrial applications. ZnO NP’s are used in FETs, LEDs and photo diodes [241–244].

Table 2.6: Applications of RE-doped ZnO nanostructures.

S.

No.

Different areas Applications References

1. Electronics Photodetectors, transistors, LEDs, laser diodes, flat panel dis-

plays, transparent electrodes, nano-generators, solar cells, op-

tical waveguides, PZT transducers, surface acoustic wave de-

vices and optoelectronic devices, etc...

[79, 88, 96]

2. Nanomedicine Target and control release of drug, antibacterial and anti-

cancer activities.

[94, 171, 245]

3. Photocatalysis Photocatalytic degradation of various organic and inorganic

dyes.

[246–248]

4. Computing Energy as well as memory storage devices, optical imaging. [180, 249, 250]

5. Miscellaneous Printing inks, fire resistant materials, artificial fertilizer, latent

fingerprint analysis, cigarette filters, biosensors, etc...

[88, 89, 108, 122, 135,

147, 173, 251–254]

6. Spintronics Solid state devices, electro-magnetic devices and logic based

devices.

[40, 92, 96]

7. Sensors Gas sensing and detection of different compounds, UV detec-

tors.

[40, 80, 83]

8. Textile indus-

try

Removes UV radiation. [122, 172]

9. Rubber and

Paint

Stabilization of latex, fire resistance, provides tensile strength,

lubricating applications.

[122, 255]

10. Pharmaceutical

and cosmetics

Antiseptic healing creams, suntan lotions, source of micronu-

trient zinc.

[171, 173, 256]

The RE-doped ZnO nanostructures have various industrial applications compared with
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2.3 Block copolymer thin films

pristine ZnO nanostructures [85, 257, 258]. They show photo-catalytic degradation of
various anionic and cationic dyes. ZnO and RE doped ZnO have vast applications
in the field of electronics. They are used by semiconductor industry for developing
single electron transistors and photodetectors. Fabrication LEDs, laser diodes, flat panel
displays, transparent electrodes, nano-generators, solar cells, optical waveguides, PZT
transducers, surface acoustic wave devices and optoelectronic devices are another level of
applications. They are also used in the field of spintronics for making solid state devices
for memory storage. They are used in sensing applications and for photocatalysis.
Moreover, these materials are used for regulated and controlled drug release in biological
sites and can be helpful in anticancer and antibacterial treatments. Zinc is an important
micro-nutrient, which enables its usage as a food supplement for plants and animals.
The RE doped ZnO NP’s have various other applications in printing (inks), fire resistant
materials, artificial fertilizer, fingerprint analysis, cigarette filters and bio-sensors. It is
also used for the detection of various enzymes and other bio-molecules. The applications
of RE-doped ZnO Nanostructures are illustrated in the table 2.6.

2.3 Block copolymer thin films

The modern era of technology demands materials at the nanometer length scale. Ad-
vancement in technology is required to control the structure of these material and assem-
ble them in a controlled manner. Many applications like membranes, templating etc...
requires block copolymers in thin film of thickness ∼100 nm, where self-assembly is
strongly depends on surface energies. Self-assembled block copolymer and supramolec-
ular assembly of block copolymer being used as templates for nanofabrication as they
provide nanotemplates with different morphologies and tunable sizes, are easily removed
after reactions, and could be further modified with different functional groups to enhance
the interactions. The self-assembly and supramolecular assemblies of block copolymer
have been discussed in section 1.2.3 and section 1.2.4.

2.4 Ordering in thin films

To achieve well ordered nanostructures for optoelectronic device, applications the order-
ing in block copolymer thin films is a primary requirement. In general, the domains of
block copolymer are self-assembled in to diverse morphologies in the as-deposited thin
films. This is because of the fast evaporation of solvents, which does not provide the
sufficient time to rearrange the molecules in the equilibrium. Two surface interactions,
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2. BRIEF REVIEW OF LITERATURE

polymer-substrate and polymer-air interaction, cause the ordering and the alignment of
microdomains [259]. The block, interacts strongly with the substrate, prefers to stick
parallel to the substrate. Annealing is an efficient approach to obtain the long-range or-
dering in the thin films. The ordering and the desired orientation of microdomains can be
achieved by thermal annealing, solvent annealing, shear or electric field [29, 30, 260, 261].

2.4.1 Thermal annealing

The conventional method for ordering of block-copolymer thin films is thermal annealing
in which the film have traditionally been ordered by heating them in a vacuum oven
for extended periods (hours to days). It is usually done by elevating the temperatures
of the thin films above the glass transition temperature (Tg) of both block compounds
so that the material has sufficient mobility for rearrange the morphology. Annealing
temperature is a crucial parameter for the ordering and alignment of microdomains
in thin films. For the vertically aligned domains, the surface energies for both the
copolymer blocks should be nearly equal. The surface energies and their difference is
a function of temperature. In a special case of PS-b-PMMA, both the bocks PS and
PMMA have the almost same surface energy over a broad range of temperature [262].
This property makes PS-b-PMMA a unique candidate for the self-assembly via thermal
annealing. The diffusivity (D(T)) of the polymer chains is represented by Arrhenius
equation as follows;

D(T ) ∼ 1

t
= Ae−

4Ea
RT (2.1)

Where t is annealing time, A is constant, R is ideal gas constant, T is annealing temper-
ature, and4Ea represents activation energy of polymer. The above equation shows that
on increasing the annealing temperature the diffusivity of the polymer chains increases
which reduces the annealing time. The minimum annealing time for the self-assembled
defect free lamellar forming PS-b-PMMA thin films was reported by Welander et al.
[263]. The annealing time is a limitation for lithographic applications of block copoly-
mer. However, the self-assembly of thin films has already been achieved within few min-
utes using hot plate or rapid thermal annealing process [264, 265]. Recently, Seshimo
et al. have obtained sub-10 nm vertically oriented lamellae in modified polysiloxane-
based block copolymers by thermal annealing at 130◦C in atmospheric conditions for
one minute [266]. Perpendicularly aligned PMMA cylinders in PS matrix with a high
aspect ratio (h/d ≈ 7) have been investigated with a thickness window of 5 nm to 400
nm under rapid thermal annealing at high temperatures (190◦C ≤ Ta ≤ 310◦C) [267].
Initially, the annealing temperature was optimized by keeping the annealing time (900
s) and thickness of film (≈35 nm) same. Below and above 270◦C, disorganized PMMA
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2.4 Ordering in thin films

cylinders were observed and this was correlated to orientational correlation (ξ) [268].
High temperatures speed up the kinetics of the block copolymer system and lead to
a long-range ordering in orientational correlation which remarkably reduces the order-
ing time [263–265]. Further increasing the temperature results in the degradation of
polymer chain and lead to the disarrangement of the blocks. Figure 2.4(a) shows the
variation of ξ with annealing time and the maximum value is corresponding to 270◦C.
Once the annealing temperature was optimized, the optimization for annealing time
and the thickness of film was carried out for the perfectly aligned (vertically) cylindrical
domains (shown in figure 2.7 (b & c)). Annealing time t < 300s is sufficient to form
organized cylinders without any defects. When the thickness t < 10 nm, the formation
of droplets were observed. The reason may be attributed to the high surface tension of
diblock copolymer which leads to the formation of droplets on annealing at high tem-
peratures. On increasing the thickness, mixing of the droplets leads to the hexagonal
arrangement of cylindrical domains up to ∼ 200 nm and then increasing more thickness
the disarranged cylinders were obtained, due to decrement in correlation length.

Figure 2.4: (a) Variation of correlation length with annealing temperature, (b) Time

evolution of lateral ordering at an annealing temperature 270◦C, and (c) Thickness de-

pendence of lateral ordering annealed at 270◦C [267]

.

2.4.2 Solvent annealing

Besides the thermal annealing, solvent annealing is another commonly used approach for
the self-assembly of block copolymer thin films. In the solvent annealing, the thin films
of block copolymer or supramolecules are placed in a closed glass jar having the reservoir
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of solvent for a particular period of time [269, 270]. Annealing solvent in jar evaporates

and eventually the vapours get saturated. Then, thin films are be removed from the

jar and get dried in air. The thin films can be dried by purging N2 also to remove the

excess amount of solvent [70]. The copolymer blocks get swollen by the vapours of the

annealing solvent and the thickness of block copolymer increases and copolymer blocks

rearranged accordingly. After removing from the jar, it again comes to the original

value. Many novel set ups for several purposes have been proposed; solvent annealing

assisted by thermal or microwave to reduce the annealing time, set up for localized

solvent annealing which could be done by using a vapour nozzle, use of polymer gel pad

swelled by annealing solvent for the ultra-fast annealing over large areas [71–73, 271–

273]. The reasons for adopting the solvent annealing over thermal annealing are; 1.

it provides a path to reconcile the interfacial energies (polymer-substrate and polymer

air) and promotes the perpendicular orientation of microdomains [269, 274–276], 2. it

lowers the Tg of block copolymers, so, it induces the self-assembly even of the thermally

unstable block copolymer [277], 3. it is appropriate for block copolymers with large

molecular weights also. As it reduces Tg, that enhance the chain mobility and then the

mass transport is obtained which is not possible in thermally annealed system [278, 279].

4. provide an additional control to the process by varying the solvents with different

selectivity, rate of evaporation of solvent, annealing time [280–283]. Additionally, for

supramolecular assembled system, solvent annealing is preferable than thermal annealing

because the thermal annealing may evaporate the small molecules. A little loss of small

molecules may result the great variation in the morphology of supramolecular complex.

The understanding of phase behaviour of block copolymer thin films is more complicated

in solvent annealing than that of thermal annealing. Selectivity of the solvents is a key

parameter that affects the phase behaviour. A non-selective solvent swells the copolymer

with the same amount while the selective solvent swells the copolymers blocks differently

which induces the change in relative volume fraction. The effective interaction parameter

χeff will also be influenced in the presence of the selective solvent; it may be lower or

higher than χ. Generally, the solvents are removed after the solvent annealing, and then

dried. The process of removal of solvent may also affect the morphologies in the dried

block copolymer thin films. So, basically, the solvent annealing process consists of two

steps; swelling and drying. Phase segregation of microdomains may occur at any one of

two stages; microdomains may be phase separated in a swollen state and gets affected

by drying or microdomains may not be phase separated and are in disordered state and

gets phase separated during drying.
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2.4 Ordering in thin films

Figure 2.5: AFM images of as-deposited PS-b-P4VP thin film (a), before (b) and after

(d) surface reconstruction of thin film annealed in the vapours of solvent 1-dioxane, and

before (c) and after (e) surface reconstruction of thin film annealed in solvent toluene/THF

[26]

However, the connection between the nanostructures formed in swollen state and dried
state is not well-established [29]. Recently, Bai et al. have in-situ studied the swelling
and the microdomain orientations in PS-b-PDMS 16 kg/mol (with a period of ∼18 nm)
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thin films during solvent annealing using GISAXS [284]. Thin films were annealed in a
non-selective solvent of a mixture toluene: heptane -5:1 and observed the swelling ratio
with annealing time. The swelling ratio is defined as the ratio of the film thickness in
swollen state to the thickness of as-deposited film. Cylindrical domains were obtained
at lower swelling ratio and the in-plane cylindrical domains were promoted because of
the preferential interaction of PDMS with the substrate. The transitions from short
cylinders to out of plane cylinders and then in-plane cylinders with the annealing time
were observed. They also observed the effect of vapour pressure on the swelling ratio and
measured the critical value of swelling ratio (SRc) where the well-ordered cylinders were
obtained at particular vapour pressure. Further the effect of thickness (28 nm -1141
nm) on the structural arrangement was investigated in the regime of swelling ratio below
SRc. Thinner films led to the in-plane cylinders while thicker films show the well-ordered
perpendicular cylinders. The selectivity of solvents causes the change in the orientation
of the nanostructured domains [280, 285]. Stamm et al. have demonstrated the tran-
sition in the orientation of P4VP cylindrical domains from horizontal to perpendicular
alignment. PS-b-P4VP/HABA thin films were annealed in the vapours of chloroform
and 1-4 dioxane respectively [285]. Chloroform and 1-4 dioxane hydrogen bonded with
P4VP by phenolic and carbonyl group respectively. The P4VP cylinders dispersed in PS
matrix were aligned parallel to the substrate and switched the orientation to vertical to
the substrate. This switching of orientation is attributed to the difference of substrate
interfacial energy of P4VP/HABA in the presence of each solvent. They have shown the
similar results for solvents 1-4 dioxane and mixture of toluene and THF (80:20) shown
in figure 2.8 [286].

2.5 Block copolymer directed nanostructures

The preparation of ordered nanostructures requires ordering in block copolymer thin
films which have been discussed in previous section. The ordered nanostructures are
useful in many device applications. For this, following steps were followed.

• Creation of pores in block copolymer thin films by removing sacrificial polymer
blocks.

• Backfilling of inorganic material (metal or metal oxide) in the porous nanotem-
plates.

• Removal of remaining polymer template.
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2.5.1 Preparation of porous nanotemplates

Selective removal of polymer blocks from ordered block copolymer thin films is the
primary requirement in order to prepare the nanotemplates. Depending on the chem-
ical nature and stability of ordered block copolymer thin films various methods have
been adopted to remove the sacrificing blocks. Amorphous component of crystelline-b-
amorphous block copolymer (like polyethylene-block -polystyrene (PE-b-PS) or polystyrene-
block -poly(vinylidene fluoride)-block -polystyrene (PS-b-PVDF-b-PS)) can be removed
selectively by fuming nitric acid. The UV irradiation leads to degradation of PMMA
block and provide cross-linking of the PS block so it is useful to remove PMMA block
from the PS-b-PMMA block copolymer nanotemplets [287]. The nonporous structures
can be generated from a blend of homopolymer PMMA and block copolymer PS-b-
PMMA either by removing all PMMA blocks and PMMA homopolymer using irra-
diation or only PMMA block by using a selective solvent (acetic acid) [287]. Porous
nanostructurs from block copolymer precursors with one etch-resistant block (increas-
ing the oxygen or decreasing the carbon atoms in one of the blocks) can be generated
using reactive ion etching [285]. Ozone treatment have been used for the removal of PI
or PB block from PS-b-PI or PS-b-PB, respectively [288]. Chemical etching is the easy
process and can be used for various copolymer blocks, for example; PDMS block from
block copolymer PS-b-PDMS can be removed by the degradation using HF solution
[289], hydrolysis process has been applied to PLA containing block copolymers to re-
move PLA block [290], and the rinsing in ethanol/methanol has been applied to remove
the P4VP block from most commonly used block copolymer PS-b-P4VP [285, 291].

2.5.2 Deposition of inorganic material into the nanotemplates

Fabrication of 1-D conducting and semiconducting nanostructures have the increasing
attention because of their potential applications in the optoelectronics. Electroless plat-
ing is an easy and cost-effective process to obtain the metallized nanowires from block
copolymers. This process does not require any external current source, in this process
a nanoporous block copolymer template is dipped into the electroless plating bath and
metal is deposited via an autocatalytic process onto the surface of the template. Elec-
troless deposition method describe as Mz+ + Rn− → M0 + Rz−n., in which metal ions,
Mz+, are reduced by the reducing agent Rn−. Moreover, non-conductive surfaces, such as
polymers or ceramics can undergo electroless plating after the appropriate pre-treatment
sensitization in SnCl2/HCl followed by activation in PdCl2/HCl. The Pd sites act as
catalysts during the electroless metal plating procedure. Fahmi et al. used PS-b-P4VP
block copolymer for fabrication of metallized nanowires, because the free pair of electrons
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in the nitrogen of pyridine ring of P4VP may capture metal ions such as Pd, Ni, Fe, Au
and others [292]. The intercalation of metals with pyridine works as inorganic-organic
junction. Diameter of wire can be controlled by template size and reaction condition
such that reaction time and concentration of coating solution. Electro-chemical depo-
sition of metal inside the pores of a polymer template is also widely used technique
in which the working electrode is usually coated by a template placed in the plating
bath together with the counter and the reference electrode and connected to an external
current source. The surface of the working electrode should be accessible to the plating
bathe for completely plate the sample. Recently Chanchayya Gupta Chandaluri et al.
deposited Au on polystyrene-block -poly(2-vinylpyridine), PS-b-P2VP, where the P2VP
domains are quaternized with iodomethane and used for selective deposition of redox-
active materials. It is well reported that PS domains insulate the conductive surface
towards redox labels in solution and the quaternized P2VP domains electrostatically
attract negatively-charged redox labels solubilized in the electrolyte solution. Which
results in an effective electron transfer between the electrode and the redox label. This
phenomenon is implemented for the selective deposition of Au on the nano-patterned
surface [293]. Semiconducting nanostructures (especially ZnO) are of great interest for
the optoelectronic applications. Sol-gel method has been widely used for the backfilling
of the nanotemplates to develop the ordered semiconducting nanostructures. Song-
Zhu Chu et al. synthesised metal oxide nanorods by alumina template-assisted sol-gel
method [294]. For the fabrication of metal/metal oxide nanostructures, the metal/metal
oxide precursor solutions need to be impregnated into the porous templates either by
immersing the template into the sol or by using spin coating or dip coating technique.
Raulet et al. have prepared the ordered array of metal oxides NP’s (TiO2, RuO2, SiO2,
ZnO, MnO2 and CeO2) by spin coating the precursor solutions at a speed of 3000 rpm
for 30 seconds [295]. Figure 2.6 shows the schematic representation for the fabrication of
metal oxide nanostructures by block copolymer template assisted-sol-gel method. The
filling of the templates can be tuned by the spinning speed and spinning time. Above-
mentioned way of backfilling the pores might have an issue of forming a continuous
layer over templates instead of the selective deposition. In that case, the overlayered
metal oxide has to be removed by using ion etching techniques. So, in the same direc-
tion, another way of fabrication of ordered nanostructures by template assisted sol-gel
method is the incorporation of metal ions of the precursors in one of the blocks of block
copolymer solution. The metal oxide precursor selectively reacts with the P4VP phase.
Deposition of thin film of composite solution followed by polymer removal left the the
substrate decorated with metal oxide NP’s [296].
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Figure 2.6: Process flow for the fabrication of ordered array of metal oxides NP’s [295]

The ordering of the NP’s deposited on the substrate can be tuned by varying the pre-
cursor concentrating loading to P4VP [297, 298]. Two dimensional array of TiO2 strings
have also been obtained by the micellar solution of block copolymer [299].

Figure 2.7: Scheme for the fabrication of ordered array of nanodots (top) and SEM

images of the ordered array of metal nanodots (a) Au, (b) Pt, and (c) Pd. Inset shows

the FFT of the image [16]

Direct deposition of the pre-synthesized NP’s into the templates offers the flexibility to
tailor the properties of NP’s in advance. Moreover, the NP’s can be selectively deposited
into the pores and the formation of a layer of metal oxides over the template, (case of
sol-gel method) can be avoided. This approach is easy as compared to sol-gel method
because a number of the reaction parameters need to be optimized for the fabrication
of well-ordered nanostructures in sol-gel method.
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As the pores are functionalized with pyridine group of P4VP in the nanotemplates, the
NP’s can be directly deposited or may be functionalized depending on their reactivity
with the pores. Stamm’s group and the other researchers have published several reports
on fabrication of metal NP’s array by direct deposition of NP’s into the pores [16, 300–
304]. The whole process of the fabrication of well-ordered NP’s array is depicted in figure
2.8. Magnetic NP’s (Fe3O4) were also deposited by this approach without any surface
modification to the NP’s [305]. The deposition of nanomaterials on the substrate is also
possible without removing one of the blocks. NP’s can selectively bind with one of the
blocks. The concentration of the NP’s loading to the block copolymer solution governs
the fidelity of the NP’s deposited with the block copolymer morphology. Barandiaran
et al. have synthesised the PS-b-P4VP/(Fe2O3) nanocomposites by using this approach
[306]. However, the array of TiO2 nanostructures by the deposition of pre-synthesized
NP’s is yet to be explored.

2.5.3 Removal of remaining polymer matrix

Figure 2.8: SEM images of metal oxide NP’s after removel of polymer metrix [295].

Removal of polymer matrix is the last step of the process of the preparation of ordered
nanostructures. Different techniques have been adopted to remove polymer matrix de-
pending on the nature of copolymer and the deposited material like RIE, UV irradiation,
chemical dissolution, plasma etching (oxygen or oxygen/ozone mixture), and pyrolysis
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[13, 16, 301, 307, 308]. Removal of templates leads to the ordered metal oxide NP’s

(characterized by SEM) shown in figure 2.8. Pyrolysis involves the degradation of poly-

mers at high temperatures. For TiO2 nanostructures, heating at high temperature leads

to the transformation from amorphous to crystalline behaviour (rutile, anatase, and

brookite phase) while at high temperature Au NP’s undergo the thermal coarsening due

to recrystallization. So, the choice of method for removal of polymer matrix depends on

the deposited materials and its application.

2.6 Applications of ordered ZnO nanostructures

Various ordered ZnO nanostructures are essential for variety of applications in nanoscience

and nanotechnology over bulk metal-oxides due to presence of many better properties.

In the following section, Some recent work on ordered ZnO nanostructure-based devices

has been reviewed.

2.6.1 Light emitting diodes (LEDs)

Light-emitting diodes (LEDs) are normal p-n junctions that can emit light when sup-

plied with electrical energy. In short, due to the electron hole recombination, a photon

is emitted in visible range of electromagnetic spectrum. This phenomenon is called elec-

troluminescence (EL). Direct band gap ZnO is good semiconductor which enables their

use in LED applications. Compared to the bulk and thin films of ZnO, 1-D nanostruc-

tures have higher bandgap (3.37eV) and hence enhanced emission efficiency. The growth

conditions of the ZnO largly affects the light emission, these materials are capable of

emitting a wide range of colours [309–314] ZnO is capable of operating in high radiation

field due to its wide bandgap [315, 316]. Light can escape easily from nanostructured

materials, resulting in lesser heat generation. Figure 2.9 shows schematic diagram for

the nanorod-array-based LED device, consisting n-ZnO nanocone/p-GaN heterostruc-

tures. From the I-V curve it is clear that there is no current delay in forward bias which

indicates that the contacts are good and ohmic. The EL results shows emission of in-

tense blue lines in the forward bias. Furthermore, there was enhancement of current

on radiating UV light of 365 nm on heterostructures hence these structures can also be

used as UV sensors [317].
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The schematic diagram in the inset to Figure  37 b shows the 
nanorod-array-based LED device, which consists of the n-ZnO 
nanorods/p-GaN heterostructures. The  IV  curves are obviously 
asymmetrical, indicating the rectifying behavior of the n-ZnO 
nanorods/p-GaN heterostructures in nanorod-array-based LED 
devices. There is no current delay at the forward bias because 
both the metal/n-ZnO and metal/p-GaN interfaces have good 
ohmic contacts with a negligible Schottky barrier. When the 
n-ZnO nanorods/p-GaN heterostructures are exposed to UV 
light emission of 365 nm, the current is enhanced. The  IV -curve 
results verify that the n-ZnO nanorods/p-GaN heterostructures 
are very sensitive to UV and therefore the heterostructures 
can be used as UV sensors. The photographs in Figure  37 c 
demonstrate the EL of the blue light emitted from the nano-
rod-array-based LED device at the forward bias. The blue light 
emissions are intensive and thus can be seen by the naked 
eye. Figure  37 d shows the EL spectra obtained from the nano -
 rod-based LED device. The wavelengths mainly range between 
440 and 600 nm. However, at the backward bias, no light emis-
sion is observed. The blue light emission supposedly comes 
from the p-GaN layer, so the excited electrons originate from 
the n-ZnO nanorods. Thus, the electrons from the n-ZnO 
nanorods are injected into the p-GaN layer at the forward bias, 
while no electrons can be injected into the p-GaN layer at the 
backward bias. This is what gives the n-ZnO nanorods/p-GaN 
heterostructures promise for optoelectronic applications.  

 Reliable electrical injection into a single 1D ZnO nanowire 
can be described for LEDs and laser diodes.  Figure    38  a shows 
a schematic diagram of the procedure for the preparation of a 
metallic contact on the top surface of a single ZnO nanowire. [  310  ]  
1D ZnO nanowires are randomly dispersed on a heavily doped 
p-Si substrate (resistivity is 0.001  Ω  cm). A poly(methyl meth-
acrylate) (PMMA) thin fi lm of  ≈ 120 nm is then spin-coated onto 
the substrate. The PMMA surface area (highlighted by the red 
box) is exposed to the electron beam. The unexposed PMMA 
area can be removed by acetone and the exposed area is shrunk 
and crosslinked with PMMA thin fi lm. Ti/Au layers are then 
deposited by electron-beam evaporation to prepare the top con-
tact, to completely form the single ZnO nanowire-based LED 
device. Figure  38 b displays the EL and PL spectra of the single 
ZnO nanowire-based LED devices. The EL is taken at different 
voltages, and the PL is excited by a 325 nm He-Cd laser. All EL 
behaviors are similar and the spectral characteristics are repro-
ducible for various devices. The short wavelength emissions can 
be enhanced for the single ZnO nanowire-based LED devices at 
elevated bias voltages. The light emissions range from 350 nm 
to 850 nm. The broad spectral peaks corresponding to the PL 
and EL emissions are contributed due to the defects and surface 
states. The weak luminescence centered at  ≈ 380 nm is attrib-
uted to excitonic recombination. The PL is centered at 556 nm 
and has a full-width at half maximum (FWHM) of  ≈ 170 nm.  

 An examination of Figure  37  shows that ZnO nanorod-array-
based LED devices have to develop into the next generation of 
blue/near-UV light sources. Although the blue/near-UV light 
emissions do come from the ZnO nanorods, they are uncon-
trolled and randomly scattered. Also, the blue/near-UV light 
emissions cannot be distinguished. In other words it is impor-
tant to control and enhance the spatial distribution of the EL 
from ZnO nanorod-array-based LED devices. The schematic 

     Figure  37 .     a) FESEM images showing vertically aligned ZnO nanorod 
arrays are capped by a ZnO thin fi lm. b) Room temperature  IV  curves of 
the n-ZnO nanorods/p-GaN heterostructures. The inset to (b) shows a 
schematic diagram of the nanorod-array-based LED device, which consists 
of the n-ZnO nanorods/p-GaN heterostructures. c) Photographs showing 
blue light emissions, or EL, from the nanorod-array-based LED device at 
the forward bias. d) EL spectra of the nanorod-array-based LED device. 
Reproduced with permission. [  312  ]  Copyright 2007, Institute of Physics.  
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Figure 2.9: The inset shows a schematic of the ordered nanostructure based LED device

[317]

heterojunction device suffers a lower carrier injection effi-
ciency than a homojunction structure, due to the large band
offset formed at the junction interface. This problem can be
overcome by introducing ZnO nanostructure to increase the
carrier injection rate through nanojunction.23,24) Besides,
highly oriented ZnO nanocone arrays have a lower defect
density,25) and this implies a negligible role of defect-related
nonradiation recombination for the nanocone-based devices,
which is in good agreement with the PL spectra and confirms
again the high crystal quality of the ZnO nanocone array
on the GaN substrate. In addition, the increase in the light
extraction efficiency of nanocone-based LED by virtue of the
waveguiding properties of nanocones may also be respon-
sible for the stronger EL peak, since the flat film-based LED
may suffer from the low light extraction efficiency as limited
by the total internal reflection.

4. Conclusions

In conclusion, highly ordered ZnO nanostructure arrays were
fabricated on both Si and p-GaN substrates via a hydro-
thermal process by the NSL technology. Then, the effect of
the ZnO seed layer, solution concentration and underlying
substrates on the morphology and orientation of resulting
ZnO nanostructures was investigated in detail. It is found that
highly oriented ZnO nanocone array can be obtained by using
the p-GaN substrate, while random-oriented ZnO nanoflower
array is grown on the Si substrate. Finally, the highly oriented
ZnO nanocone array on the p-GaN substrate has been used
to construct a LED device, which exhibits a much stronger
UV emission compared with the ZnO film-based LED. The

stronger UV emission is attributed to the low density of
interfacial defects, high carrier injection efficiency, and
excellent waveguiding properties of the ZnO nanostructure
array. This work will be helpful to the design of high effi-
ciency and nanoscale ZnO-based UV LEDs.
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Fig. 6. (Color online) EL spectra of (a) a ZnO nanocones/p-GaN LED
and (b) a ZnO film-based LED under various currents ranging from 2 to
10mA. The insets show the schematic structures of the corresponding LEDs,
respectively.
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Figure 2.10: EL spectra of ZnO/p-GaN LED (a) and a ZnO film-based LED (b). The

insets show the schematic of the respective LEDs [5].
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The EL intensity spectra obtained from these arranged ZnO nanorode based LED device
from 440 to 600 nm. The blue light is emitted from the p-GaN layer, hence the excited
electrons originate from ordered ZnO nanorods, thus, the electrons from the n-ZnO
nanorods are injected into the p-GaN layer with forward biasing, while no electrons can
be injected into the p-GaN layer at the backward bias. So, the n-ZnO nanorods/p-GaN
heterostructures are useful for optoelectronic applications [5]. It is demonstrated that
highly ordered ZnO nanostructures based LED shows much stronger EL emission than
ZnO thin film based LED. Insets of figure 2.10a and 2.10b shows schematic for LED
device using highly oriented ZnO nanocone array on the p-GaN substrate and ZnO thin
film based LED device respectively. The EL spectra for the ZnO nanorod/p-GaN LED
and ZnO thin film based LED are also shown in 2.10a and 2.10b. Both spectra exhibit
a unique peak centered at about 388 nm for the current ranging from 2-10 mA, which
are attributed to the NBE emission from ZnO as shown in other studies [318–320]. It
can be seen that the EL emission from the ZnO nanocone-based LED is much stronger
than that from the ZnO film-based device at each injection currents, which can be
attributed to the high carrier injection efficiency through the nano-sized junctions, low
defect density and excellent waveguiding properties of the highly oriented ZnO nanocone
array [5].

2.6.2 Gas sensors

A gas sensor is a device which is used to detect gases in the atmosphere. Some of the
gases are very harmful to human-beings and animals, so sensing of these gases are critical
part of safety measure. Functional materials are being used for absorption of active gases
that changes electrical conductivity. Metal oxides are the most suitable material for this
mechanism because the oxygen sites on their surfaces may perform gas adsorption. Gas
sensors can detect combustible, flammable, toxic gases, and monitor oxygen depletion.
High gas sensitivity for H2 at different temperatures from upto 250◦C with a detection
limit of 20 ppm was observed for sensors fabricated with ordered ZnO nanorod arrays
[321]. The smaller 1D ZnO nanorods shows higher sensitivity. Furthermore, the results
shows the dependency of gas sensitivity on the diameters of the ZnO nanowires, as
shown in figure 2.11 [6]. It was observed that for heavy isobutane gas, larger ZnO
nanowire based gas sensors shows higher sensitivity and for light gases the smaller ZnO
nanowires based sensors shows higher gas sensitivity. Moreover, the ZnO nanowire-
based gas sensors for detecting H2, NH3, isobutene, and CH4 gases, operate well at room
temperature with high gas sensitivity. In fact, external heating systems are required for
most of the gas sensors in order to achieve optimum sensitivity.
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with extrinsic Pd nanoparticles. [  40  ,  286  ,  300  ]  This is because the Pd 
nanoparticles on the nanowire surface create Schottky barrier-
type junctions between the Pd nanoparticles and the metal-oxide 
nanostructures. These junctions result in the formation of elec-
tron depletion regions within the metal-oxide nanostructures so 
that the the effective conduction channel and the conductance 
are constricted and reduced, respectively. There is a dramatic 
improvement in the gas sensitivity due to the enhancement of 
the catalytic dissociation of the molecular adsorbate on the sur-
faces of the Pd nanoparticles and the subsequent diffusion of 
the resultant atomic species to the oxide surface. [  40  ]  The cata-
lytic activities of the Pd nanoparticles greatly increase the quan-
tity of oxygen to repopulate the oxygen vacancies on the surface 
of the 1D metal-oxide nanostructures. In brief, the 1D metal-
oxide nanostructures offer many advantages for their use in gas 
sensors as mentioned above, so that in future, gas sensors will 

gas sensors based on the 1D SnO 2  nanowires can operate at 
high temperatures without external heating systems. [  292  ]  This is 
because the 1D SnO 2  nanowires are self-heated by a dc power 
applied to the two terminals of the nanowires. The two-terminal 
method [  286  ,  292  ]  involves the metal-insulator transition for the gas 
sensing of the 1D metal-oxide nanostructures.  

 A gas sensor device comprised of a single SnO 2  nanowire 
and two Pt-SnO 2  Schottky contacts is shown in  Figure    33  a. The 
nanowire and the two Schottky contacts dissipate the applied 
electrical power to generate heat. Obviously, the more power 
applied, the higher the temperature. The graphs in Figure  33 b 
show that the self-heating SnO 2  nanowire-based gas sensors 
behave the same as the SnO 2  nanowire-based gas sensors with 
external heaters for NO 2  gas of 0.5 ppm. It is important that 
gas sensors perform well, not only with self-heating but also 
in humid atmospheres. The single SnO 2  nanowire-based gas 
sensor can be operated to obtain high gas sensitivity in various 
humid atmospheres. [  299  ]  The responses and recovery times of 
this SnO 2  humidity sensor are only 120–170 and 20–60 s when 
the relative humidity of the air is 5 and 85%, respectively. The 
resistance of the single SnO 2  nanowire promptly decreases as 
the relative humidity of the air increases. The resistance of the 
SnO 2  NW in dry air (5%) is calculated to be  ≈ 14 times greater 
than that when the relative humidity is 48%, and  ≈ 32 times 
greater than that when the relative humidity is 85%. Obviously, 
water vapor in the air has a strong infl uence on the conduc-
tivity of a single SnO 2  nanowire. In addition, a bundle of 1D 
W 18 O 49  nanowires can be fabricated for gas sensors. [  293  ]  They 
can also be operated in humid air and the gas sensitivity for 
50 ppb of NO 2  can reach  ≈ 9 at room temperature in humid air. 
The advantages of the single-nanowire gas sensors include self-
heating, working at room temperature, and operating in humid 
atmospheres.  

 Nanobelts offer larger surface areas than other nanostruc-
tures such as nanorods and nanowires because of their higher 
surface-to-volume ratios. The 1D SnO 2  [  294  ]  and V 2 O 5  [  175  ]  nano-
belt-based gas sensors are highly sensitive and stable for envi-
ronmental polluting gases such as CO and NO 2 , as well as 
for ethanol for exhalation analyzers. For example, the sensor 
responses are 41.6 for 250 ppm for ethanol and –15.5 for 
0.5 ppm NO 2  at 400  ° C. [  294  ]  In addition, the gas sensitivity of the 
metal-oxide nanostructure-based gas sensors can be improved 

     Figure  32 .     Gas responses of various diameter ZnO nanowire-based gas 
sensors for H 2 , NH 3 , isobutene, and CH 4  gases. Reproduced with permis-
sion. [  295  ]  Copyright 2010, Elsevier.  

     Figure  33 .     a) Probing current versus working temperature of the single 
SnO 2  nanowire gas sensors. The SEM image in the inset shows a single 
SnO 2  nanowire connected to two Pt microelectrodes. The equivalent 
circuit corresponds to two Pt/SnO 2  contacts connected in series with 
a single nanowire. These three components dissipate electrical power 
and contribute to the self-heating of the device. b) The responses of the 
single SnO 2  nanowire-based gas sensor operated in self-heating mode 
with an external heater for 0.5 ppm NO 2 . The inset shows the response 
versus time. Reproduced with permission. [  292  ]  Copyright 2008, American 
Institute of Physics.  
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Figure 2.11: Gas response of different dia size ZnO nanowire sensors [6].

2.6.3 Field emitters

Emission of electrons into vacuum fro sharp featured samples on application of negative

voltages is called a field emission. For this, a strong electric field is required because

of tunneling of electrons can easily through the potential barrier between sharp-tip

features and electrodes. The sharp-tip features can enhance the field emission properties,

as the field emitters. The transition metal-oxides poses good thermal and chemical

stability, hence can be used as potential field emitters. Furthe, in commercially produced

flat displays of ordered 1-D nanostructures should be excellent for field emitters. A

comparative study of ordered ZnO nanowires and random array of ZnO nanowires with

nearly same density shows that the field enhancement factor (β) has higher value for

ordered ZnO nanowires [322]. The higher value indicates higher field emission efficiency

so the ordered array has a better field emission over random array because of screening

effect in random array due to some ZnO nanowires grow closer together that reduces

the field-emitting efficiency. Y. K. Tseng et al. grown needle-like ZnO nanowires with

high density over a Ge doped conductive ZnO film which can be subjected to the field

emission test at least ten times without change in the results by sweeping electric field

from 0 to 30 V µm−1 [323]. Some other reports also show the field emission properties

of ZnO nanostructures [323–327]

38



2.6 Applications of ordered ZnO nanostructures

2.6.4 Photovoltaics

Solar energy is considered as the major renewable energy source which can eliminate the

mankind’s dependency on fossil fuels. However, current photovoltaic technology lacks

the power to extract full potential of solar energy. Matt Law et al. described the con-

struction and performance of dye-sensitized solar cells (DSCs- a low cost photovoltaic

device) based on arrays of ZnO nanowires coated with thin shells of amorphous Al2O3

or anatase TiO2 by atomic layer deposition. They found titania shells are better than

alumina shells. Both acts as insulating barriers that improve cell open-circuit voltage

(VOC) but the former causes drastic reduction in short circuit current(JSC). However,

titania shells, 10-25 nm in thickness enhances VOC sharply with an increased fill fac-

tor(FF) with small current fall off, which results an increased effeciency, up to 2.25%

under 100 mW cm−2 AM 1.5 simulated sunlight. Further studies prove that the radial

surface field in ZnO-TiO2 core-shell reduces the rate of recombination in these devices

to get an increased efficiency [328]. Use of efficient anti-reflection coating (ARC) is

another method to increase the performance, since it increase the light coupling. So-

lution grown ordered ZnO nanostructures as ARCs for Si solar cells was compared

with conventional single layer ARCs. It was found that nanoscale morphology had a

great effect on the macroscopic ARC performance. ZnO nanorod arrays displays a

broadband reflection suppression ranging from 400 to 1200 nm compared with a silicon

nitride (SiN) single layer ARC [329]. Efficient charge transport has been demonstrated

in DSSCs based on ZnO nanowires with 1.5% power conversion efficiency [330]. Or-

dered ZnO nanostructures also have vast application in polymer solar cells. Drastic

increase in efficiency can be achieved by optimized treatment of dye and polymer in

nanostrucutres. A photovoltaic device fabricated with nanorod structure when treated

with dye before deposition of the P3HT polymer yielded four times higher efficiency

than similar device based on the NP’s [331]. Atomic layer deposition of TiO2 can result

encapsulated ZnO nanorods, this structure can significantly increase the VOC and FF

[332]. In a nutshell these studies compare the best achieved performance of organic solar

cell and their hybrid solar cell counterpart. At present the organic solar cells are found

to have higher efficiency. This could be due to the incomplete filling of the pores/gaps

in the inorganic part and unfavorable band bending at the interface. Morphology and

unfavorable organic/inorganic composite film-phase separation can also be considered

as another reason. Surface modification of nanomaterials can be used to optimize these

factors. Use of novel organic materials designed for hybrid device can also be a solution

to this problem.
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2. BRIEF REVIEW OF LITERATURE

2.7 Conclusions

Literature survey about the variety of morphologies of block copolymers and their self-
assembly have been discussed. The materials and the methods for the synthesis of
block copolymer thin films were also introduced. The research reports published by
many researchers revealed that the supramolecular assembly of block copolymer is an
efficient approach for the nanopatterning and fabrication of functional nanomaterials.
Functional nanomaterials have their own advantages in various applications. It was also
revealed that the ordering in thin films of block copolymers can be improved by thermal
and solvent annealing. There are several other factors that affect the morphological
behaviour and orientation of domains like thickness of film, content of small molecules
or additives, type of additives etc... Few applications of ordered ZnO nanostructures
(gas sensor, field emitters, LED’s and photovoltaics) have also been discussed. For the
photovoltaic applications, block copolymers act as either active material or structure
directors or both. In the end, it can be concluded that metal oxide nanostructures
shows the improvement in the efficiency of solar cells and block copolymers provides the
plenty of morphologies that can be used for the fabrication of metal oxide nanomaterials.
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3

Materials and Methods

3.1 Introduction

The present thesis deals with the formation of ordered ZnO nanostructures using the

block copolymer nanotemplates. Nanostructures have been potentially used in various

area of applications like optoelectronics, photovoltaic devices, memory devices, bat-

teries, field emitters and gas sensing [40, 79, 88, 321, 324]. Various routes have been

employed to synthesize ZnO nanostructures such as sol-gel, hydrothermal, solvother-

mal, anodization and templating synthesis. Among them synthesis using block copoly-

mer nanotemplates is a very efficient and easily controlled approach which gives the

highly-ordered nanostructures with a tunability of their size and the periodicity. Block

copolymer nanotemplates shows very interesting and easily tailored morphologies. Fun-

damental understanding of materials characteristics is important for it’s potential use in

optoelectronics. In this chapter, the materials and methods used for synthesis of ZnO,

RE doped ZnO and block co-polymer nanotemplates have been discussed in detail. Disk

diffusion method for testing of antibacterial properties of ZnO is also discussed. The

detailed discussion of characterization techniques that were used for the overall analysis

of the research work is also included in this chapter.

3.2 Materials

The following materials were used to carry out this research work.

41



3. MATERIALS AND METHODS

3.2.1 Polymers and substrates

In order to prepare block copolymer nanotemplates of different morphology poly(styrene)-
b-poly(4-vinylpyridine) (PS-b-P4VP) with the molecular weights of Mn = 39.9 kg/mol,
(MPS

n = 35.5 kg/mol,MP4V P
n =4.4 kg/mol, polydispersity index (PDI) = 1.09),Mn =41

kg/mol, (MPS
n =33 kg/mol, MP4V P

n =8 kg/mol, PDI = 1.10) and Mn =205 kg/mol,
(MPS

n =130 kg/mol, MP4V P
n =75 kg/mol, PDI = 1.25) were purchased from Polymer

Source Inc. Canada. 2-(4-hydroxyphenylazo) benzoic acid (HABA) (> 98%, Sigma-
Aldrich) and 1-4 dioxane (Merck) were used as additive and solvent respectively. 1-4
dioxane was used as annealing solvent also. 0.2 µm PVDF syringe filter (Whatmann)
was used to filter the block copolymer as well as NP’s solution. Si wafer (p-type (100),
Macwin India) were used as substrates.

3.2.2 Precursors and solvents

For synthesis of ZnO and RE doped ZnO NP’s via chemical route, Zinc chloride (Rankem
,Purity 98.0%), Zinc nitrate hexa hydrate (Merck, Purity > 96%), zinc acetate dihydrate
(Merck, Purity ≥ 98%) were used as zinc precursor and Erbium(III) chloride hexahy-
drate (Alfa Aesar, Purity 99.9%), Terbium(III) chloride hexahydrate (Aldrich, Purity
99.9%), Europium(III) nitrate penta-hydrate (Aldrich, Purity 99.9%) were used as RE
precursor. Potassium hydroxide (Merck, Purity ≥ 84%), Sodium hydroxide (Fisher sci-
entific Purity, 97.0%), Ammonia solution (Rankem, Purity 95.0%) were used as precip-
itating agent. Polyvinyl pyrrolidone (Lobal chemie), Thioglycerol(Otto, Purity 98%) as
a capping agent and Dimethyl sulphoxide (Himedia, Purity 99.5%), Ethanol(Changshu
angyuan chemical), Methanol (Rankem, Purity 99.0%), Tea leaf (dry form) and De-
ionized (DI) Water were used as solvent. All the above chemical were used without
further purification.

3.3 Techniques used to prepare the samples

In the present thesis co-precipitation method was used for the synthesis of ZnO and
RE-doped ZnO NP’s. Because it is steady, fast, cost effective, high yield and efficient to
control the growth of ZnO and RE doped ZnO NP’s by controlling various parameters
like temperature, pH, and reaction time. For the preparation of nanotemplates, the
thin films of block copolymer were deposited on the substrates by dip coating and spin
coating techniques. Lateral ordering in the film was improved by solvent annealing.
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3.3 Techniques used to prepare the samples

3.3.1 Co-precipitation method

In the co-precipitation method, an inorganic metal compound dissolved in solvent is
hydrolyzed by using a base solution of NaOH or NH4OH, these compounds then condense
to form a metal oxide precipitate by increasing the concentrations of OH ions. The
precipitate obtained is then washed and dried to collect the crystalline metal oxide
powder form. This process is advantageous over other processes as it is economical and
widely used to synthesize a range of single and multi-oxide nanomaterials. But there is
one disadvantage of agglomeration of NP’s, which can be solved by using capping agents.
These capping agents can neutralize the NP’s in the solution and surface electronic states
in semiconductor quantum particles. Thus, capping agents play a vital role in controlled
growth of NP’s and enhance the properties of NP’s by capping them. Figure 3.1 shows
the schematic for synthesis of ZnO NP’s using different precursors and solvents(also the
syntesis) and RE doped ZnO NPs(right).

Nanopartcles in powder 
form 

Dried at 
required 

temp. 

Kept to 
settle 
down 
NP’s

Stirring

75oC

Heating

75oC

Stirring 
Stirring 

Figure 3.1: Schematic for the synthesis of ZnO (left) NR’s using different precurssors

and solvents and RE-doped ZnO (right) NP’s.

3.3.2 Dip coating

Dip-coating is an affluent and fast method for the thin film deposition from the chem-
ical solution. This method provides the great facility to deposit coating on large area
with very good control for various technological applications. The working principle
for the dip coating can be described as follows; the substrate is to be immerged in the
solution tank with user controlled speed and left it for the particular time and then,
it is to be withdrawn from the solution with a particular speed. The immerging and
withdrawn speed can easily be controlled. During this dipping process, solution spreads
out on the substrate homogeneously due to the basic physical effect of capillary rise
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3. MATERIALS AND METHODS

and viscous force. Then evaporation process occurs after coating which is responsible
for the solidification of the final film which already grown on the substrate. Different
evaporation conditions and withdrawal speed are the key parameters for the film quality
as well film thickness. So, one has to take care of them carefully. The process flow for
dip coating is shown in figure 3.2

Figure 3.2: Schematic for the dip coating process [333].

The whole deposition process may be divided in the following three major steps:

(a) Immersion of the substrate into the solution tank.

(b) Dwell time for the film deposition.

(c) Withdrawal of the substrate from the solution tank.

We have used programmable dip coating system (XDIP-SV1, Apex) in this study with
a withdrawn speed of 100 mm/min.

3.3.3 Solvent annealing

Thermal annealing and solvent annealing are the common process to improve the order-
ing in thin films of block copolymer. Solvent annealing is considered more advantageous
and better than the thermal annealing because in thermal annealing small molecules in
the supramolecular assembly may evaporate. Evaporation of small number of molecules
may affect the morphology of thin films of block copolymer to a great extent. Solvent
annealing is the process in which each copolymer interacts with the vapour of the solvent
(selective/non-selective). Ordering in the thin films depends on the affinity of copoly-
mers towards solvent molecules, rate of evaporation of solvent, volume of solvent and
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3.4 Characterization techniques

container, and time of annealing. Depending on their affinity for the annealing solvent,
the copolymers swell with different rate. Thin films were put in a tightly sealed glass
chamber along with the annealing solvent in a bottle with some pinhole shown in figure
3.3. The thin films were removed from the annealing chamber after a particular time
and solvents were allowed to evaporate.

Figure 3.3: Schematic for the solvent annealing of block copolymer thin film

.

3.4 Characterization techniques

Many characterization methods were used to analyze the synthesized NP’s and block
copolymer thin films. Structural analysis were done by X-ray diffraction (XRD), trans-
mission electron microscopy (TEM) and scanning electron microscopy (SEM). Energy
dispersive X-ray (EDAX) was used for elemental composition of the RE doped ZnO
NP’s. The optical properties of pure and RE doped ZnO NP’s were analyzed by UV-Vis
spectroscopy and Photoluminescence spectroscopy. Whereas, atomic force microscopy
(AFM) was used to determine surface morphology of prepared block copolymer thin
films. The used methods are discussed as follows.

3.4.1 X-Ray diffraction (XRD)

X-ray diffraction is the fundamental tool for determining the structure of the material
and widely used for material characterization. When a monochromatic X-ray beam
incidents on the material at an angle θ, it gets scattered from the sample. The scattered
beam is detected by the detector and give the crystallographic information about the
lattice structure. The wavelength of the beam is nearly comparable to the atomic size
which leads to collect the information about atomic arrangement of the material. If
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3. MATERIALS AND METHODS

Figure 3.4: Schematic diagram of X-ray diffractometer

the arrangement of the atoms in the material is in regular manner, then diffracted
beam interfere constructively or destructively with each other depending on the path
difference. A well-known formula Bragg-relation [334, 335] holds for the condition of
constructive interference as in following manner:

2dsinθ = nλ (3.1)

Where, n = order of reflection, λ = wavelength of incident X-rays, d = interatomic
spacing between lattice plane and θ = diffraction angle. The average crystallite size of
the nanoparticles can be calculated by the following equation known as Debye-Scherrer’s
formula [335]

D =
0.9λ

βcosθ
(3.2)

Where, λ = wavelength of X-rays, β = full width at half maxima (FWHM) of diffracted
peak, θ = diffraction angle. Furthermore the lattice parameter were calculated with
unit cell refinement technique. The crystallographic information related to pure and
RE doped ZnO was collected with the help of X-ray Diffractometry (XRD; PaNalytical
X’Pert Pro, Cu kα radiation, wavelength λ = 1.54Å). The XRD data for pure and RE
doped ZnO was recorded in the 2θ range from 20◦ to 90◦; scan step size 0.02◦ with a
scanning step rate of 0.5s (in some case it was varied). The schematic diagram of X-ray
diffractometer is shown in figure 3.4.

3.4.2 Scanning electron microscopy (SEM)

Electron microscope are very advantageous microscopy tool due to high magnification
and resolving power in comparison of light microscope. The highly energetic focused
electron beam interacts with sample surface instead of light to get the image and struc-
tural information of the sample. The whole system of the imaging must be vacuum
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3.4 Characterization techniques

Figure 3.5: Schematic diagram of SEM

shielded for the prevention of the scattering of the electrons during experiment. The
wavelength of the beam can be easily controlled with the operating voltage which leads
to acceleration of the electrons toward the sample. SEM gives following information
regarding the specimen. (i) Topography (ii) Morphology (iii) Compositions and (iv)
Crystallographic information [336]. The schematic diagram of SEM is shown in figure
3.5. At the top of instrument, there is source of electron beam which produces a very
fine scale monochromatic electron beam (diameter ∼ 0.01 mm) in the range of 2-40 kV.
The first condenser lens is used for controlling the beam. To eliminate the high-angle
electrons from the beam, condenser lens works in conjunction with condenser aperture.
The second condenser lens utilized to form the very thin, tight and coherent beam and
is controlled by the “fine probe current knob”. A set of scan coils used for the scan
or sweep the electron beam during imaging in a grid fashion. The various components
are placed in the system to observe the interaction of electron beam with specimen
and displayed pixel on a CRT monitor. The electron beam interacts with specimen in
various ways with the surface of the sample. On the basic of these interactions the
mainly two types of the signal are considered for the imaging in SEM and operated in
following two modes; (a) Secondary electron mode (b) Backscattered mode. Secondary
electron mode is the most common mode for the high-resolution imaging with detailed
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3. MATERIALS AND METHODS

information about the surface. In this thesis, Tb doped ZnO NP’s were characterized
by SEM (Model: Nova Nano FE-SEM 450 FEI) with an accelerating voltage of 15 kV.
To take high quality SEM images, all the samples were made conductive by applying a
thin coating of platinum/gold using sputter coater.

3.4.3 Transmission electron microscopy (TEM)

To know the internal structural information of ZnO NP’s and RE doped ZnO NP’s,
TEM is very important technique.

Figure 3.6: Schematic diagram of TEM

In this technique, electron beam is generated by electron gun was collimated by different
magnetic lens. These were accelerated by high potential anode with potential ∼100-400
kV. After transmitted through the sample, beam made to fall on charge-coupled device
(CCD) sensor which response to form a very high-resolution image of the sample. The
image is detected by the CCD and displayed in real time on computer screen [337].
In general, TEM is working with two imaging mode: (a) Bright-field image mode and
(b) Dark-field image mode. In dark field image mode, direct beam is blocked by the
aperture and pass one or more diffracted beam. Here we used most commonly used
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3.4 Characterization techniques

bright-field mode which is commonly used for microstructural analysis while The lattice
planes and interplanar distances can be easily observed with the help of selected area
diffraction pattern (SEAD) mode [338]. The wavelength of incident electron beam can
easily be controlled by accelerating voltage. The schematic of TEM is shown in figure
3.6.

λ =
h

p
=

12.25× 10−10

√
V

(3.3)

The morphology of ZnO and RE doped ZnO were investigated by TEM and high-
resolution TEM (HRTEM) [Model: FEI: TECNAI G2 operated at 200 kV]. For sample
preparation, small amount of pure and RE doped ZnO was dispersed in isopropyl alcohol,
a few drops of this dispersed sample were dropped on a carbon coated grid with 300
mesh. SAED pattern and HRTEM was used to investigate the characteristic features of
the NP’s.

3.4.4 Ultra violet-visible diffuse reflectance spectroscopy (UV-

vis. DRS)

When the light of wavelength 200-800Åfalls on the sample then atom or molecules of the
material absorbed the energy from incident light and goes to excited state from ground
state. UV-visible spectroscopy is greatly used for quantitative analysis of the materials
and using for determine of the band gap of the material.

Figure 3.7: Schematic diagram of UV-Visible.
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The principle of absorption spectroscopy is based on Beer’s and Lambert law [339];
it states that fraction of incident radiation absorbed is proportional to the number of
absorbing molecules in its path which is described in as follows:

A = −log10
I

Io
= ε.b.c (3.4)

Where, ε = wavelength dependent absorptive coefficient, b = path length, I = intensity
of incident light, Io = intensity of transmitted light and c = concentration. Figure
3.7 shows the ray diagram of duel beam UV-vis spectrometer. The diffuse reflectance
spectra of pure and RE doped ZnO pallets were recorded using UV-vis spectroscopy
(Model: C60, Agilent Technologies, 300-900 nm). The absorbance has been calculated
using the Kubelka-Munk equation

K

S
=

(100−R)2

2R
≡ F (R) (3.5)

Where F (R) is the remission or Kubelka-Munk function. The K-M absorption coefficient
K then becomes equal to 2α(K = 2α) when the sample scatters in a perfectly diffuse
manner. Furthermore, In the parabolic band structure, the band gap Eg, and coefficient
α of a direct band gap semiconductor are related through the following equation [340]

αhν = B(hν − Eg)1/2 (3.6)

where α is the linear absorption coefficient of the material, hν is the photon energy and
B is a proportionality constant. In this case, considering the K-M scattering coefficient
S as constant with respect to wavelength, and using the remission function in Eq. (3.6)
we obtain the expression:

[F (R)hν]2 = B(hν − Eg) (3.7)

The photons of UV-vis light have sufficient energy to excite the electrons of the sample
to higher energy states. Therefore, it can be used to probe the electronic and optical
properties of the materials. Usually, it is used for semiconductors and metallic NP’s.
In semiconductors we use it to measure their bandgap and obtain information about
their optical properties. Figure 3.7 illustrates the various components of the dual beam
UV-vis spectrometer. The incident beam from the source lamp is passed through the
monochromator that splits the beam into two parts using a half mirror. One beam
passes through the sample and the other through the reference. The intensities of these
light beams are then measured and compared by electronic detectors. The intensity of
the reference beam, which should have suffered a little or no light absorption, is defined
as Io. The intensity of the sample beam is defined as I. Over a short period of time, the
spectrometer automatically scans all the component wavelengths. The region normally
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scanned for UV is 200 to 400 nm, whereas the visible region is from 400 to 800 nm.
The deuterium lamp is used as a source of UV light, whereas tungsten lamp is taken
into account for the visible light. Spectra are obtained by scanning the wavelengths for
quantitative measurements.

3.4.5 Atomic force microscopy (AFM)

AFM has been widely used for the fundamental research, material science, medical
science and technology applications. It is suitable characterization tool to investigate
the various technological materials including membranes, thin films of polymers and
semiconductors etc... [341]. In the AFM, sharp metallic tip interacts with the surface
of the material and produce the Vander-Waals force between tip and surface of the
sample. This Vander-Waals force could be generated due to short-range repulsive force
(in contact mode) or longer-range attractive force (in non-contact mode). In the contact
mode (repulsive force), the instrument slightly connects with a tip at the end of cantilever
which scan over the sample surface during imaging. During the raster-scan, metallic tip
goes along the surface of the material and found the vertical deflection of the cantilever.

Figure 3.8: Schematic for working of AFM (left), and Vander walls force variation with

the distance between tip and sample.

These deflections indicate the undulation in the surface of the film. In non-contact
mode (attractive force), the metallic tip does not touch the sample surface and gives
the topographic images of the material due to attractive forces. In the tapping mode,
the cantilever is driven to oscillate up and down close to the resonance frequency due to
presence of piezoelectric material which is mounted on the scanner. This mode is very
much effective for the scanning of the soft material like polymer and membranes due to
its non-destructive nature in comparison of contact mode. Surface damage possibilities
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are reduced in this mode because tip does not drag across the sample during scanning
[342]. Figure 3.8 shows the schematic diagram for the working of the AFM and the force
variation with distance between tip and sample. When the cantilever bends due to the
surface of the sample, the path of laser beam also deflected which leads to deviation at
different angle and these variations perceived by the photodiode. The force between the
tip and sample is responsible for the fluctuations in cantilever.

F = ks (3.8)

Where, k = spring constant and s = bending distance for the cantilever during imaging
[341]. The cantilever of the AFM is made up of silicon nitride or silicon material with
a very sharp tip (width of few ∼10 nm) which provide the facility to observe very
high-resolution image on nanometer scale. In the present study, the thin films were
characterized by AFM (Bruker) in tapping mode.

3.4.6 Photo-luminescence (PL)

PL is a widely used technique for characterization of the optical and electronic properties
of semiconductors and molecules. In this technique, light is fall on the material, atoms
get excited by absorbing photons from incident light, the spontaneous emission of light
by de excitation of atoms is known as PL.

Figure 3.9: Schematic for working of photoluminescence

Lasers with different wavelength have used for PL. For this thesis work, in order to
investigate luminescence properties and possible defect present in pure and RE doped
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ZnO NP’s room temperature photoluminescence spectra were recorded by LABHR-UV-
EVO using He-Cd laser with 30 mW power at excitation wavelength (lexc) 325 nm.
Figure 3.9 represents the Schematic for working of PL.

3.4.7 Bacillus subtilis growth assay

Bacillus subtilis strain was obtained from MTCC, Chandigarh. The bacteria was revived
on Nutrient Broth. For growth assays bacterial culture was grown on nutrient agar
medium overnight at 37◦C.

3.4.8 Disc diffusion method

ZnO NP’s solutions of 2mg/ml, 5mg/ml, and 10mg/ml concentrations were made in mi-
cro centrifuge tubes and UV sterilized Whattman paper discs were added to them. The
solutions were kept overnight and sonicated for 30 minutes before using. Autoclaved agar
plates were taken and marked with 4 quadrants. 250ml of test culture was spread over
agar plate. Then a disc from each concentration of NP’s was kept over their respective
quadrant and in the 40◦C quadrant, control was kept i.e. the disc of autoclaved water.
After this, the plates were kept in incubator at 37◦C overnight. Zone of inhibition was
observed and measured in mm. The test suspension cultures with and without (control)
NP’s were prepared as earlier. Cells were pelleted down by centrifugation at 10,000 rpm
for 5 min at 40◦C, cells were washed twice and re-suspended in PBS and stored at 40◦C
for further use. For staining assay, the 1:100 dilution of overnight cell suspension was
incubated with 20 ml PI at 37◦C for 1h and later with 40 ml FITC (10 mg/ml FITC
stock solution) at 37◦C for 1 hour with endover-end rotation in dark accompanied with
intermediate washing and resuspension in PBS. After double staining, the stained cells
were washed, resuspended in PBS and 1:100 dilution of final cell suspension was spread
on a standard glass slide, air-dried and visualized under fluorescence microscope (Leica
DM1000, Leica Microsystems).

3.4.9 Biofilm growth and ZnO treatment

An overnight culture of the Bacillus subtilis strain was grown and diluted to 1:100
into fresh medium for biofilm assays. The coverslips were washed, rinsed with sterile
distilled water, air-dried and then UV sterilized for 30 mins. The coverslips were placed
in the tubes with media and autoclaved. For each set of tubes there was one blank (no
inoculation, no nanoparticle), control (only bacterial inoculation), 2 test samples (each
with inoculation and 0.5 mg/ml and 1 mg/ml ZnO NP’s). Tubes were incubated for 24
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hrs at 37◦C. At the end of incubation period, coverslips were aseptically removed from
the broth culture for biofilm visualization by phase contrast microscope and scanning
electron microscope and quantification by crystal violet binding assay. The experiment
was repeated in triplicate.

3.4.10 Crystal violet (CV) assay

The assay was performed according to the method described by O’Toole [] [37]. After
incubation, the cover slips with adhered film (control and treated) were washed with
distilled water. The process was repeated twice to remove unattached cells and media
components which may otherwise cause background staining. The coverslips were sub-
merged in a 0.1% solution of crystal violet and incubated at room temperature for 10-15
mins. The coverslips were dried overnight. For qualitative assays, the dried coverslips
were photographed when dried. In order to quantify the biofilm formed, coverslips were
placed in 2.5 ml of 30% acetic acid in water and incubated at room temperature for
10-15 mins to solubilize the CV. The solubilized CV was transferred to clean eppendorf
tubes and later quantified by measuring absorbance spectrophotometrically at 550 nm
using 30% acetic acid in water as the blank. By analysing the absorbance values, biofilm
biomass can be estimated. The reduction in biofilm biomass was calculated by:

%reduction =
Abs.(control)− Abs(sample)

Abs.(control)
× 100 (3.9)

Where Abs. = Absorbance at 550 nm

3.4.11 Scanning electron micrograph for bacterial biofilm

The test suspension cultures with and without (control) NP’s were inoculated with fresh
culture and incubated at 37◦C, ∼100 rpm for 12 hrs. The sample preparation for SEM
analysis was done as follows. Sterilized coverslips were dipped in 1% agar solution and
left horizontally allowing a thin agar film to materialize. Diluted cell suspensions were
spread on coverslips and then incubated overnight at 37◦C. The fixed samples were
dehydrated in ascending alcoholic series (10, 30, 50, 75, 90 and absolute 99.99%) for
∼ 30 minutes each. The sample was dried at 37◦C for about 2 hrs and coated with a
thin gold film before observing under SEM (Zeiss).
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Synthesis and Characterization of ZnO

NP’s

4.1 Introduction

Semiconductors with dimension in nanometer scale have gained remarkable interest be-
cause of their optical electrical and chemical properties desirable for various applications
[343]. Optical properties of these materials are specifically being investigated for their
use in optoelectronics, photovoltaic and sensing [344]. ZnO is a direct band gap (3.37 eV)
and large exciton binding energy (60 meV) semiconductor [345]. Moreover, it’s relatively
higher thermal and mechanical stability makes it ideal candidate for device applications
[346–349]. Further, due to more resestance to UV rays, high electrical conductivity and
strong ferromagnetic properties it is more useful then conventional materials like phos-
phorus and sulfur [350]. The size of the NP’s, temperature and defects in crystalline
structure affects the photo luminescent properties of ZnO NP’s. Because of photo lumi-
nescent property it is used in field emission display devices such as LCD’s, LED’s and
OLED’s [122]. The ZnO nanorod provids short response and recovery time for NO2 gas
as a highly sensitive gas sensor [351]. ZnO nanostructures have large surface area, low
toxicity and long life-span [352] and being use as promising material for antibacterial
[353], chemical absorbents [354], polymer additives [355] and photocatalytic [356, 357].
Interestingly ZnO NP’s have tunable optical and electrical properties due to large band
gap [358] suitable wide range of applications like UV detectors [359, 360], solar cells
[361], light emitting diode [362, 363], gas sensing materials [364] in addition, ZnO is
also suitable for generating UV light [365] and Bio sensing [366]. In the last few decades
researchers have reported various methods for synthesizing of ZnO NP’s which are dis-
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cussed in section 1.3.3. From these methods, chance of impurity in ball milling method

is more while others are either more expensive or required complex equipment so it is

required to search for a simple route with less equipment required yet giving high yield.

There are several reports on size and morphology dependent green luminescence inten-

sity of ZnO NP’s but in their synthesis method size variation or morphology variation

occurs by varying only particular parameters like solvent, solvent concentration, tem-

perature etc... In our modified synthesis methods we take arbitrary solvent, precursor

and temperature.

In the present chapter, we are reporting synthesis of ZnO NP’s using different precur-

sors and solvents via chemical route. The possible energy levels and defects have been

investigated in detail from the optical characterization of ZnO NP’s. In addition, the

detailed structural investigation of different sized ZnO NP’s has been also done.

4.2 Experimental details

4.2.1 ZnO by ZnCl2 in water medium

1.1g of ZnCl2 was dissolved in 20 mL DI water under constant stirring at 90◦C (solution

A). Another solution was prepared by dissolving 4g NaOH in 20 mL DI water (solution

B). 4 mL of solution B was drop wise added in solution A and resultant milky white

solution without any precipitation was left for 2 hours of stirring. This solution was

then kept for sufficient time to settle down the NP’s. The supernatant was removed,

washed 5 times with DI water and dried at 100◦C for 30 minutes. ZnO NP’s obtained

in white powder form [367].

4.2.2 ZnO by ZnCl2 in methanol medium

1.090g of ZnCl2 was dissolved in 20 mL methanol and 0.96g of NaOH was dissolved in

30 mL methanol both solution were kept under constant stirring for 40 minutes. NaOH

solution was added drop wise in zinc chloride solution for 20 minutes and stirred for 2

hours then kept in dark chamber overnight. The obtained precipitate was centrifuged

for 5 minutes then washed 5 times with DI water and annealed in air atmosphere at

300◦C. The white powder of ZnO NP’s was obtained [368].
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4.2.3 ZnO by ZnCl2 in ethanol medium

ZnO NP’s were synthesized by the same procedure as discussed in section 3.2 but using
ethanol in place of methanol medium. All the experimental parameters and condition
was the same. The ZnO NP’s was obtained in light brown color powder form [368].

4.2.4 ZnO by Zn(NO3)2.6H2O in water medium

Wet chemical method was used to synthesize of ZnO NP’s by dissolving 2.9747g of
Zn(NO3)2.6H2O in 100 mL DI water (solution A) and 0.8924g of polyvinyl pyrrolidone
in 50 mL DI water (solution B). Both solution were stirred for 30 minutes at 60◦C then
NH4OH was added drop wise in solution A till the pH reached to 7.5 (solution C) and
kept stirring for 15 minutes. Solution B was added in solution C and resultant solution
was kept at 60◦C for 1 hour. The mixture was then cooled at room temperature and
kept overnight in dark chamber. The precipitate was filtered with 0.2 µm filter and
washed 2-3 times with DI water and dried at 60◦C for 12 hours [63].

4.2.5 ZnO by green synthesis method

0.2M of zinc acetate dehydrate was dissolved in 70 mL of distilled water and stirred for
30-40 minutes. Another solution of 5g dried green tea leaf powder in 100 mL of distilled
water was prepared with stirring for 2 hours at 80◦C then cooled to room temperature
and filtered through whatman filter paper. 30 mL of this green tea extract was mixed
homogeneously with the zinc acetate solution. The solution was filtered and dried at
room temperature. The obtained powder was annealed at 300◦C for 1hour [369].

4.2.6 ZnO by Zinc acetate in DMSO medium

Zinc acetate (0.4M), potassium hydroxide (2.4M) were separately stirred in 40 mL
dimethyl sulfoxide and 20 mL ethanol. Potassium hydroxide solution was added drop
wise in zinc acetate solution. Thioglycerol (0.25 mL) was added to the above solution
which turned milky. White filtrate was washed three times with methanol and DI water
followed by drying at room temperature [370].

4.3 Results and discussion

The ZnO NP’s are synthesized by modified methods and the characterization of the
NP’s are done by XRD, TEM, UV-Vis and PL. The discussion of obtained results are
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as follows.

4.3.1 X-ray Diffraction (XRD)

The XRD patterns of ZnO NP’s prepared by methods 4.2.1 to 4.2.6 are shown in figure
4.1. These XRD patterns of NP’s show single phase crystalline nature corresponding
to wurtzite hexagonal crystal structure. Morphological studies by TEM (figure 4.2 and
4.3) confirms single phase. Spurious low intensity peaks in range 20-35 degree in XRD
(figure 4.1, Method 4.2.2) are observed which can be attributed to the multi phase
product or the impurity in the sample. However, the occurrence of multiphase induces
the change in the morphology of NP’s [371, 372] which is not observed in our case
(figure 4.2d). So, the extra peaks can be assigned to the impurity in the sample. ZnO
NP’s synthesized by method 4.2.1-4.2.6 have all characteristic peaks of ZnO. It can be
concluded from characteristics peaks that ZnO have hexagonal crystal structure and
matches to the space group P63mc. The relative intensity of XRD peaks corresponding
to a particular plane depends on the morphology [373] but the TEM images confirms
that the morphology of all ZnO samples are similar which indicates the variation in
intensity is not due to the morphology but it may be due to the agglomeration.
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Figure 4.1: XRD spectra of all ZnO NP’s.

In method 4.2.6 the capping agent DMSO was used to control agglomeration and the
particle size was reduced indicated by the broadening of peaks. The lower intensity of
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Table 4.1: Lattice parameters for all the samples and corresponding JCPDS card numbers

Method Precursor Solvent Lattice parameter JCPDS card No.

4.2.1 Zinc chloride DI water a = b = 3.2490Å, c = 5.2060Å 01-079-0206

4.2.2 Zinc chloride Methanol a = b = 3.2170Å, c = 5.2130Å 01-076-0704

4.2.3 Zinc chloride Ethanol a = b = 3.2427Å, c = 5.1948Å 01-075-0576

4.2.4 Zinc nitrate DI water a = b = 3.2501Å, c = 5.2070Å 01-079-2205

4.2.5 zinc acetate DI water a = b = 3.2427Å, c = 5.1948Å 01-079-0576

4.2.6 zinc acetate DMSO a = b = 3.2417Å, c = 5.1876Å 01-079-0205

peaks suggests the decreased crystalline quality of NP’s using capping agent. The aver-
age crystalline size of these NP’s was determined by equation 3.2 for each orientations
The broadening of peaks indicates that synthesized NP’s are in nanometer range. The
calculated average crystalline size found from method 4.2.1 was 21 nm which is similar
to previous result [367], from method 4.2.2 it was 26 nm which is higher then previous
result (∼5.36 nm) and reduced to ∼16 nm when methanol was replaced by ethanol
(method 4.2.3), from method 4.2.4 the average crystalline size was ∼17 nm which is
nearly half from previous result [63], from method 4.2.5 it was 9 nm which is smaller
then previous result [369] and from 4.2.6 it was found to be ∼7nm . The lattice param-
eters of ZnO NP’s are as shown in table 4.1. It is clearly observed from figure 4.1 that
broadening of peaks in method 4.2.6 is more as compared to other methods indicating
that the particles synthesized by method 4.2.6 have smaller particle size. It is also clear
that the average crystalline size of ZnO NP’s synthesized using zinc acetate is smaller
then zinc chloride precursor and it found smallest from above methods when ethylene
glycol was used as capping agent (method 4.2.6).

4.3.2 Transmission Electron Microscopy (TEM)

figure 4.2(a), 4.2(d) and 4.3g show the TEM images of ZnO NP’s synthesized using
ZnCl2 precursor with water, methanol and ethanol respectively (method 4.2.1-4.2.3). It
can be observed that particles have almost spherical shape in ethanol (method 4.2.3)
and methanol medium (method 4.2.2) (figure 4.3(g) and 4.2(d) and the selected area
diffraction pattern (SADP) (figure 4.2b, 4.2(e) and 4.3 (h)) shows polycrystalline nature
of NP’s which is in good agreement with XRD results. Average particle size of ZnO in
ethenol (4.2.3) was found to be 14± 2 nm which also agrees with XRD spectra. When
ethanol was replaced by methanol keeping the same procedure, average size of particles
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was increased to 18 ± 2 nm while the shape and size distribution was similar. In case
of water solvent (4.2.1), well dispersed rod like structure was observed with average
diameter of 18 ± 2 nm. figure 4.3(j) shows the TEM image of ZnO NP’s prepared by
zinc nitrate in DI water the NP’s are almost spherical in shape with average size 16± 2

nm which is almost twice of the previous result [63]. The TEM image and selected
area diffraction pattern of ZnO NP’s prepared by 4.2.5 and 4.2.6 are shown in figure
4.3(p) & 4.3(q) and 4.3(m) & 4.3(n) respectively. Selected area diffraction pattern of
both these samples show shows polycrystalline nature of NP’s which also agrees with
XRD result (figure 4.1(e), 4.1(f)). TEM images show that the shape of nanoparticle
are almost spherical with small agglomeration. The particle size has been found to be
5 ± 2 nm and 13 ± 2 nm respectively which also agrees with XRD results. It is clear
from the TEM study that the average diameter of ZnO NP’s are almost same if we use
zinc chloride as a precursor (method 4.2.1-4.2.3). It is also clear that average diameter
of NP’s are smaller if we use precursor zinc nitrate and zinc acetate as compare to
zinc chloride. The average diameter of ZnO NP’s found to be smallest among above
methods when capping agent ethylene glycol was used (method 4.2.6). Figure 4.2 (c,
f) and figure 4.3(i, l, o, r) shows the HRTEM images of ZnO NP’s synthesized using
method 4.2.1 to method 4.2.6 respectively. The calculated d spacing for specific plane
are good agreements with XRD data.

D=2.81Å
(100)

D=2.63Å
(002)

(c)

(d) (f)(e)

Figure 4.2: TEM image, diffraction pattern and HRTEM image of ZnO synthesized by

method 4.2.1 (a, b & c) and 4.2.2 (d, e & f).
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d=2.39Å
(101)

d=2.65Å
(002)

(g) (h) (i)

(j) (k) (l)

D=2.89Å
(100)

D=2.82Å
(100)

(m) (n) (o)

(p) (q) (r)

Figure 4.3: TEM image, diffraction pattern and HRTEM image of ZnO synthesized by

method 4.2.3 (g, h & i), 4.2.4 (j, k & l), 4.2.6 (m, n & o) and 4.2.5 (p. q & r).
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4.3.3 Diffuse Reflectance Spectroscopy (DRS)

The diffuse reflectance spectra of all the ZnO samples are shown in figure 4.4. Strong

reflections was found above 400 nm for all samples. The absorbance has been calculated

using equation 3.5 as describe in section 3.4.4. Corresponding absorption spectra for

ZnO NP’s are shown in figure 4.5. The absorption peaks were observed at 368 nm,

374 nm, 372 nm, 370 nm, 368 nm and 260 nm respectively indicating that the presence

of blue shift is observed with decrease in particle size with respect to bulk ZnO ( =

376 nm; 3.3 eV) the observed blue shift could be attributed to the confinement effects.

The band gap energy of the samples are measured by the extrapolation of the linear

portion of the graph between the modified Kubelka-Munk (K-M) function [F (R)hν]2

versus photon energy (hν) using equation 3.7 in section 3.4.4, as shown in figure 4.6.

The extrapolation of the straight lines in figure 4.6 gives the value of band gap energy.

The optical band gap is found to be size dependent and there is an increase in the

band gap of the semiconductor with a decrease in particle size. The optical band gap

values obtained for ZnO NP’s prepared by above methods are 3.25, 3.21, 3.23, 3.23,

3.2 and 3.32 eV respectively. There is no significant change in the optical band gap of

the ZnO prepared by methods 4.2.1 to 4.2.5 because of the almost same particle size.

There is a remarkable change 0.12 eV in the band gap was observed when the particle

size decreases from 12 nm to 5 nm. The smaller band gap value in the as-synthesized

ZnO NP’s as compare to bulk materials (∼ 3.3eV ) may attributed to planar defects,

like stacking faults, twin boundaries and intrinsic defects like oxygen vacancies, zinc

vacancies and Zn and O interstitials (as shown in energy level diagram figure 4.8)found

in ZnO materials.

Table 4.2: Summary of present work

Method Precursor Solvent d XRD d TEM Eg

(nm) (nm) (eV )

4.2.1 Zinc chloride DI water 21 18± 2 3.25

4.2.2 Zinc chloride Methanol 26 17± 2 3.21

4.2.3 Zinc chloride Ethanol 16 14± 2 3.23

4.2.4 Zinc nitrate DI water 17 13± 2 3.23

4.2.5 Zinc acetate DI water 9 12± 2 3.20

4.2.6 Zinc acetate DMSO 7 5± 2 3.32
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It is clear from UV-Vis spectra (figure 4.5) that there was no sharp change observed in

the peak position in comparison to bulk ZnO. When zinc chloride was used as precursor,

a large blue shift was observed when we use zinc acetate. The observed results are

summarized in table 4.2. where d XRD is average crystallite size, d TEM is average

diameter and Eg is optical band gap of ZnO NP’s.
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Figure 4.4: Room temperature diffuse reflectance spectra of ZnO NP’s prepared by

method 4.2.1 to 4.2.6
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Figure 4.5: UV Vis absorption spectra of ZnO NP’s prepared by method 4.2.1 to 4.2.6.
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Figure 4.6: Kubelka-Munk function versus energy plots of all the ZnO samples.

It can observed from the table 4.2 that by using the solvent DI water and change the
precursor zinc chloride, zinc nitrate and zinc acetate then both average crystalline size
and average diameter decreases respectively. It can also seen from the 4.2, by keeping
precursor same and changing solvent as ethanol, DI water and methanol the average
dia and optical band gap founds almost same but average crystalline size increases
respectively. In case of zinc acetate precursor when DI water and DMSO use as a solvent
the average crystalline size remains almost same but average diameter changes. It is
also clear that average crystalline size and average diameter of ZnO NP’s synthesized
using method 4.2.6 found to be smaller than all other used methods (method 4.2.1 to
4.2.5) but the optical band gap larger due quantum confinement effect. Because of
capping agent (EG in this case) average particle size decreases and blue shift occurs in
the absorption spectra [183].

4.3.4 Photo luminescence (PL) spectroscopy

In order to study the luminiscence properties and possible defects in the samples, Photo
luminescence spectra was investigated at room temprature (figure 4.7) with excitation
wavelength (λexc) 325 nm over a wavelength range from 350 nm to 650 nm for the ZnO
nanopowder prepared by different methods. The PL spectra of the ZnO NP’s exhibits
two emission peaks, one in UV region (between 370-420 nm) corresponding to the near
band gap excitonic emission (band to band transition) [225]. The second emission peak
is located in the range 420-650 nm which attributes to the presence of singly ionized
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oxygen vacancies (surface defects) [374]. The reason of second emission might be the
radiative recombination of a photo generated hole with electron occupying the oxygen
vacancy [375]. The emission bands of all ZnO samples were fitted by multiple Gaussian
peak functions with optimal full width at half maxima (FWHM). The number of sub-
peaks in all ZnO PL spectra reveals the pressance of defects and their influence on
the optical properties. figure 4.8 shows the PL spectra along with the corresponding
energy band diagrams of ZnO samples and the corresponding parameters from multi-
peak fitting are tabulated in Table 4.3. The presence of multiple peaks in the visible
region of the electromagnetic spectrum is typical for nanocrystalline ZnO [376]. The
ZnO NP’s prepared by method from 4.2.1 to 4.2.6 shows the band edge peaks at 432,
382, 407, 412, 408 and 374 nm, respectively. ZnO NP’s prepared by method 4.2.2
and 4.2.3 shows the emission peaks in violet and green region while NP’s prepared
by method 4.2.4 shows an additional blue emission peak. NP’s by method 4.2.5 and
4.2.6 shows the emission in violet, green and orange-red region and method 4.2.1 shows
emission in green and orange region. The violet emission usually originates from the zinc
interstitials (Zni) defects, where electronic transition occurs from Zni level to valence
band [377]. The green emission in all the samples are due to transition from Zni to
valance band of oxigen (Vo) [378]. The presence of more than one green emissions may
be due to the different shallow energy levels in close vicinity inside the band gap (figure
4.8, method 4.2.2, 4.2.3) which is associated with interface trap in the grain boundaries
and dislocations [379, 380]. The other reason may be the coexistence of interstitial sites
with different energy configurations such as isolated or split interstitials.
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Figure 4.7: PL spectra of all the ZnO samples (λexc = 325nm)
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Figure 4.8: Gaussian fitted Photo luminescence spectra and corresponding possible en-

ergy level diagram for all the ZnO samples (λexc = 325nm)

The visible band observed in all ZnO samples is due to the existence of structural
imperfection and IR emission from the n-type ZnO.
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Table 4.3: Band position, relative intensities and bandwidth in individual band after

Gaussian fitting of PL of ZnO NP’s

Method Peak position Peak Intensity Band width

(nm) (counts) (nm)

432.91 2538 50.78

4.2.1 533.48 988.58 156.35

622.92 483.29 218.81

382.30 67.6 16.30

4.2.2 394.27 50.6 27.10

511.10 39.9 61.29

557.12 17.4 60.96

406.97 98.4 31.81

4.2.3 436.25 11.1 29.84

522.40 6.8 46.11

563.00 4.4 60.96

412.70 73.9 29.61

4.2.4 443.38 68.7 46.78

475.54 24.03 60.10

532.63 0.8 92.42

408.99 82.2 36.26

4.2.5 436.76 43.3 42.11

527.43 6.02 57.23

593.07 2.5 147.64

374.78 139.73 19.85

4.2.6 402.88 457.2 35.64

536.11 1143.50 92.02

607.03 718 155.13
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Blue emission oberved in ZnO NP’s prepared with method 4.2.4 may be due to the
transition from Zni level to VZn. However, it could also arise from the surface deep
traps states [377]. The orange-red emission occurs in ZnO NP’s prepared with method
4.2.5 and 4.2.6 is due to Zni to Oi transition [381]. In case of 4.2.2 and 3.7 method, the
higher intensity showing the large population of low lying energy levels in range of 434-
485 nm. Theoretically, the Zni, VZn and oxygen interstitial (Oi energy levels are located
nearly 0.22, 3.06 and 2.28 eV below the conduction band, respectively whereas Vo level
is 0.9 eV above the valence band [379]. The deep level emissions occur in the green (2.5
eV) and orange-red (1.95 eV) region, which are in good agreement with our experimental
results. As observed from figure 4.8, the higher intensities of violet emission in method
4.2.2 and 4.2.3 as compared to other methods may due higher concentration of grain
boundaries, dislocations and surface traps. The nanopowders shows an intense violet
emission along with the emission in blue and green band. Position of the most intense
peak lies in the range of 380-410 nm which corresponds to violet band. Blue and green
emission band 435-593 nm like other reports [378, 382]. The relative intensity (method
4.2.2, 4.2.3, 4.2.4 and 4.2.5)in the visible region 530-593 nm are very low as compared
to ZnO NP’s prepared by method 4.2.1 and 4.2.6. This is because of the presence of
the defects at the surface of the NP’s. The defect density changes with the surface
to volume ratio according to changes in morphology and sizes of NP’s. Furthermore,
variation in peak position of the emission spectra is attributes to change in the defect
density on the surface of the NP’s [383].

4.4 Conclusion

ZnO NP’s were synthesized successfully by simple chemical routes using different pre-
cursors and solvents. The synthesized NP’s were characterized by XRD, TEM, DRS
and PL. The XRD and TEM results confirms the crystalline nature and single phase
formation of ZnO NP’s. The DRS results revealed that there is no drastic change in
absorption edge and the optical band gap of ZnO NP’s prepared by method 4.2.1 to
4.2.5 while the large blue shift observed in method 4.2.6 with an optical band gap of 3.32
eV. It can be concluded that method 4.2.6 can be used for smaller size and large band
gap ZnO NP’s. The zinc interstitial defects were present in all ZnO samples prepared
with different precursors and solvents. Oxygen interstitial defects presents in ZnO NP’s
prepared by method 4.2.1, 4.2.5 and 4.2.6.
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5

Synthesis of RE doped ZnO NP’s and

their Characterization

5.1 Introduction

Doped luminescent NP’s are predicted to show improved optical properties, viz., lumi-
nescence efficiency, delay time and band edge emission according to the particle size
variation. RE doped ZnO poses coexisting semiconducting, electromechanical and op-
tical properties therefore it is a highly multifunctional material [384, 385]. 4f intra-shell
transitions spectral lines stands these RE ions as one of the best luminescent mate-
rial to dope in ZnO. The lanthanides have induced shielding effect due to presence of
a partially filled 4f level and fully filled 5s and 5p orbitals. The photoluminescence
(PL) spectra of these ions shows emission lines because of this shielding effect, which
is relatively independent of host matrix [386]. Among the lanthanides, Er, Tb, and
Eu has wide range of applications. Due to its better PL characteristics, RE3+ doped
optical amplifiers are used in the telecommunications [387, 388]. The difficulties related
to doping makes the structural and luminescence properties inaccurate in RE3+ doped
bulk and nano-compounds. This makes it important to optimize the doping procedure
[389–391]. Significantly low luminescence intensities even after successful incorporation
of RE in ZnO matrix.which may be due to nonradiative transfer from RE3+ ion to
ZnO host leading to the quenching of RE emission due to and/or may be due to rapid
decay of excited ZnO, which facilitates direct energy transfer to RE ions [392–394]. In
spite of that, the dynamics of transfer process and optimization of visible luminescence
efficiency by manipulating defect-dopant interactions still not yet cleared.
The work presented in this chapter is an attempt in this direction. In this chapter, Suc-
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cessful doping of Er, Tb and Eu ions in ZnO host using chemical precipitation technique

is presented. This method has many advantages in terms of cost, minimal facilities, and

low energy consumption. XRD and TEM were used to detail discussion of structural

properties of synthesized NP’s. DRS results shows decrease in band gap and PL data re-

veals enhanced visible luminescence intensity with increased RE3+ concentrations upon

when host ZnO is excited into band gap, which indicates possible energy transfer from

the host to dopant energy level. When excited to ZnO band, presence of characteristic

intra-4f orbital transitions of RE3+ indicates energy transfer between host and guest,

likely involving the ZnO defect states.

5.2 Experimental details

5.2.1 Synthesis of pure and RE doped ZnO NP’s

1.0 gm of Zinc chloride was dissolved in 30 ml Ethylene glycol (EG) and stirred for

1 hour. Then, the reaction temperature was raised to 75◦C and further stirred for 30

minutes. 0.3 gm NaOH was dissolved in 5 ml EG and NaOH solution was added dropwise

to zinc chloride solution. The final solution was stirred for 2.5 hours at 75◦C and then

cooled at room temperature. The resultant solution was filtered with 0.2 micrometer

filter and washed with DI water 4-5 times in order to remove the impurities. ZnO NP’s

was obtained in powder form.

5.2.2 Synthesis of RE doped ZnO NP’s

The RE ion (Tb, Er, Eu) doped ZnO NP’s were synthesized using the above method

with a small change of adding the solution of RE precursor in 10 ml EG in zinc chloride

solution before adding the NaOH solution.

5.3 Results and Discussion

Pure and RE doped ZnO NP’s were characterized by XRD, TEM, SEM, UV-Vis. and

PL. The discussion of obtained results are as follows:
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5.3.1 X-ray Diffraction (XRD)
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Figure 5.1: XRD patterns of undoped ZnO and Er, Eu and Tb doped ZnO NP’s.

XRD spectra was used to investigate the crystallographic information of ZnO and RE-
doped ZnO. Figure 5.1 shows XRD pattern of Er, Eu and Tb doped ZnO NP’s.
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Figure 5.2: XRD patterns of undoped ZnO and 1.5 wt% RE doped (Er, Eu, Tb) ZnO

NP’s. (a) represents the enlarged peaks of the spectra , (b) indicates the shifting in most

intense peaks towards lower angle.

The diffraction patterns confirm polycrystalline nature of pure and RE doped ZnO
NP’s. All the diffraction peaks were matched using the data available from the Joint
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Committee for Powder Diffraction Studies (JCPDS), and the corresponding planes were

indexed in figure 5.2. All the diffraction peaks in the XRD pattern indicate the typical

hexagonal wurtzite structures of ZnO with space group P63mc. The characteristic peaks

of XRD for all the samples are corresponding to ZnO, no peaks were observed for other

impurities, which confirms that the RE-related compounds or other impurity were not

formed during synthesis and the RE atoms were incorporated into the ZnO lattice. For

comparative study figure 5.2 shows the XRD patterns of pure ZnO, Tb (1.5at%)/ZnO,

Er(1.5at%)/ZnO and Eu(1.5at%)/ZnO which showed the shifting of diffraction peaks,

slightly towards the lower angle for RE-doped samples in comparison with that of pure

ZnO (figure 5.2(b)). Because the ionic radii of Tb3+(0.092 nm), Er3+(.088 nm) and

Eu3+(0.095 nm) is larger than that of Zn2+(0.074 nm), doping of RE into the ZnO can

cause the expansion of ZnO lattice and led to a shift of ZnO peaks to lower angles as

also observed by other investigators [4, 184, 395–397]. It is confirm from figure 5.2(b)

shifting towards lower angle is increases as the ionic radius of RE increases. Moreover,

the average crystallite size of all the samples were calculated with the all peaks using

Debye Scherer equation 3.2 describe in section 3.4.1. The results in table 5.1 showed

that the average crystallite sizes of pure ZnO and RE doped ZnO were within the range

of 12-14 nm. The FWHM values of RE-doped samples are slight larger as compared to

pure ZnO that confirms the slight decrements in the crystallite size. This decrease in

the crystal size of RE doped ZnO may be attributed to the RE-O-Zn formation on the

surface of the doped products, which inhibits the growth of crystal grains [398, 399].

5.3.2 Scaning Electron Microscopy (SEM)

Figure 5.3 and 5.4 presents the SEM images and EDS spectra of Tb doped ZnO nanos-

tructures. The obtained EDS results confirmed the presence of Tb, Zn and O in the

final products. The EDS results also confirms that the intensity of Tb peaks increase

with concentration of Tb in the sample. The surface morphology of synthesized NP’s

confirms that the particles are almost spherical in shape. Furthermore the agglomeration

increases with doping concentration of Tb in ZnO NP’s.
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Figure 5.3: SEM image Tb doped (a .5 wt% Tb, b 1.5 wt% Tb, c 2 wt% Tb and d 5

wt% Tb) ZnO NP’s.
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Figure 5.4: EDX spectra of different wt% Tb doped ZnO NP’s.
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5.3.3 Transmission Electron Microscopy (TEM)

TEM measurement were performed to explicate the morphologies of the pure and RE
doped ZnO NP’s. Figure 5.5a shows the TEM images of ZnO and 1.5 wt% RE-doped
ZnO NP’s. It can be observed that particles have almost spherical shape.
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Figure 5.5: TEM, HRTEM and SAED pattern of undoped(a) and 1.5 wt% RE (Tb (b),

Er (c) and Eu (d)) doped ZnO NP’s.

The selected area electron diffraction (SAED) pattern shows poly-crystalline nature of
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NP’s. The planes and their inter-planer spacing are calculated and indexed in SAED

pattern, which are in good agreement with XRD results for all the NP’s (figure 5.5c).

Average diameter of the as-synthesized NP’s as listed in table 5.1, was found in the

range 10-14 nm which also a good agreement with XRD results. The average diameter

of RE-doped ZnO NP’s are less than pure ZnO which is again consistent with XRD

results. HRTEM images (figure 5.5b) of pure and RE-doped ZnO shows clear lattice

fringes with the distance between two parallel lattices planes were measured as 2.85

(100), 2.81 (100), 2.48 (101) and 2.83A (100) corresponding to ZnO, 1.5 wt% Tb: ZnO,

1.5 wt% Er: ZnO and 1.5 wt% Eu: ZnO respectively, which are consistent with XRD

pattern. HRTEM images also shows defects are present at the grain boundaries.

5.3.4 UV-Vis. Diffuse Reflectance Spectroscopy (DRS)

The effect of RE doping on optical absorption by ZnO NP’s was investigated using UV-

Vis DRS. Figure 5.6 shows the DRS of different wt% Er, Eu and Tb doped ZnO NP’s

which represent strong absorption in UV and extended to visible region. The Er doped

samples shows various absorption band in visible region. For comparative study DRS of

undoped and 1.5 wt% Er, Eu and Tb doped samples are shown in figure 5.9a. The ab-

sorption threshold of undoped ZnO is 363 nm and shows a strong absorption band in UV

region, which attributed to the band to band transition. While for RE/ZnO products,

Er(1.5wt%)/ZnO, Eu(1.5wt%)/ZnO and Tb(1.5wt%)/ZnO exhibited extended absorp-

tion range to visible light region. Furthermore, the Er (1.5wt%)/ZnO (at 485, 520, 542

and 652nm) has much absorption bands in agreement with the visible-light absorbability.

These peaks were ascribed to the Er characteristic of 4f electron transitions [184, 400].

The absorbance has been calculated using equation 3.5 as describe in section 3.4.4 in the

limiting case of an infinitely thick sample at any wavelength [182, 401]. Corresponding

absorption spectra for different wt% Er, Eu and Tb doped ZnO are shown figure 5.7

and for comparison ZnO and 1.5 wt% RE-doped ZnO NP’s are shown in figure 5.9b.

The absorption peaks are tabulated in table 5.1, indicating that all the has blue shift

with respect to bulk ZnO (∼376 nm; 3.3 eV) the observed blue shift could be attributed

to the confinement effects.
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Figure 5.6: Room temperature DRS spectra of different wt% doped Er, Eu and Tb

doped ZnO NP’s.

Figure 5.7: UV-Vis absorption spectra of different wt% doped Er, Eu and Tb doped

ZnO NP’s.
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Figure 5.8: Kubelka-Munk function versus energy plots of different wt% doped Er, Eu

and Tb doped ZnO NP’s.
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The band gap energy of the samples is measured by the extrapolation of the linear
portion of the graph between the modified Kubelka-Munk (K-M) function [F (R)hν]2

versus photon energy (hν) using 3.7 in section 3.4.4 as shown in figure 5.8 and 5.9c.
The extrapolation of the straight lines gives the value of band gap energy. From figure
5.8 it is conclude that optical band gap of RE doped samples decreases with increasing
concentration of RE ions. The measured band gap energies of pure and 1.5 wt% RE
(Er, Eu and Tb) doped products are shown in table 5.1. Above results revealed that the
RE-doped ZnO can absorb in UV as well as in visible region of the solar light. Hence,
the absorption property deduced that the RE doped ZnO could be promising in visible
light photo catalysis. The observed results are summarized in table 5.1. where d XRD

Table 5.1: Calculated Lattice parameter, crystalline size and optical band-gap of NP’s

NP’s Lattice d XRD d TEM Eg

Parameter(Å) (nm) (nm) (eV )

ZnO a = 3.249; c = 5.204 14 18± 2 3.325

Tb doped ZnO a = 3.251; c = 5.201 11 14± 2 3.321

Er doped ZnO a = 3.250; c = 5.202 12 13± 2 3.311

Eu doped ZnO a = 3.257; c = 5.216 12 12± 2 3.276

is average crystallite size, d TEM is average diameter and Eg is optical band gap of ZnO
and RE doped ZnO NP’s.

5.3.5 Photo luminescence (PL) spectroscopy

PL spectrum is a useful tool to track the possible defects in the sample and to investi-
gate the efficiency of charge carrier trapping, immigration and luminescence properties.
The emission intensity depends on nature of RE ions, concentration amount of RE ions
and excited wavelength. In general, a higher PL intensity implies larger rate of electron
hole recombination hence reducing the reaction rate of photo generated charge carriers.
Such systems are useful in device application. Whereas, a lower PL intensity indicates
a low rate of photo generated electron-hole recombination, which makes more photo
generated electrons and holes available for the oxidation and reduction reaction, con-
sequently improving the photocatalytic performance [402]. Figure 5.10 represents the
room temperature PL spectra of different wt% of Er, Eu and Tb doped ZnO NP’s.
The excitation wave length of laser light was 325 nm. As the concentration of RE in
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ZnO is increased, the visible emission is enhanced (up to 1.5 wt% doped ZnO) because
as the RE material concentration is increased the particle size is slightly decreasing,
which might enhance the content of oxygen vacancies on the surface of the material but
excessive doping of RE consumes the ZnO NP’s (concentration quenching), decreasing
the PL intensity.
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Figure 5.10: Room temperature PL spectra of different wt% doped Er, Eu and Tb doped

ZnO NP’s. (λexc = 325nm)

To complete the valence site of one Zn2+, one O2+ will attach to form a ZnO compound
while in the case of RE3+, two RE3+ will be made bonded to three O2− to form Er2O3

compound. In this process, two RE3+ ions replace the three Zn2+ ions and oxygen
concentration remains constant. Thus, the reason behind the change in oxygen vacancies
is not the exchange of Zn2+ by RE3+ but increase in the surface to volume ratio due to
reduced particle size. Further increasing the doping percentage of RE3+ the broad visible
emission peak of pure ZnO overlap the RE3+ doped ZnO peaks. These results conclude
that energy is transferring from ZnO to RE3+ and it emits light. From the above
study for optoelectronic application 1.5 wt% of RE doping is optimised concentration.
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Room temperature PL spectra of undoped ZnO NP’s (figure 5.11(a)) and 1.5 wt% RE
doped ZnO (figure 5.11(b)) was studied with excitation of wavelength 325nm. Two
emission peaks were observed in PL of undoped ZnO NP’s, one in the UV region 370-
420nm, agreeing to near band edge transition, and the secondary broad emission peak
is in the range 425-650 nm which attributes to the presence of singly ionized oxygen
vacancies (surface defects) [182]. A photo generated hole with electron occupying the
oxygen vacancy can be the reason behind the secondary emission [375]. The higher PL
intensities of RE- doped ZnO showed that the radiative recombination was increased
by doping with RE, leading to strong recombination of photo generated charge carriers,
which will be benefited in the optoelectronic applications. Compared with the other
RE-doped ZnO products, the Eu3+ (1.5 wt%) doped ZnO had the highest PL intensity
in visible range, which indicated that the Eu doping should have the highest defect
density whereas Er doping have best recombination rate of electrons and holes in UV
region. Furthermore, the PL intensity of RE-doped ZnO changed with the doping
content. Reports show that the PL intensity of RE-doped ZnO increased gradually
with the increase of doping, reaches a maximum at some critical concentration and then
decreases [403]. Tb3+ and Eu3+ doped ZnO NP’s shows the characteristic PL emissions
due to intra 4f (5D to 7F ) transitions of Tb3+ and Eu3+ whereas Er3+ doped ZnO
shows characteristic peaks corresponding to 4F to 4I and 4S to 4I transitions. 446, 490,
543 and 624 nm are leading four lines found in the emission spectra for Tb3+ doped
ZnO under 325 nm excitation. The sharp peaks of intra-4f transitions act along with
wide defect luminescence of ZnO.Also notable think is that the excitation wavelength
of 325nm for does not match to any actual intra-4f excitation of Tb3+ or Eu3+.In the
Eu-doped ZnO also show three PL signatures centered at 538, 579 and 625 nm which
are attributed to 5D to 7F transitions [404, 405]. The electric dipole transition accounts
for the high intensity peak at 625 nm (red) for all RE doped samples. Which is an
attributed signature indicating the larger degree of disorder and non- centrosymmetric
without inversion center [179, 406]. The relatively larger covalent radius of the RE3+

ions induces local distortion in the ZnO lattice as RE3+ substitutes the Zn2+ ions which
are confirmed in the XRD patterns. The shifting of (100), (101) and (002) diffraction
planes toward lower Bragg angles in XRD spectra confirms the substitution of Zn2+ by
RE3+. Furthermore the characteristic red emissions at 625nm in RE doped samples, due
to sensitivity of local symmetry like subsurfaces and/or nanoparticle surface [407, 408],
specifies that the energy transmission from host ZnO to RE3+ ions. It is recognized
that the peak resembles to 5D0 −7 F1 at 590nm (orange) in case of Eu doped samples,
because of the magnetic dipole transition, which is permitted if Eu3+ ions are in a non-
centrosymmetric site. And also unaffected to the nearby environment of the Eu3+ ions.
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In the condition when all Eu3+ ions were occupied the Zn2+ sites in the stoichiometric
ZnO then the Eu3+ ions must have the matching point of symmetry as of Zn2+ ions(C6v)
and no transition were observed rather then 5D0 −7 F1.
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Figure 5.11: PL spectra of undoped and 1.5 wt% RE (Er, Tb and Eu) doped ZnO NP’s.

(λexc = 325nm)

The presence of peak corrosponding to 5D0−7F0 transition is a clear indication that some
of Eu3+ occupying any other sites such like interstitial sites, in addition to substituting
the Zn2+ sites because J=0 to J=0 transition is strictly forbidden. The comparative
intensities of the magnetic dipole and electric dipole transition are also sensitive to the
local symmetry of Eu3+ ions. Exited state energy transfer mechanism was proposed for
the intra-4f transition by Wang et al., which consist of the band gap excitation of carriers
tracked by their relaxation to the band edge. Later in this transitions the carriers are
either undergo radiative transition or stuck in the defects [88]. These trapped excitons
are responsible for the intra-4f emission. Er doped ZnO NP’s shows characteristic
emission peaks centered at 515, 537 and 628 nm. These transitions are corresponding to
4S3/2 →4 I15/2, HS11/2 →4 I15/2 and 4F9/2 →4 I15/2 as shown in energy level diagram. In
the Er doped samples, intensity of the excitonic emission band increased compared with
that for the undoped ZnO and Eu3+ and Tb3+ doped ZnO. This can be explained by
the formation mechanism and structure of the Er-doped ZnO NP’s as proposed by Kai-
sheng Yu et al that Er3+ would have caused an increase local concentration of excitons
more as compare to Tb and Eu during photoexcitation, because of more accumulation
of ZnO nano particles in presence of Er thus resulting in an increased excitonic emission
intensity compared with the undoped ZnO [187]. This accumulation of ZnO particles
in the presence of The fluorescent light intensity was therefore enhanced with increasing
Er contents. The Er doped ZnO sample is excited at 340 nm then the intensity of
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band edge emission is decrease and visible range intensity increases with high intense
characteristic peak at 650nm.
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Figure 5.12: Schematic of energy level diagram and possible transitions for RE (Tb, Er

and Eu) doped ZnO NPs.

Overall, Doping of RE enhances the luminescence properties of ZnO NP’s the possible
transition and energy level diagram for RE doped ZnO NP’s are shown in figure 5.12.
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5.4 Conclusion

In Eu doped ZnO NP’s PL shows very less intense characteristics peaks as compare to
Tb and Er doped ZnO NP’s.

5.4 Conclusion

In this chapter, we have synthesized ZnO and different wt% Er, Tb, and Eu doped
ZnO NP’s with diameter 10-14 nm by simple wet chemical route. The incorporation of
RE3+ ions into the ZnO host and formation of single phase spherical RE3+ doped ZnO
NP’s without any RE compound with the help of XRD and TEM measurements was
presented. DRS analysis reveals that incorporation of RE3+ ions causes a shift in the
excited absorption band toward higher energy due to induced lattice strain . 300 kelvin
solid phase PL with 325 nm Xe light excitation shows narrow (FWHM < 35 nm) and
strong UV luminescence and also musltiple deep level defects leading to broad visible
emissions. It has been established that by increasing RE3+ dopant concentrations, visible
luminescence intensity increases up to 1.5 wt% of RE. This may be due to presence
of more strain induced defects created by size disparity between Zn2+/RE3+ ions and
energy transfer carried by deffects from host ZnO to guest dopant ions. we visualized
characteristic intra-4f transition lines of RE3+ ions using solid state PL, measurements
with 325 laser excitations. Present research establishes that RE-doped ZnO NP’s may
indeed find a varity of applications in optoelectronic and multicolor emission display
devices through defect engineering.
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5. SYNTHESIS OF RE DOPED ZNO NP’S AND THEIR
CHARACTERIZATION
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6

Block copolymer directed

nanostructures

6.1 Introduction

Fabrication of highly ordered organic/inorganic nanostructures are made easy by the
ordered nanotemplates which makes them interesting in the field of nano fabrications.
Different morphologies of diblock copolymer thin films can be achieved with a narrow dis-
tribution of molecular weights. Tuning of size and periodicity of blocks can be achieved
by changing the molecular weight of copolymer, which are the key parameters for var-
ious applications in energy, membranes, fluidics and information technology [409–412].
Polymer-substrate and polymer-air interaction plays an important role in controlling
the morphology of block copolymer thin films. The position of the copolymer depends
on these interaction. For example, the copolymer which occupy the interface of the
substrate have a better interaction with surface. Nanotemplate application of block
copolymer makes it imperative to have well ordered structure which provides high den-
sity and equal separation of domains. These domains have preferred orientations. The
perpendicularly oriented domains have a tendency to align parallel to the surface due to
the preferential interaction. [413, 414]. Various approaches like external stimuli, surface
modification and non-equilibrium methods are employed to achieve desired orientation
[415–417]. Supramolecular assembly has also been used as an efficient approach to obtain
well-ordered perpendicular nanoporous templates [26, 418–421]. These nanotemplates
can be used for fabrication of highly ordered inorganic nanostructures for various applica-
tions like solar cells, light-emitting diode (LED), gas sensing, gas separation, field effect
transistor (FET) and to study antibacterial activity [232, 422–426]. Ordered assemblies
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6. BLOCK COPOLYMER DIRECTED NANOSTRUCTURES

of nanomaterials in 1D, 2D, and 3D, can be produced by bottom-up technique which

has been recognized as a well-designed and efficient approach [427–430]. The flexibility

in the selection of inorganic material and the arrangement of molecules make these ap-

proaches versatile over the well-known top-down lithographic techniques. Particularly,

block copolymers pattering represents a most promising technique for the fabrication of

ordered inorganic nanostructures (metal/metal oxide nanoparticles, nanorods, quantum

dots) due to their self-assembly into a variety of well-ordered and periodic nanoscale

patterns with a typical dimension of 5− 100 nm [13, 413, 431, 432].

Nanostructures can be fabricated by either in-situ or ex-situ approach. However the

ex-situ approach is more controllable and efficient because the properties of the pre-

synthesized nanoparticles can be tailored easily. In the in-situ approach, selective incor-

poration of nanoparticles in one of the blocks of block copolymer is an easy process, but it

is less attractive because it enhances the tendency of agglomeration of nanoparticles and

form the clusters [433] and the morphology will also be altered at a particular concen-

tration of nanoparticles [434]. To retain the same structure as that of block copolymer

domains and to avoid the cluster formation, direct deposition of nanoparticles (ex-situ)

into the templates is an effective approach to fabricate the well-ordered nanoparticles

array with high fidelity. In this chapter, we have investigated the supramolecular as-

sembly from PS-b-P4VP and additive HABA in 1-4 dioxane solvent with the different

molecular weight of PS-b-P4VP (Mn =39.9 kg/mol, Mn = 41 kg/mol, and Mn = 205

kg/mol) and different relative volume fraction of P4VP. Cylindrical (with different size)

and lamellar nanodomains with an orientation perpendicular to the surface have been

observed. Furthermore we herein made an effort to subdue the agglomeration by soni-

cation during deposition and a well-ordered array of ZnO and RE doped ZnO nanodots

has been obtained by incorporating the pre-synthesized nanoparticles into the templates.

This approach is versatile and can be applied to the other metal oxides nanostructures

also.

6.2 Experimental details

In this section we describe the fabrication of well ordered nanotemplates. Prepared

nanotemplates were then backfilled by direct deposition of nanoparticles. Subsequently,

the templates were characterized by AFM to observe the morphological behavior.
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6.2 Experimental details

6.2.1 Deposition of thin films of supramolecular assembly

Diblock copolymer PS-b-P4VP and HABA were used to prepare supramolecular assem-
bly of thin films. For this, solution of PS-b-P4VP with HABA was prepared using the
following steps:

• An appropriate amount of PS-b-P4VP and HABA (P4VP/HABA molar ratio 1:1,
1wt%) was dissolved separately in 1-4 dioxane under sonication.

• The polymer solution was added dropwise into the HABA solution, and the resul-
tant solution was stirred in a closed volumetric flask for 3 hrs at 75◦C.

• The resulted solution was allowed to cool at room temperature and left for overnight
to complete the hydrogen bonding between HABA and P4VP.

• The solution was filtered with 0.2µ PVDF syringe filter.

Separate solutions were prepared for PS-b-P4VP of different molecular weight following
the same procedure. Thin films of block copolymer were deposited onto the cleaned
silicon substrates by dip coating technique. Substrates were immersed into the filtered
PS-b-P4VP/HABA solution for one minute and withdrawn at a speed of 100 mm/min.

6.2.2 Ordering in thin films and surface reconstruction

Figure 6.1: Chemical structure of PS-b-P4VP/HABA supramolecular assembly (left)

and schematic for the fabrication of nanotemplates (right).

Block copolymer thin films were dried and further annealed for 5 days in the vapours of 1-
4 dioxane in an air sealed glass chamber in order to improve the ordering of nanodomains.
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6. BLOCK COPOLYMER DIRECTED NANOSTRUCTURES

Glass chamber was opened and allowed the solvent to evaporate freely. The ordered
thin films were rinsed with ethanol for fabrication of nanotemplates. Ethanol is good
solvent for P4VP/HABA and poor solvent for PS so it extract P4VP/HABA selectively.
Chemical structure of PS, P4VP/HABA (left) and schematic for the fabrication of block
copolymer nanotemplates (right) is depicted in figure 6.1. Block copolymer thin films
were dried and further annealed for 5 days in the vapours of 1-4 dioxane in an air sealed
glass chamber in order to improve the ordering of nanodomains. Glass chamber was
opened and allowed the solvent to evaporate freely. The ordered thin films were rinsed
with ethanol for fabrication of nanotemplates. Ethanol is good solvent for P4VP/HABA
and poor solvent for PS so it extract P4VP/HABA selectively. Chemical structure of PS,
P4VP/HABA (left) and schematic for the fabrication of block copolymer nanotemplates
(right) is depicted in figure 6.1.

6.2.3 Deposition of NP’s into the templates

Figure 6.2: Scheme for the fabrication of ordered ZnO and RE doped ZnO nanostruc-

tures.
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6.3 Results and discussion

Cylindrical porous nanotemplates were used for the fabrication of ordered nanodots.
Templates were immersed into the aqueous solution of ZnO NP’s. Synthesis of ZnO and
RE doped ZnO NP’s has been described in detail in section 3.3.1. For the deposition
of nanoparticles, 0.05 gm powder of pre-synthesized ZnO and RE doped ZnO NP’s
was dispersed in 20 ml of deionized (DI) water by sonication and then filtered through
0.2µm PVDF filter. The filtered solution becomes almost transparent which indicates
the of dispersion of NP’s and reduction of agglomeration. The ordered vertically aligned
cylindrical nanoporus templates were dipped into the filtered solution for 6-12 hours
under the sonication. Continuous sonication reduces the problem of agglomeration of
metal oxide NP’s. Schematic of the process for ex-situ deposition, followed in the present
study is depicted in figure 6.2.

6.3 Results and discussion

PS-b-P4VP is most popular diblock copolymer and easily available in a large variety of
molecular weight. Mostly, carboxylic or hydroxyl functional group of small molecules
have been hydrogen bonded with P4VP block. Supramolecular assembled thin films
of diblock copolymers were deposited on cleaned Si substrate by dip coating from 1
wt% composite solution of PS-b-P4VP and HABA. HABA molecules are expected to
associate with P4VP blocks via hydrogen bond. Thin films were annealed in the vapours
of 1-4 dioxane for 5 days in a sealed glass chamber. Surface morphology of thin films
was observed by AFM in both the cases, before annealing and after annealing.

6.3.1 Vertically aligned cylindrical porous templates

Dip coating method were used to prepare supramolecular assembly of di-block copoly-
mer PS-b-P4VP/HABA as described in section 6.2.1. In order to achieve the ordering
of these thin film templates, solvent annealing were done as describe in section 6.2.2
Figure 6.3 (left) represents the height image of surface morphology of as deposited thin
films of PS-b-P4VP/HABA (MPS

n = 35.5 kg/mol, MP4V P
n = 4.4 kg/mol). It can be

observed from the images that blocks are not well ordered while the both phases are
separated within nanoscale which were attributed to the fast evaporation of solvent due
to which polymer chains have not sufficient time to rearrange themselves to attain the
equilibrium morphology. Root mean squre (RMS) roughness of the image was found as
∼1.2 nm.Thermal and solvant annealing are the responsible factors for ordering of thin
films. Solvant annealing has been adopted in order to achieve supramolecular assembly
to avoid the evaporation of small molecules at high temperatures because a little loss of
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6. BLOCK COPOLYMER DIRECTED NANOSTRUCTURES

small molecules can greatly affect the structures in thin films [418]. Further deposited
thin film were chemically annealed by using 1-4 dioxane in glass chamber which were
further examined by AFM, appearance of nanodot like structure were observed (shown
in figure 6.3 (right)).

Figure 6.3: AFM height and phase images of PS-b-P4VP/HABA (MPS
n = 35.5 kg/mol,

MP4V P
n = 4.4 kg/mol) thin films (left) without annealing and (right) annealed in 1-4

dioxane vapours.

Dispersion of domains of P4VP/HABA in PS matrix resulting dot like stucture. an-
nealed thin films having reduced RMS roughness from ∼1 nm for an area 2 × 2 µm2

(lateral scale). The relative volume fraction of P4VP/HABA in supramolecular assem-
bly of PS-b-P4VP/HABA is 0.3. Arrangement of cylindrical domains (phase diagram
demonstrated by Matsen and Bates [20]) is acceptable for this fraction. It could be
hypothesized that these dots like features are the apex of cylindrical domains formed by
P4VP/HABA. The orientation of cylindrical domains in supramolecular assembled thin
films are strongly depends on two factors one is selection of solvents to each block and
the second one is preferential interaction of the blocks to the surface of substrate, which
is already reported by Tung et al. [280]. In annealing, the solvent molecules provide the
mobility to supramolecules which causes the rearrangement of supramolecules into more
ordered structures. Though mobility of each phase may be different in different solvent.
In order to prepare ordered nano templates, the films were removed from the annealing
chamber and rinsed in ethanol for 20 minutes for surface reconstruction and selectively
extraction of HABA. The role of ethanol is to create the disturbance of hydrogen bonds
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6.3 Results and discussion

between HABA and P4VP and removal HABA molecules from P4VP/HABA domains
in thin films.

3.0 µm 1.0 µm

Figure 6.4: AFM height image of PS-b-P4VP/HABA (MPS
n = 35.5 kg/mol, MP4V P

n =

4.4 kg/mol) thin films after immersing in ethanol.

So, the removal of HABA responsible for leaving the nanochannels/nanopores lined
with functional group. Ethanol enhances the mobility of P4VP/HABA chains but the
movement is hindered by frozen PS chains as it is good solvent for P4VP/HABA and
bad solvent for PS. This helps to retain the morphology after dipping into ethanol. PS-
b-P4VP/HABA thin films after annealing as shown in (after washing in ethanol) figure
6.4. Ethanol washed images are clear to observe that the solvent annealed thin films
shows hexagonally arranged cynlindrical pores normal to the surface of the substrate
after surface reconstruction as well as removal of HABA by dipping the film into ethanol.
As stated by the self-consistent field theory, the morphological parameters depends on
the molecular weight, Flory Huggins interaction χ, volume fraction and the degree
of polymerization [435]. Figure 6.5 morphology of the supramolecular assembled as
spun (left) and further after solvent annealing (right) thin films of PS-b-P4VP with the
high molecular weight of polymer MPS

n = 130 kg/mol, MP4V P
n = 75 kg/mol. Relative

volume fraction of P4VP is also much higher. P4VP has weight fraction of ∼ 0.36 and
it increases to ∼ 0.65 after addition of HABA in equimolar ratio which is nearly at the
boundary of lamellar/cylindrical in bulk. Deposition and annealing parameters are kept
same as for the lower molecular weight (MPS

n = 35.5 kg/mol, MP4V P
n = 4.4 kg/mol).

P4VP/HABA dots in PS matrix are observed in figure 6.5.When HABA and P4VP are
bind together then the P4VP-HABA constitutes the majority phase. In spite of P4VP-
HABA constituting the majority phase, P4VP-HABA core surrounded with PS corona
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6. BLOCK COPOLYMER DIRECTED NANOSTRUCTURES

was observed. This is referred as “inverted phase” which is dependent on either nature
of the solvent or the interaction between the block and solvent and concentration of the
solution.

Figure 6.5: AFM height images of PS-b-P4VP/HABA (MPS
n = 130 kg/mol, MP4V P

n =

75 kg/mol) thin films, (left) without annealing and (right) annealed in 1-4 dioxane

5.0 µm 2.0 µm

Figure 6.6: AFM height images of PS-b-P4VP/HABA (MPS
n = 130 kg/mol, MP4V P

n =

75 kg/mol) thin films after immersing in ethanol
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6.3 Results and discussion

If the solvent possesses a preferential affinity to the minority block then rate of swollen
will be more than the majority block and effectively it become the majority block. In
present case the the affiity of the 1-4 dioxane is greater towards the PS than P4VP.
Evaporation rate of solvent and interfacial interactions during the deposition are also
important factors [436, 437]. Rinsing in ethanol results the nanoporous film with higher
pore size as compared to lower molecular weight (MPS

n = 35.5 kg/mol, MP4V P
n = 4.4

kg/mol) (figure 6.6). Similar results for high molecular weight have also been obtained
by Laforgue et al. using DHN as an additive [27].

6.3.2 Vertically aligned lamellar templates

Different morphology other than cylindrical behavior were also obtained by changing
the molecular weight of the block-copolymer and the variation in the sharing ratio of
copolymer. For the lamellar microdomains we used the HABA and P4VP in the 1:1 frac-
tion. Because the ratio 0.5 of P4VP/HABA is correspond the lamellar microdomains.
Annealing is key parameter for the morphology of the block-copolymer, without the
annealing we can’t suppose the characteristic features. And the expected morphology
is far from equilibrium (figure 6.7(left)), similar to case of lower relative fraction of
P4VP/HABA (figure 6.3 (left)).

3.0 µm5.0 µm

Figure 6.7: AFM height and phase images of PS-b-P4VP/HABA (MPS
n = 33 kg/mol,

MP4V P
n = 8 kg/mol) thin films (left) without annealing and (right) annealed in the

vapours of 1-4 dioxane.

93



6. BLOCK COPOLYMER DIRECTED NANOSTRUCTURES

By more time of annealing in the vapours of 1-4 dioxane, lamellar structure take place
for the cause of the structural reorganization property as shown in the figure 6.7 (right)
with the help of the mobility imparted. Also after the annealing, the surface roughness
reduced significantly. In our case roughness become 0.5 nm from 3.9nm after annealing.
Above study confirms that by varying the volume fraction, molecular weight with com-
patible solvent annealing in 1-4 dioxane can control nanodomains from cylinder to lamel-
lar. Selective extraction of HABA from the annealed thin films of PS-b-P4VP/HABA
by dipping in ethanol left the films with periodically arranged channels perpendicular
to surface of substrate (figure 6.8). Figure 6.8 (left) and (right) are taken at different
magnification for the clear view of lamellar channels created in the film.

2.7 µm 2.2 µm

Figure 6.8: (a, b) AFM images of PS-b-P4VP/HABA (MPS
n = 33 kg/mol, MP4V P

n = 8

kg/mol) thin films annealed in 1-4 dioxane and after immersing in ethanol.

6.3.3 Switching behavior of thin film

Annealing the solvent plays important behavior in controlling the morphology of block
copolymer thin films [285]. Switching behavior was observed in thin films after annealing
in two solvents for different duration. Annealing in oxygen-bearing (benzene, chloroform
etc...) and non-oxygen-bearing (THF, 1,4-dioxane etc...) solvents has shown completely
different surface patterns. After fabrication of films, it was initially annealed in chloro-
form for 5 days to get perpendicularly arranged cylindrical structures 6.9(leftt). Further
the hence obtained structures were annealed in 1,4-dioxane for 3 days to obtain mixed
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morphology (6.9 (middle)) where some of the nanostructures were arranged parallel and
some perpendicular to the substrate. Increasing the annealing time to 5 days, we could
observe a complete transformation from perpendicular arrangement to parallel arrange-
ment as shown in figure 6.9 (right). Similar kind of results were obtained by Stamm
et al. [22, 285]. It was due to the different selectivity of solvents to each copolymer.
Correlation between the orientation of microdomains in thin films and the content of
associated small molecules is well reported and observed that the adequately high molar
ratio of small molecules drives/directs the perpendicular orientation of microdomains
[24, 438].

3.0 µm 3.0 µm 2.7 µm

Figure 6.9: AFM images of PS-b-P4VP/HABA (MPS
n = 33 kg/mol, MP4V P

n = 8

kg/mol) thin films annealed in chloroform and after immersing in ethanol.

6.3.4 ZnO and RE doped ZnO NP’s deposition in nanotemplates

These nanotemplates were dipped into the aqueous solution of pre-synthesized nanopar-
ticles, and the nanoparticles were allowed to enter into the hexagonally arranged cylin-
drical pores by the diffusion and the capillary forces. This step was performed in the
ultrasonic bath to avoid the agglomeration of nanoparticles and blocking of the pores.
Morphology of as-deposited and solvent annealed thin film of Supramolecular assem-
bly on surface reconstruction by immersing in ethanol has been discussed in section
4.3.1. Unlike to the metal nanoparticles, metal oxide nanoparticles agglomerate and
settle down very fast which is unfavorable for the successful deposition of nanoparti-
cles into the pores. Nanoparticles were mixed with deionized water under sonication
and subsequently filtered twice with 0.2µm PVDF filter. Obtained aqueous solution
of nanoparticles turns transparent from milky white, which indicates the dispersion of
nanoparticles in the solution, while bigger sized particle are filtered out.
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3.0 µm 1.5 µm

Figure 6.10: AFM images of an array of ZnO nanostructures in nanotemplate.

In addition to above method, the nanoparticles solution was continuously sonicated dur-
ing the deposition, to reduce the agglomeration and cluster formation. The Supramolec-
ular assembly nanotemplates were immersed into the sonicated and filtered aqueous so-
lution of pre-synthesized ZnO and RE doped ZnO NP’s for 9 to 10 hours. The templates
were removed from the nanoparticles solution and then washed with deionized water to
remove the weakly attached nanoparticles.

3.0 µm5.0 µm

Figure 6.11: AFM images of an array of RE doped ZnO nanostructures in nanotemplate.

Figure 6.10 and 6.11 represents the AFM images of templates after deposition. AFM
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image confirms the deposition of ZnO NP’s into the templates. The mechanism for
the deposition of ZnO and RE doped ZnO NP’s into the cylindrical pores of templates
can be proposed as follows. The first and foremost condition for the direct deposition
of pre-synthesized nanoparticles is its size, which should be much smaller than the
pore size which is satisfied in the present study. However, in case of transition metal
oxides, especially ZnO and RE doped ZnO NP’s, the agglomeration of NP’s is a hurdle
which has been subdued here by filtration and sonication during the deposition. So,
in the present case, the diffusion of nanoparticles into the pores is tuned. Second, the
selection of the solvent for the dispersion of nanoparticles is also important. It should
not perturb the structure of templates, and it is required to allow the wetting of pores
exclusively. In this regard, the aqueous solution of nanoparticles is advantageous in
the present study. Since P4VP is hydrophilic and PS is hydrophobic, so the solution
of nanoparticles readily wet the pore walls since the pores are lined with the P4VP
functional group. The structure remains intact after deposition of nanoparticles into
the pores since the PS matrix won’t expand by imbibing the solution. Once the pore
walls get wet by the solution, the capillary force assist entering the nanoparticles into
the pores. Additionally, coordination of the nanoparticles with pyridine group lined in
the pore walls plays a crucial role which further promotes the deposition of nanoparticles
into the pores.

6.4 Applications

Ordered ZnO and RE doped ZnO nanostructures can be obtained after the removal of
PS matrix from the silicon substrate. Ordered nanostructures are of particular interest
since it has potential applications in optoelectronic devices such as LED’s, laser diodes,
field emitters etc...

6.5 Conclusions

In this chapter, different molecular weight were used to prepare supramoleculer assembly
of PS-b-P4VP/HABA. It can be concluded that, to prepare ordered and dense nano-
structure, use of supramolecular assembly is a functional and reliable approach. In the
beginning of the process ordered structure of the thin film is not obtained because the
fast evaporation of solvent. But the solvent annealing with 1-4 dioxane starts the or-
dering of the supermolecular assembly. In the process of solvent annealing the mobility
of copolymer molecules imparted by the evaporated solvent molecules, which guides
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the copolymer molecules for rearrangement. Based on the selectivity of solvent decide
the structure of block-copolymer. In our case, the Minority block (P4VP/HABA) forms
cylinders surround by majority block (PS) with 1-4 dioxane solvent. By the molecular re-
arrangement, nanotemplates of cylindrical pores obtained with hexagonal arrangement.
To control the size of porous structure we can change the molecular weight keeping
the volume fraction of copolymers as same. Lamellar microdomains have been also ob-
tained by fluctuating the molecular weight as well as the changing the fraction of each
phase. By using these porous nanotemplates ZnO and RE doped ZnO nanostructures
were obtained. For the both type of nanostructures aqueous solution of nanoparticles
and immersion process was used. In the immersion, wetting of walls helps the selective
assembly of NP’s. Sonication is used during the deposition, because sonication delivers
a pathway to nanoparticles to go inside the pores. At the last by removing the copoly-
mer, ordered Zno and RE doped ZnO has been achieved. This type of procedure can
be applied to other shape and size of ZnO and ZnO composites, because these structure
have various valuable optoelectronics applications.
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7

Antibacterial activities of ZnO NP’s

7.1 Introduction

Inorganic Metal oxides like MgO, TiO2, SiO2 and ZnO are being used for antimicrobial
applications [439–442] because of their stability and long shelf life as compared with
organic antimicrobial agent. The antibacterial activity of these NP’s have been tested
with different bacteria such as Staphylococcus aureus, Escherichia coli and Bacillus sub-
tilis. Due to antibacterial, low toxic and biocompatible property of ZnO NP’s it is
used as filling in medical materials and drug packaging. Krishna et al. reported that
antibacterial activity of ZnO NP’s is inversely proportional to the size of NP’s in S. au-
reus [443], size-dependent antimicrobial response of zinc oxide NP’s is also reported by
Palanikumar L. et al. [444]. There are several individual reports on antibacterial prop-
erties of ZnO NP’s prepared by various route and morphology dependent antibacterial
properties against some bacteria. Microorganisms attached to surfaces form biofilms.
This biofilm is a slimy protective layer of exopolysaccharides (EPS) which protects the
microbial cells from direct contact and effect of antibiotics and xenobiotics [445, 446].
These structures cause hygienic problems in food industry [447], septic conditions in
medical dominion [448, 449] and membrane fouling in water treatment plants [450].
Biofilm formation is significant for both medical and industrial operations. It causes
biofouling which reduces permeability of membrane thereby increasing energy costs,
limits lifetime of membrane and hence its cost effectiveness. To overcome the evolv-
ing problem of biofilms two strategies have been proposed, the inhibition of biofilm
formation or treatment and eradication of biofilms already formed. Microorganisms
within biofilms are more resistant to antimicrobial compounds than planktonic cells
[451, 452]. Several treatment methods are adopted which includes use of enzymes, sur-
factants, biocide treatment etc... Enzymes can be used to disrupt the outer biofilm
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matrix as they cause cells dispersion leading to exposure of antibiotics. However, their
large cost is a major limitation in their use [453]. Surfactants when applied to surfaces
inhibit adhesion and attachment of bacteria but their activity depends on the type of
surface, microorganism and temperature [454]. The major challenge in the food and
water treatment industry is to prevent the conditioning biofilm formation on the sur-
faces of equipment and membranes. Second messenger cyclic di-GMP (c-di-GMP) has
emerged as a novel signal which can control formation of biofilm [455, 456]. c-di-GMP
synthesis takes place via DGC which inhibit the activity of the enzyme that produces
cyclic di-GMP. These molecules prevent biofilm formation via targeting of c-di-GMP
signaling [457, 458]. Winkelstroter et al. [459] used bacteriocins to evaluate Listeria
monocytogenes biofilm formation. Lequete et al. [460] reported the cleaning efficiency
of polysaccharides and proteolytic enzymes against biofilms of food industry bacteria.
Another antibiofilm strategy these days embraces nanotechnology which has emerged
as one of the most promising approach [461, 462]. NP’s are recently being exploited as
antibiofilm agents for the treatment of infection involving biofilms. The nanomaterials
have attracted many researchers as they possess superior features like extremely small
size, enormous surface area, high reactivity and easy penetration into biofilm matrix.
Martinez-Gutierreza et al. [463] studied the effect of Ag NP’s on biofilm under static
and high fluid shear conditions. Lungu et al. [464] revealed that Ag-TiO2 nanocompos-
ites possess strong activity against biofilm formation. The effect of Ag NP’s decorated
with graphene towards biofilm formation was assessed against S. typhimurium present
on stainless steel surfaces [465]. Similarly, it was observed that graphene nanocompos-
ites with ZnO NP’s inhibited S. mutans biofilms formed on artificial tooth model [466].
Chitosan-Ag NP’s exhibited excellent antibiofilm activity against P. aeruginosa, while
same amount of chitosan did not show any significant inhibition in biofilm activity of S.
aureus [467]. Sambhy et al. [468] showed that silver bromide nanocomposites possess
good antibiofilm activity. Polyvinyl chloride ZnO nanocomposite was reported to have
high antibiofilm activity against S. aureus as compared to pure polymer [469]. Eshed
et al. [470] reported that ZnO and CuO NP’s coated teeth have significantly reduced
biofilm formation when compared with untreated teeth. Shrestha et al. [471] showed
that chitosan-NP’s and ZnO-NP’s disrupted biofilm structure of E. faecalis when ex-
posed to 90 days. Hsueh et al. [472], demonstrated the effect of ZnO NP’s on biofilm
formation of Bacillus subtilis. Se NP’s were used to nano-functionalize polycarbonate
medical devices and antibiofilm activity was studied [473]. Hernandez-Delgadillo et al.
[474] reported that colloidal aqueous solution of bismuth oxide NP’s completely inhib-
ited biofilm formation. ZnO NP’s are one of the most popular choices among metal
oxides of commercial importance and has been widely used as a potent antimicrobial
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agent and as a UV protector in cosmetics [122, 182, 232, 475]. Their high catalytic
activity make them important industrial additive for many products, including plastics,
cement, lubricants, rubber, glass, and food [476, 477]. In the present study, ZnO NP’s
have been synthesized by via chemical method and their effect on bacterial growth and
biofilm formation of model non-pathogenic gram positive bacteria, Bacillus subtilis, was
evaluated. To assess the variation in biofilm mass, crystal violet staining was done in
which the proportion of dye bound to the adhered cells is related to the overall biofilm
biomass. Morphological changes were analysed via phase contrast and scanning elec-
tron microscopy that provides the information regarding biofilm surface architecture
and modifications. The impact of NP’s on bacterial adhesion property was correlated
to the bacterial cell viability which has been assessed in term of ROS generation and
subsequent catalase activity changes.

7.2 Results and discussion

7.2.1 Antibacterial activity

The antimicrobial activity of these ZnO NP’s synthesized by method 4.2.2 was evaluated
using Bacillus subtilis bacteria. The NP’s were taken at concentration of 2, 5 and 10
mg/ml. The growth of bacteria was found to be inhibited near and around the areas
where the NP’s were placed on the media (figure 7.1).

Figure 7.1: Antibacterial activity of ZnO NP’s on Bacillus subtilis at concentration of

(a) 2mg/ml (b) 5mg/ml (c) 10mg/ml.

The diameter of zone of inhibition for these ZnO NP’s were found to increase with
increase in the concentration of NP’s. The antimicrobial activity of ZnO NP’s can
be attributed to the fact that the NP’s can easily impregnate into the cell wall of the
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bacteria [478]. As shown in figure 7.2(a), untreated Bacillus subtilis cells exhibited green
fluorescence indicating presence of 100% viable bacterial cells, whereas the ZnO NP’s
treated bacterial samples show a mixture of red and green fluorescence confirming a
mixture of viable and non-viable cells (figure 7.2 (b)- 7.2(e)). The viable bacterial cells
having intact cell membrane are stained green by the FITC fluorescence dye, whereas
non-viable bacterial cells with deformed cell membrane upon NP’s treatment are stained
red by propidium iodide fluorescence dye.

Figure 7.2: Fluorescence micrographs (a) Control (witout ZnO NP’s) (b) at ZnO con-

centration of 1mg/ml (c) 2mg/ml (d) 5 mg/ml (e) 10 mg/ml.

7.2.2 Effect of ZnO NP’s on Bacillus subtilis biofilm formation

After an incubation of 24 hrs, the bacterial cells were found to adhere at air-media
interface in the form of biofilm (figure 7.3). This confirms that Bacillus subtilis is
motile organisms and forms a biofilm at the air-liquid interface. The density and area
of the biofilm present on the surface was observed as seen in figure 7.3(b). In case
of negative control (where the coverslip was kept in blank solution i.e., no bacterial
inoculation or NP’s treatment) there was no signs of bacterial adhesion (figure 7.3(a))
while in case of positive control and ZnO NP’s treated tubes (figure 7.3(b) bacterial
biofilm was observed. However, it was more prominent in case of control and showed
a reduction in density with increase in NP’s concentration. Also the turbidity of the
culture showed the same decline.
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Figure 7.3: Biofilm formation setup (a) before incubation and (b) after incubation with

ZnO NP’s. The concentration ZnO NP’s in tubes: control (first 2 tubes from left), 0.5

mg ml−1 (2 tubes in mid) and 1 mg ml−1(first 2 tubes from right).

This indicated the biofilm formation was affected in the presence of ZnO NP’s. It
was observed that the increase in dose of the NP’s in medium reduces the adhesion of
bacterium and hence delays the formation of biofilm [479].

7.2.3 Crystal Violet Assay

Figure 7.4: (1) Dissolution of Crystal Violet Dye: (a) Acetic acid (b) Blank (c) Control

(d, e), treated with ZnO NP’s with concentrations 0.2 and 0.5 mg ml−1 respectively.

(2) Graph showing crystal violet absorbance at 550 nm by blank, control and ZnO NP’s

treated samples.
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The coverslips after incubation were stained with the dye and the biofilm region was

detected as violet. The control coverslip had more prominent stained region as com-

pared to the ZnO NP’s treated ones. The dissolved stain showed a gradual decline

in concentration dependent manner (figure 7.4(up)). This surface-associated dye can

also be solubilized and measured in optical density (OD) for semi quantitative assess-

ment of the biofilm formed [480, 481]. The mean absorbance values at 550 nm after

24 hrs showed that control culture formed more biofilm as compared to those treated

with NP’s, while the mean absorbance values reduced with increase in NP’s dose (figure

7.4(down)). There was nearly 86% reduction in biofilm formation after NP’s treatment.

Crystal Violet dye binds to negatively charged surface molecules like polysaccharides and

eDNA of extracellular matrix [482]. Since it binds cells as well as matrix components it

is generally used to evaluate biofilm biomass in toto [483].

7.2.4 Scanning Electron Micrographs

Micromorphology of the biofilm was observed by SEM. The formation of exopolyssacharide

(EPS) assisted bacterial surface adhesion was observed in the scanning electron micro-

graphs (figure 7.5(a)). The biofilms were composed of aggregated rod, and extracellular

matrix-like structures were visible (figure 7.5(b)). In control macrocolony was observed

having a mesh-like structure (figure 7.5(c)), while most of the region in treated sample

showed initial phases of biofilm formation, i.e., adherence of cells and linear chain forma-

tions (figure 7.5(d)). In control, biofilms exhibited a smooth surface, cells well embedded

in the EPS matrix and proper network of channels (figure 7.5(e)) while in ZnO treated

samples, biofilm exhibited rough surface, NP’s were embedded along with very few cells,

and empty EPS matrix was observed (figure 7.5(b, d & f)). Since the particles cause

decrease in density of biofilm (which is clear from crystal violet assay) the adhered cells

are prone to detach more during the sample preparation, hence empty EPS matrix are

prevalent in treated sample. As reported ZnO NP’s cause collapse of the bacterium by

metal ions uptake into cells, intracellular depletion, and disruption of DNA replication,

releasing metallic ions and ROS generation and accumulation and dissolution of NP’s

in the bacterial membrane [484, 485]. Similar results were observed in treated sample

where rod shaped normal cells (in control) and circular shaped collapsed and deformed

cells (in treated sample) were visualised (figure 7.5(f & h)). The micrographs not only

concluded the concentration dependent decrease in bacterial adhesion but also showed

the change in the morphology of the bacterial cells on treatment with NP’s.
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Figure 7.5: Scanning Electron Micrographs of biofilm: (a, c, e, g) Control; (b, d, f, h)

treated with ZnO with concentration 0.2 mg ml-1. The arrows indicate: Red: biofilm

(a) Black: adhered cells (a, b) Gold: linear chain formation, initial stage (b, d) Blue:

deformed cells (h, f) Green: viable cell (g, h) Dark Red: EPS (g, h, i) White: embedded

NP’s (d, h)
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7.3 Conclusion

In summary, we have studied the effect of Zinc oxide NP’s on bacterial growth and
biofilm formation. The ZnO NP’s were found to have antibacterial activity and the
bacterial growth was reduced in a dose dependent manner. ZnO also affected biofilm
formation in Bacillus subtilis. The dose dependent reduction in biofilm biomass and
density was observed as a result of NP’s exposure. From the results it can be concluded
that ZnO NP’s can be exploited in prevention of biofilm formation. The exact mech-
anism of action of ZnO NP’s in biofilm related studies is yet to be demonstrated. In
the near future, ZnO NP’s may play a major role in water purification membranes to
reduce biofouling.
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8

Conclusion and future aspects

8.1 Introduction

The present thesis reports the successful deposition of highly ordered ZnO and RE
doped ZnO NP’s into the nanotemplates on silicon substrate which could be used in
optoelectronic applications. The following conclusions are made on the basis of the
studies carried out:

√
ZnO and RE doped ZnO NP’s were synthesized successfully by simple chemical
routes. The incorporation of RE3+ ions into the ZnO host and formation of single
phase spherical RE3+ doped ZnO NP’s without any RE compound was confirmed
with the help of XRD and TEM measurements.

√
The DRS results revealed that there are no drastic changes in absorption edges
and the optical band gaps of the ZnO NP’s prepared by methods 3.1 to 3.5, while
a large blue shift was observed for the NP’s synthesized by method 3.6 with an
optical band gap of 3.32 eV. Method 3.6 can be used for smaller size and large band
gap ZnO NP’s. DRS measurements also indicates that incorporation of RE3+ ions
induce lattice strain which causes a shift in the excitonic absorption band toward
higher energy.

√
The zinc interstitial defects were present in all of the ZnO samples prepared with
different precursors and solvents where as oxygen interstitial defects were present
in the ZnO NP’s prepared by methods 3.1, 3.5 and 3.6 only.

√
With increasing RE3+ dopant concentrations visible luminescence intensity in-
creased up to a concentration of 1.5 wt%. Further increase in concentration of
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dopant, intensity decreases due to concentration quenching effect. Solid state PL,
measurements clearly show characteristic intra-4f transition lines of RE3+ ions.

√
The present study indicates that via defect engineering, RE-doped ZnO NP’s may
find avenues for potential applications in optoelectronic and multicolor emission
display devices.

√
Synthesis of the SMA thin films using diblock copolymer PS-b-P4VP and additive
HABA have been done using dip coating technique. It was observed that each
domain is microphase separated, but they are not arranged in a regular way. This
could be due to the fast evaporation of the solvent.

√
SMA thin films were exposed to the vapors of 1-4 dioxane for the ordering in the
thin films (solvent annealing). 1-4 dioxane is a selective solvent, and it offers the
different mobility to each copolymer PS and P4VP/HABA. It led to the ordered
cylindrical domains normal to the substrate.

√
For the template formation, the additive was removed chemically. Additive HABA
is soluble in ethanol while PS is non-soluble, Hence ordered porous nanotemplates
were obtained just by immersing the ordered SMA thin films in ethanol.

√
Effect of molecular weight and relative volume fraction of minority block have also
been studied. Increasing the molecular weight and keeping the relative volume
fraction almost same, the morphology remains the same but the domain size (or
pore size) and periodicity increases. And changing the relative volume fraction
of P4VP/HABA from 0.3 to 0.45, the morphological transition from cylindrical
domains to lamellar domains were observed.

√
Sweating in the morphology of PS-b-P4VP diblock copolymer from perpendicular
oriented cylinder to parallel oriented cylinder have been observed oxygen baring
nonoxygen baring solvent.

√
Ordered ZnO and RE doped ZnO nanostructures in PS matrix were obtained
when nanotemplates were imersed in aqueous solution of pre synthesized ZnO
and RE doped ZnO nanostructures for 9-10 hours.

√
These ordered arrays of ZnO and RE doped ZnO could be suggested for optoelec-
tronic applications like LED’s, display devices, UV sensor etc...

√
ZnO NP’s affected the biofilm formation in Bacillus subtilis. There was ∼86%
reduction in biofilm formation after treatment with ZnO NP’s.
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√
Change in surface morphology of the Bacillus subtilis cells was observed which
could be due to oxidative stress induced by ZnO NP’s.

√
Based on these results, we can fabricate membranes with ZnO NP’s and check
their biofouling activity.

8.2 Future scope of the work

Based on the findings in the present work, future outlook of the work can be proposed
as follows:

√
Removal of polymer matrix from the substrate to obtain ordered nanostructures.

√
Fabrication of highly ordered other metal oxide nanostructures by ex-situ approach
has been discussed here. So, the same method can be applied for other metal oxides
also.

√
ZnO and RE doped ZnO have shown their extensive use in optoelectronics. So,
the use of these ordered nanostructures can be extended to the device fabrication.
Here, we are proposing the plan for the fabrication of LED device. The schematic
of the device is shown in figure 8.1

Figure 8.1: Schematic for the proposed LED device.
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