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Abstract

In the present investigations, supramolecular assembly of diblock copolymer PS-b-
P4VP and additive HABA have been explored for the fabrication of well-ordered
array of TiO2 nanostructures for their photovoltaic applications.

The preparation and characterization of PS-b-P4VP block copolymer nanotem-
plates 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 molecular weight and volume
fraction of one of the blocks determines the morphology 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 ∼ 0.3 − 0.5.

Synthesis of TiO2 nanoparticles by sol-gel method and optimization of their
particle size and phase have been discussed in detail. Particle size was calculated
using XRD and TEM and initially it was found as ∼ 13 nm at annealing temperature
of 350◦C which was not the suitable for the deposition into templates. So, an effort
had been made to reduce the size and it was reduced from ∼ 13 nm to ∼ 9 nm at the
same annealing temperature by using the 1-thioglycerol as capping agent in the same
method. Further, the effect of capping agent on thermal stability of anatase phase of
TiO2 nanoparticles were also investigated. It was concluded that the anatase phase
was more thermally stable with capping agent as compared to without capping agent.
The onset temperature for the phase transformation was increased from 600◦C to
700◦C. The average crystallite size was found to be increased with the annealing
temperature. For the successful deposition of nanoparticles into the nanotemplates,
the particle size need to be reduced. For the further reduction in particle size, the
nanoparticles were annealed at lower temperature 250◦C and the average particle
size was reduced to ∼ 5 nm, which was confirmed by XRD and TEM.

TiO2 nanostructures were synthesized using block copolymer nanotemplates by
in-situ and ex-situ approach. The nanotemplates were then backfilled with the titania
precursor (TTIP) for the fabrication of TiO2 nanostructures directed by block copoly-
mer self-assembly. It was estimated that templates were overlayered with TiO2. On
removal of polymer matrix (PS) by heating at 450◦C, a connecting network of TiO2

was observed in case of the lamellar porous templates while a ring-like nanostructure
connecting with each other were observed with cylindrical porous templates with
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large pore size. The reason for the randomly connecting network was estimated the
formation of the layer above the template instead of selective deposition and the high
ramp rate of heating were also contributing to this type structures. The melting of
polymer with high ramp rate can disturb the shape and size of materials deposited.
This difficulty was resolved by adopting another approach; The nanoparticles with
size 5 nm were then deposited into the nanotemplates. Nanoparticles were allowed
to migrate into the pores and controlled by assembly time. The effect of immersion
time on the arrangement of nanodots has been observed. On removal of polymer
matrix by UV treatment ordered array of TiO2 nanodots whose morphology mirrors
that of the original nanotemplate. In this study, a sub-20 nm diameter of TiO2 has
been obtained which is in the range of exciton diffusion length, so it has the potential
application in optoelectronic devices.
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Chapter 1

Introduction

1.1 Block copolymers
It is well known that the polymers are long chain molecules and broadly, they can
be divided in two categories; homopolymer and copolymer. Homopolymers are the
polymer consisting of only one monomer while copolymer is comprising of two or
more than two monomers. In copolymers, these monomers are arranged in two ways;
random and periodic. Second one is known as block copolymer. So, block copolymers
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 multi block
copolymers, for example;

A-A-A-A-A-A-A-B-B-B-B-B-B-B AB diblock copolymer

A-A-A-A-A-A-A-B-B-B-B-B-B-B-A-A-A-A-A-A-A ABA triblock copolymer

1.1.1 Self-assembly

Self-assembly is an apposite process to arrange the material on the nanoscale over
large areas. Block copolymers are well-known for their ability to self-assemble into
various well-ordered morphologies within nanometer dimensions [1, 2]. Block copoly-
mers consist of immiscible copolymers which are covalently bonded with each other.
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Generally, polymers are macrophase separated similar to oil and water but in case of
block copolymers, covalent linking prevents the macrophase separation. However,
the non-favourable interactions between the blocks induce the phase separation but
due to their connectivity on a sub-micron scale, the phase separation occurs within
a range of 5-100 nm [1]. It is also known as microphase separation which is impelled
by chemical irreconcilability between the blocks.
There are many parameters that govern the arrangement of blocks and surface mor-
phological features; molecular weight of block copolymers, degree of polymerization
N = NA + NB i.e. total number of repeating units, volume fraction of blocks (fA,fB),
chain flexibility, chain architecture and Flory-Huggins interaction parameter between
the blocks (χ) [3]. Size of the domains or blocks mainly depend on the molecular
weight of block copolymers. Arrangement of the domains in the various shape like
spherical, cylindrical, lamellar, or gyroidal is primarily governed by the volume
fraction of the copolymers. As the polymer chains are linked with covalent bond so
the size of the domains commensurate with polymer chain length. Degree of poly-
merization defines the entropic contribution to Gibbs free energy of block copolymers
and non-favourable interactions between the blocks causes repulsion between them.
This incompatibility is expressed by Flory-Huggins interaction parameter χ [4] and
it identifies as enthalpic contribution to Gibbs free energy of block copolymer. χ can
be defined as;

χAB = Z

kBT
[εAB − 1/2(εAA + εBB)] (1.1)

Where Z represents the nearest neighbour monomer unit to a copolymer, εAB is
defined as the interaction energy per monomer between A and B. It is clear from the
above equation that χ is a function of temperature.

Fig. 1.1 Phase diagram of diblock copolymer calculated using SCFT. S, C, L, and G
represent spherical, cylindrical, lamellar, and gyroid respectively [5].
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The theory of self-assembly of block copolymers has been well-predicted by self-
consistent field theory (SCFT). Matsen and Bates determined the phase diagram
to define the shape of the blocks in the block copolymers [6]. Phase diagram is
defined as the plot between χN and the relative volume fraction f of minority blocks
as shown in figure 1.1. Basically, it is the phase balance between entropy and
enthalpy which drive the microphase separation. The structure of the nanodomains
in the equilibrium are corresponding to the minimized non-favourable interactions
between A and B block, when the polymer chains are not overstretched. The strength
of segregation of domains is proportional to χN and it was found that when the
interaction between the blocks is relatively weak as χN < 10.5 the domains are in
disordered state and χN(ODT ) = 10.5 is considered as order-disorder transition for
the symmetric block copolymer. As the value of χ increases the domains are phase
separated as shown in figure 1.1. χN < 10.5 is defined as the weak segregation
regime and theoretical aspects were explained by Leibler and co-workers [7]. Earlier
the phase behaviour of the block copolymers was explained by Hefand and co-workers
in the strong segregation regime (χN > 100) [8, 9]. Matsen and Bates have further
explained the phase behaviour of the nanodomains in the intermediate segregation
regime (10.5 < χN > 100) [6]. Phase separation strongly depends on temperature as
defined in equation (1.1). As the temperature increases, χ decreases and at a certain
value of χN copolymer blocks are not able to maintain the phase separation and
undergoes to order-disorder transition and vice versa.
Different morphologies of a diblock copolymer in the intermediate segregation regime
as a function of volume fraction of one block are shown in figure 1.2 (Red and
blue colour represent the block A and B respectively) and it is concluded that the
symmetrical diblock copolymers are phase separated in lamellar microdomains while
asymmetric diblock copolymers are obtained in the ordered spherical, cylindrical and
gyroidal microdomains. In spherical morphology, the minority blocks are arranged
in body cubic centre (BCC) manner. And in cylindrical morphology, the minority
domains are arranged in hexagonally packed cylinders (HCP).

Fig. 1.2 Various phase structures as a function of volume fraction of one block [10].
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1.1.2 Supramolecular assembly

Supramolecular assembly (SMA) is the process in which the small molecules called
additives 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 behaviour of the block copolymers. These
small molecules are associated with the copolymer with weak interactions or non-
covalent bonds. Generally, they interact with copolymer via hydrogen bond. As
these molecules attach with one of the block so the relative volume fraction of that
block altered and results in the change of 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 supramolecular complex system is polystyrene-b-poly(4-vinylpyridine)
(PS-b-P4VP) and pentadecylphenol (PDP) which has been widely investigated by
Ikkala and co-workers [11–14]. The chemical structures and schematic representation
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)).

Fig. 1.3 (a) Chemical structures of supramolecular complex PS-b-P4VP (PDP)
and its schematic representation (b) Schematic representations of structures within
structures ; cylinders within lamellae and lamellae within cylinders and the formation
of nanorods and nanoporous membranes [5].

Size of the nanodomains and the morphologies can be tuned by changing the content
of PDP or additives. Furthermore, PDP or additives can be washed away easily and
leads to the formation of porous nanostructures or nano-objects. Figure 1.3 (b) shows
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schematic for PS-b-P4VP (PDP) showing structures; cylinders within lamellae and
lamellae within cylinders and removing the PDP molecules selectively results into
the formation of nanorods and nanoporous membranes functionalized with P4VP
respectively. These nanoporous membranes can be further used as nanotemplates.

1.1.3 Nanolithography

Nanolithography is the process to make the various type of pattering on the nanometer
scale. Block copolymer lithography provides an alternative tool to the conventional
photolithography or e-beam lithography. It is compatible with the “chip-on-silicon”
technology, therefore, one may also combine the “top-down” process with the
“bottom-up” process [15]. In photolithography, shrinkage of feature size is limited
by the wavelength of source and the photoresists used. On the other hand, e-beam
lithography provides the feature size is sub 10 nm but this process is limited by
the high fabrication cost. Block copolymer lithography overcomes these issues
and the large area fabrication is easier and cost effective than the conventional
photolithography. Block copolymer lithography has been under intensive research
after first investigation on this technique by Park et al. [16]. They have used
microphase separated diblock copolymer (PS-b-PB) for the fabrication of patterned
silicon nitride. It is two-step process; one is to create the mask by removing one of
the blocks selectively, second, pattern transferring to other materials. Depending
on the chemical nature of the different block copolymers, different techniques have
been used for the selective removal of one of the blocks and then the pattern transfer
[16–19].

1.2 Titanium dioxide (TiO2) nanomaterials
An extensive research for nanomaterials has been going on in the field of science
and technology since past decades. When the size of the materials is reduced to
the nanoscale, their structural, thermal, electrical and optical properties altered
drastically. TiO2 nanomaterials have elicited the immense interest because of their
excellent stability, physiochemical properties at nanoscale as well as great availability
and moderate cost. They are commonly used in various commercial products like
pigments, sunscreen, paints, ointments and toothpaste [20–23].

1.2.1 Crystal structure of TiO2

Mainly TiO2 exhibits three polymorphs, anatase, rutile, and brookite. Each poly-
morph has the different structure and different properties. Thermodynamically, rutile
is most stable while the other two are metastable and transforms into rutile at higher
temperatures. However, the transformation from anatase to rutile and brookite to
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rutile depends on various parameters; precursor, reaction temperature, pressure, and
initial particle size. Anatase phase is commonly obtained and transformed into rutile
on annealing at the temperatures around 500◦C − 700◦C. Brookite TiO2 is less
investigated polymorph. Figure 1.4 shows the unit cell structures of anatase, rutile
and brookite TiO2. Rutile has tetragonal structure with six atoms per unit cell.
Anatase also have the tetragonal structure but with a slightly larger distortion of TiO6

octahedron. Brookite possess the orthorhombic structures. Owing to their suitable
band structure and high surface reactivity (band gap of rutile - 3.0 eV , anatase - 3.2
eV ) render TiO2 useful for many applications; gas sensing, photovoltaics, batteries,
catalytic activity [24–29]. Energy level matching with materials for solar cells and
the lower charge carrier recombination rate bestowed anatase TiO2 nanomaterials
with potential to be used for solar cell applications [24].

Fig. 1.4 Schematic representation of unit cell of different polymorph of TiO2 (a)
anatase (b) rutile (c) brookite [30].

1.2.2 Fabrication of TiO2 nanostructures

TiO2 nanostructures (nanorods, nanodots, nanowires) have been synthesized using
several routes; sol-gel method, hydrothermal, solvothermal, direct oxidation, anodiza-
tion and templating [31–33]. Among them templating process is the best way to
obtain the ordered nanostructures [34]. Ordering of TiO2 nanostructures provides
the better pathways for the charge carriers and reduce the charge recombination
which is one of the important factors that affects the power conversion efficiency
(PCE) of solar cell. It has been investigated that TiO2 nanorods and nanotubes
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enhance the power conversion efficiency of solar cell as compared to thin film of TiO2

[35, 36]. TiO2 nanorods and nanotubes are advantageous instead of film as they
provide the large donor-acceptor interface area for electron transfer. Moreover,the
ordering of the nanostructures helps in the reduction of charge recombination and
fast transportation of charge-carriers to the charge collecting electrode. Alumina
templates are commonly used for the fabrication of TiO2 nanorods/nanotubes. The
length and diameter of nanorods/nanotubes can be tuned by varying the pore size
and thickness of alumina templates [37]. The pores size and the thickness of alumina
templates can be varied on varying the anodization time and voltage. These nanorods
and nanotubes have been used in the active layer of the device and enhancement in
PCE of solar cell has been observed. This enhancement may be attributed to the
availability of number of junctions and ordered pathways for the exciton dissociation
and charge transportation as compared to thin film. However, the diameter of the
nanorods and nanotubes synthesized by alumina templates are larger than that of
exciton diffusion length which limits the generation of charge carriers (electrons and
holes). This limitation can be overcome using the block copolymer nanotemplates.

1.3 Block copolymer nanotemplates directed nanos-
tructures

The ordering in the block copolymers thin films can be extended to the inorganic
materials. Using the block copolymer nanotemplates, the nanostructures with higher
aspect ratio can be obtained than the other methods based on self-assembly. However,
commercially available alumina nanotemplates have the high aspect ratio but block
copolymer nanotemplates provide a denser array of pores (less size of pores and
periodicity) and it comes with plenty 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
[38–40]. The fabrication process mainly involves three steps;

1. Selective removal of sacrificial block and creation of nanoporous templates.

2. Backfilling of porous channels.

3. Removal of remaining polymer matrix.

There are the different ways to remove the polymer block like UV etching, chemical
etching or chemical dissolution, depending on the chemical nature of the block
copolymer. Nanoporous channels can be backfilled by sol-gel method or direct
deposition of nanoparticles into the templates. In sol-gel method, titanium alkoxides
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are generally used for the backfilling. However, titanium alkoxides are not much
stable and can by hydrolysed even in the moisture which can result in the pore
blocking before diffusion of the sol into the templates. So, the reaction conditions
have to be controlled carefully. Another way is to deposit the pre-synthesized TiO2

nanoparticles into the templates. It offers the flexibility to tailor the properties of
TiO2 nanoparticles before deposition and can be controlled by their assembly time.
Polymer templates/matrix can be removed by UV irradiation, pyrolysis and plasma
etching.

1.4 Objectives of thesis
Block copolymer nanotemplates using supramolecular assembly of diblock copolymer
PS-b-P4VP and additive HABA have been explored for the fabrication of TiO2

nanostructures. The main objectives of the thesis are as follows;

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

• To synthesize TiO2 nanoparticles and optimization of their particle size and
phase.

• To fabricate the ordered TiO2 nanostructures using the prepared block copoly-
mer nanotemplates by sol-gel method and direct deposition of nanoparticles
into templates.



Chapter 2

Literature Review

2.1 Brief introduction
The trend of miniaturization in devices along with high throughput and lower con-
sumption of energy promotes the field of nanomaterials in the industrial applications.
Block copolymers have elicited immense interest over more than a decade for their use
in semiconductor device applications because they possess the ability to self-assemble
in the nanometer scale (typically 5 - 100 nm) with various morphologies [5, 41].
This length scale encompasses the same which is required for the futuristic emerging
semiconductor devices for industrial applications. The rate of advancement in the
semiconductor industry depends on the high resolution and low scale patterning
on the substrate. Conventional UV photolithography have been used for pattering
on the substrates and nowadays patterning with a 40 nm scale can be successfully
created on the substrate. It is notable that further improvement in the pattering
structures in terms of scale with the remarkable efficiency makes the process te-
dious and increase the overall cost. The replacement for the UV photolithography
such as nanoimprint lithography, extreme UV photolithography, 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 precise 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. Mansky et al.
have first proposed and demonstrated the block copolymer lithography using a block
copolymer with spherical microdomain structure [42, 43]. The introduction to various
morphologies and basic concept of self-assembly of block copolymers have already
been addressed in section 1.1. Electronic applications of block copolymers are more
moderate and seek to connect their self-assembling properties so that they may be
used as an alternative for the polymeric photoresist used in current practice. This
approach offers the opportunity to explore the more benefits of self-assembly of
block copolymers towards the device applications. With this aim, enormous efforts
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have been dedicated to exploit the practical applications of block-copolymer-based
nanostructures. Despite of ease of process and spatial scale of block copolymer
pattering, still the work remains for the practical use of self-assembly in electronics
applications. To combine the block copolymer lithography with the current pho-
tolithography, 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, controlling the orientation of
the microdomains and the fabrication of nanostructures using block copolymers for
device applications.

2.2 Materials

2.2.1 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 volume fraction (f), degree of polymerization (N) and Flory-Huggins
interaction parameter (χ) as well as schematic representation of the morphologies
have been addressed in section 1.1.1. 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.
Mostly 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. We have
reviewed mainly the diblock copolymers so in order to avoid recapitulation the
literature is discussed in detail in further sections.

2.2.2 Triblock copolymers

Triblock copolymers comprise of three dissimilar monomers (ABC triblock copolymer)
grouped in homogenous blocks having repulsive interactions among them. Unlike
diblock copolymers, the phase separation of microdomains and the morphology of
ABC 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 sequence of the
blocks. Therefore, more complexed morphologies have been anticipated in triblock
copolymers. Zeng et al. have theoretically calculated the phase diagram for the
morphology of triblock copolymers [44]. They have focussed on the dependence of
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morphology on the sequence of block and strength of interactions between the blocks.
A variety of morphologies possible in triblock copolymers have shown in figure 2.1.

(a) (b) (c) (d) 

(e) (f) (g) (h) 

(i) G) (k)

Fig. 2.1 Schematic representation of phase separated domains of ABC triblock
copolymer. A-dark, B-white, C-grey. (a) Lamellae phase, (b) Coaxial cylinder phase
(c) Lamellae-cylinder I, (d) Lamellae-sphere I, (e) Cylinder-ring phase, (f) Cylindrical
domains in square lattice structure, (g) Spherical domains in CsCl type structure,
(h) Lamellae-cylinder II, (i) Lamellae-sphere II, (j) Cylinder-sphere phase, and (k)
Concentric spherical domains in BCC structure [44]

Experimentally, Stadler et al. investigated the morphology of triblock copolymer
PS-b-PEB-b-PMMA (SEBM) with the variation of volume fraction of midblock
EB [45]. EB formed cylinders with PS and PMMA lamellae when the volume
fraction of the blocks was S:EB:M = 48:17:35 wt%, respectively (shown in figure
2.2). While EB block forms rings around PS cylinders with PMMA lamellae when
the ratio was changed to S:EB:M = 45:6:49 wt% respectively (figure 2.3). A new
morphology similar to “knitting pattern”was also observed (shown in figure 2.4) when
the fraction of EB was 27% [46]. It was considered the intermediate morphology of
two morphologies; A, B, and C lamellae and A, and C lamellae with B cylinders.
It is notable here that with these complex morphologies nanofabrication is still not
much explored.
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Fig. 2.2 Surface morphology of SEBM (EB-17%) at lower magnification (top left)
and higher magnification (top right). In the top right image, EB cylinders appears
as spheres in cross section view. Schematic representation of EB cylinders dispersed
in PS and PMMA lamellae (Bottom) [45].

Fig. 2.3 Surface morphology of SEBM (EB-6%) at lower magnification (top left)
and higher magnification (top right). Schematic representation of PS cylinders
surrounded by EB rings and dispersed in PMMA lamellae (bottom) [45].
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Fig. 2.4 TEM image showing the Morphology of SEBM (EB-27%) stained with RuO4
(left). 3-D schematic representation of knitting pattern showing on left (right) [46]

2.2.3 Supramolecular complex system

Supramolecular complex systems are very promising for tailoring the morphology of
thin films of block copolymer and formation of nanotemplates. Most studied block
copolymer for the supramolecular assembled system is PS-b-P4VP. Many additives
(PDP, NDP, DHN, HABA, PBA, and HNA etc.) have been investigated with different
molar ratio and their effect on the morphology have been discussed in detail by
many groups [47, 48]. Mostly, carboxylic or hydroxyl functional group of small
molecules have been hydrogen bonded with P4VP block. Stamm and co-workers
have extensively investigated the morphology of the supramolecular assembled thin
films using additives PBA and HABA [49–52]. Both the additives selectively linked
with P4VP block via hydrogen bonding of carboxylic group with pyridine group
of P4VP. It is easy to create the pores or channels by surface reconstruction using
a solvent like ethanol or methanol as P4VP/PBA and P4VP/HABA are soluble
in ethanol/methanol while PS is insoluble in ethanol/methanol. FTIR is suitable
technique to make sure that the additive has been removed. The removal of the
additive in PS-b-P4VP can be confirmed by FTIR that the characteristic peak
corresponding to the hydrogen bond of carboxylic group with pyridine group was
absent after surface reconstruction by ethanol and the signals for free pyridine
group was available. They demonstrated that the pure block copolymers show the
P4VP cylindrical domains surrounded with PS matrix, while supramolecular system
shows the lamellar morphology. The molecular weight of PS-b-P4VP in this study
was taken 32.9 kg/mol (PS) – 8 kg/mol (P4VP) which corresponds to the P4VP
cylindrical domains surrounded with PS matrix according to the phase diagram. But
in supramolecular system, binding of PBA with P4VP (equimolar ratio) alters the
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relative volume fraction of P4VP and the cylindrical morphology changes to lamellar
morphology (figure 2.5). On the surface reconstruction, the nanotemplates with the
pores of 12 nm with a periodicity of 26 nm have been obtained.

Fig. 2.5 AFM images of (a) PS-b-P4VP thin films, (b) PS-b-P4VP (PBA) thin
films, (c) nanotemplates on surface reconstruction of PS-b-P4VP in ethanol (d)
nanotemplates created from PS-b-P4VP (PBA). Schematic representation of switching
in morphology on addition of PBA (bottom) [50]

Brinke et al. [53, 54] and Tung et al. [48, 55] have also investigated the interaction
of PDP with P4VP and were able to observe structure within structure morphologies.
The reversible switching of orientation of microdomains from perpendicular to parallel
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to the surface by using different annealing solvents [49, 50] were also observed by
Stamm et al.. 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 [47, 52]. Here, it is concluded that the supramolecular assembly is
incredibly powerful concept to obtain the different morphologies with the same block
copolymer and easy fabrication of nanotemplates.

Effect of Content of Small Molecules

The morphology of supramolecular assembled thin films depends on choice of the
small molecules and geometrical parameters governed by the content of the small
molecules [48, 56, 57]. DHN is a ditopic molecule and it possess the single type of
hydrogen bonding group (hydroxy) unlike HABA (it possesses two type of hydrogen
bonding group; hydroxy and carboxylic). The stoichiometry ratio of P4VP and DHN
greatly influenced the geometrical parameters of porous structures. DHN selectively
enhances the P4VP block via hydrogen bonding and it should be resulted in the
lamellar morphology in the bulk according to phase diagram. But the selectivity
of the solvents towards each block also plays the role in the arrangement of the
domains. Instead of lamellae, nodules of P4VP/DHN protruding from PS matrix
has been observed which can be attributed to higher solubility of PS in THF than
that of P4VP[58]. This solubility difference between PS and P4VP depends on the
content of DHN also and it is estimated to be highest for the equimolar ratio of
P4VP and DHN. It should be mentioned here that even in case of P4VP/DHN
fraction equal to 0.7 the nodular morphology with the PS matrix is observed, despite
of the P4VP/DHN being the majority phase. This type of structures is known as
“inverted structures” which resulted due to the greater affinity of solvent for the
minority block [59]. It is also to be noted here that cylindrical morphology have
already been obtained in PS-b-P4VP/HABA system with the same composition of
copolymers [49]. So, it is concluded that the type of additives is solely responsible
for the nodular morphology.
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Fig. 2.6 AFM images of PS-b-P4VP (DHN) supramolecular assembled thin films with
P4VP: DHN (a1) 1:0.5, (b1) 1:2, and (c1) 1:4 (top) and corresponding nanotemplates
(bottom) [58].

The geometrical parameters for the nanoporous structures rely on how deep the
solvent penetrate in the additive. So, it is obvious that it must be affected by the
content of additive. In case of the ratio P4VP:DHN of 1:0.5 the nodules are found
to be smaller in size and periodicity than equimolar ratio. On increasing the ratio
to 1:2, DHN molecules are in access and they may form hydrogen bonds with the
DHN molecules only and the phase separation may also occur. The bright patches in
figure 2.6 (c) is an indication of phase separation. However, in the higher ratio (1:4)
the DHN phase separation does not occur, that suggest the excess incorporation
of DHN in P4VP block. It is concluded that on increasing the content of low
molar mass additive the size and the periodicity of the porous structures increases.
Further, the composition dependent morphological features of supramolecular system
of PS-b-P4VP (HABA) were investigated by Stamm et al. As far as the morphology
concerned, cylindrical P4VP/HABA domains dispersed in PS matrix were obtained
corresponding to stoichiometric ratio and as the molar ratio of additive is far lower
than that of stoichiometric ratio, the cylindrical domains transform into the spherical
domains. As the molar ratio increases higher than the stoichiometric ratio, the mixed
cylinders (parallel and perpendicular) with the higher ratio of laterally oriented
cylinders were obtained. The morphology of the supramolecular assembled thin films
can be controlled by the solvent annealing also which is omitted in this section and
further discussed in section 2.3.2.
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2.3 Ordering in thin films
To achieve the ordering in thin films is an emerging issue for the fabrication of
well-ordered nanostructures for device application for the past few years. Generally,
the domains are not perfectly arranged in the as-deposited supramolecular assembled
thin films. It happens because of the fast evaporation of solvents, which does not
provide the sufficient time to rearrange the molecules in the equilibrium. The
ordering and the alignment of microdomains are driven by two surface interactions;
polymer-substrate and polymer-air [2]. The block, interacts strongly with substrate,
prefers to stick parallel to the substrate. Lateral ordering and the desired orientation
of microdomains can be achieved by thermal annealing, solvent annealing, shear or
electric field [60–63]. Annealing is an efficient approach to obtain the long-range
ordering in the thin films.

2.3.1 Thermal annealing

The conventional strategy to improve the lateral arrangement of the microdomains in
block copolymer thin films commonly depends on annealing step to enhance the chain
mobility. It is usually done by elevating the temperatures of the thin films above
the glass transition temperature (Tg) of each copolymer. 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 blocks PS and PMMA
have the almost same surface energy over a broad range of temperature [64]. 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

= Aexp(−△Ea

RT
) (2.1)

Where t, A, R, T and △Ea represent annealing time, constant, ideal gas constant,
annealing temperature, and activation energy of polymer respectively. It is clear from
the above equation that 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. [65]. The annealing time is a limitation for lithographic
applications of block copolymer. However, the self-assembly of thin films have
already been achieved within few minutes using hot plate or rapid thermal annealing
process [66, 67]. 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 1 minute [68]. Perpendicularly aligned PMMA
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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) [69]. 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 cylinders were observed and
this was correlated to orientational correlation (ξ) [70]. 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 ordering time [65–67].
Further increasing the temperature results in the degradation of polymer chain and
lead to the disarrangement of the blocks. Figure 2.7 (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 temperatures. 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.

Fig. 2.7 (a) Variation of correlation length with annealing temperature, (b) Time
evolution of lateral ordering at an annealing temperature 270◦C, and (c) Thickness
dependence of lateral ordering annealed at 270◦C [69]

.
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2.3.2 Solvent annealing

Besides the thermal annealing, solvent annealing is another commonly used approach
for the self-assembly of block copolymer thin films. In solvent annealing, the thin
films of block copolymer or supramolecules is placed in a closed glass jar having the
reservoir of solvent for a particular period of time [71, 72]. Annealing solvent in jar
evaporates and eventually the vapours get saturated. Then, thin films are to 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 [73]. 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,
the thickness of film 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 [74–79]. 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
[71, 80–82] .

2. It lowers the Tg of block copolymers, so, it induces the self-assembly even of
the thermally unstable block copolymer [83].

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 [84, 85].

4. Provide an additional control to the process by varying the solvents with
different selectivity, rate of evaporation of solvent, annealing time [55, 86–88].

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 smaller or higher
than χ. Generally, the solvents are removed after the solvent annealing, and then
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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. However, the connection between
the nanostructures formed in swollen state and dried state is not well-established
[60]. 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) thin films during
solvent annealing using GISAXS [89]. Thin films were annealed in a non-selective
solvent of a mixture toluene : heptane :: 5:1 and observed the swelling ratio with
annealing time. 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 [49, 55]. Stamm et al.
have demonstrated the transition 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 [49]. 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 [90].
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Fig. 2.8 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 [57]

2.4 Thickness dependent morphology
When the thin film of block copolymer is deposited with a thickness on the nanoscale,
the morphology of the film critically influenced by the thickness of the film and
the interaction of the copolymers with at interfaces [91]. The thickness of film and
the periodicity (Lo) in the block copolymer correlates with each other and causes
to the final morphology. When the thickness of the film commensurate with Lo,
a series of alternating nanostructured domains obtained, while incommensurate
thickness with Lo leads to the formation of islands and holes on the surface to
balance the surface energies. The films with thickness of film less than Lo incur the
complicated ordering due to entropic loss. Many research groups have demonstrated
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the different morphologies with the variation in thickness [92–94]. Usually, spin
coating and dip coating techniques have been adopted for the deposition of thin
film. The thickness of film depends on several parameters; spinning speed, spinning
time, withdrawn speed in dip coating, concentration and viscosity of block copolymer
solution. Hua-Yan et al. have deposited the thin film of PS-b-P4VP (45.6 kg/mol)
by spin coating by varying the concentration of the solution from 1 mg/ml to 4
mg/ml and keeping the spinning speed and spinning time constant [94]. The films
were annealed isochronally in the vapours of 1-4 dioxane for different time. Thickness
of film was estimated as 20 nm, 27 nm and 100 nm for the concentration of 1 mg/ml,
2 mg/ml, and 4 mg/ml respectively. Different annealing time is required to obtain
the well-ordered cylindrical domains for different thickness of film. Bazuin and
co-workers have investigated the morphological evolution of supramolecular assembly
of block copolymer PS-b-P4VP (∼ 30 wt% P4VP) with the low molar mass additives
1-naphthol (NOH), and 1-naphthoic acid (NCOOH) [93]. Supramolecular assembled
thin films were deposited using dip coating technique by varying the dip-coating
rate in the capillary regime (low rates). It was observed that the striped morphology
transformed into dotted morphology with decreasing the dip-coating rate (figure 2.9
(a & c)). The stripe morphology was corresponding to the minimum film thickness
which corresponds to the brush copolymer regime. Further they extended this study
in their next report to the variation of dip-coating rate over a wide range (1 mm/min
to 100 mm/min) [93]. The overall understanding of thickness variation with the
dip-coating rate has already well explained by D. Grosso and it shows that thickness
varies in V-shape with dip-coating rate [95]. Thickness of the films initially decreases,
reaches to a minimum value and then increases with dip-coating rate (shown in
figure 2.9 (b)). In addition to the thickness they have also investigated the effect of
concentration of solution, small molecule uptake ratio, molar ratio of additives and
the types of additive (hydroxyl and carbonyl linking) on the morphology.



2.5 Nanostructures by block copolymers 23

Fig. 2.9 (a) Variation of thickness of PS-b-P4VP thin films along with the morphology
in capillary regime (low dip-coating rate) (b) Variation of thickness as well as small
molecule content with dip coating rates over a wide range, and (c) AFM images of
the morphology of PS-b-P4VP (NCOOH) (NCOOH:P4VP 1:1) with different dip
coating rate (mentioned in the figure) [93, 93]

2.5 Nanostructures by block copolymers
The ordering in the thin films have been discussed in the previous section which is a
part of the fabrication of ordered nanotemplates. Now, for the fabrication of ordered
nanostructures the following steps are to be addressed;

1. Creation of porous structures by removing one of the blocks selectively (nan-
otemplates).

2. Selective deposition of the inorganic material in the nanotemplates.

3. Removal of remaining polymer matrix.

2.5.1 Preparation of porous nanotemplates

In order to prepare the nanotemplates, one of the blocks has to be removed selectively
and different methods have been adopted to remove the one of the blocks depending
on the chemical nature and stability of block copolymer. Deep UV exposure (25 J/cm2

dosage) followed by rinsing with acetic acid have been widely used to remove the
PMMA block from PS-b-PMMA block copolymer thin film. UV exposure degrades
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the polymer chains in PMMA block while it provides the crosslinking in the polymer
chain of PS, so that PS can sustain while removing the PMMA block using acetic
acid [96]. Ozone treatment have been adopted for the removal of PI or PB block
from PS-b-PI or PS-b-PB respectively [16]. Chemical dissolution 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 [97],
hydrolysis process has been applied to PLA containing block copolymers to remove
PLA block [98], and the rinsing in ethanol/methanol has been applied to remove
the P4VP block from most commonly used block copolymer PS-b-P4VP [49, 94].
Reactive ion etching (RIE) process has also been used for the selective removal of
one of the blocks in which the nanoporous templates are generated by increasing the
oxygen or decreasing the carbon atoms in the one of the blocks [49].

2.5.2 Deposition of inorganic material into the nanotem-
plates

Metallization

Conducting and semiconducting nanowires have the great potential to be used in
the optoelectronic applications. Metallization is an easy and cost-effective process to
obtain the metallized nanowires from block copolymers. It is the electro less process
that means no catalyst or electrolytes are required which reduce the tediousness
and cost as well. Fahmi et al. have demonstrated the process for the Pd nanowires
from PS-b-P4VP block copolymer [99]. It has been well reported that the metals
interact well with the pyridine functional group of P4VP which is key point in the
metallization process. So, PS cylinders dispersed in P4VP lamellae is the basic
requirement for the fabrication of nanowires. PS-b-P4VP (PDP) thin films was
converted to PS nanofibers lined with the P4VP functional groups by removing the
additive so that free pyridine groups can be available to capture the metal ions.
Metallization was ocurred by the reduction of Pd(CH3COO)2 in the aqueous solution
of (CH3)2NBH2. The same process can be applied to the other metals also like Ag,
Ni, Au which possess the great affinity towards the pyridine group of P4VP. The
diameter of the nanowires can be controlled by diameter of PS nanofibers as well as
by the reaction conditions. CdSe nanowires were also synthesized by the same PS
nanofibers but in this case, CdSe nanoparticles of average size of 2 nm were used.
Intercalation of metals with pyridine works as inorganic-organic junction. Figure
2.10 shows the schematic representation of synthesis of Pd and CdSe nanowires from
the self-assembly of PS-b-P4VP (PDP).
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Fig. 2.10 Schematic for the synthesis of Pd, and CdSe nanowires by metallization
process, PS nanofiber is shown in the middle, (a) represents the Pd nanowire, and
(b) shows the CdSe nanowire [99]

Template assisted sol-gel method

Semiconducting nanostructures (especially TiO2) are of great interest for the photo-
voltaic applications. Sol-gel method have been widely used for the backfilling of the
nanotemplates to develop the well-ordered semiconducting nanostructures. Though,
metal oxide nanorods have been synthesised by alumina template-assisted sol-gel
method but block copolymer nanotemplates provides the more controllability to the
diameter of the nanorods or nanodots [100]. 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 nanoparticles (TiO2, RuO2, SiO2, ZnO, MnO2 and CeO2) by spin
coating the precursor solutions at a speed of 3000 rpm for 30 sec [101]. Figure 2.11
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.

Fig. 2.11 Process flow for the fabrication of ordered array of metal oxides nanoparticles
[101]



2.5 Nanostructures by block copolymers 26

Removal of templates leads to the ordered metal oxide nanoparticles (characterized
by SEM) shown in figure 2.12.

Fig. 2.12 SEM images of metal oxide nanoparticles [101]

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 direction, 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 nanoparticles [102].
The ordering of the nanoparticles deposited on the substrate can be tuned by varying
the precursor concentrating loading to P4VP [103, 104]. Two dimensional array of
TiO2 strings have also been obtained by the micellar solution of block copolymer
[105].

Direct deposition of nanoparticles

Direct deposition of the pre-synthesized nanoparticles into the templates offers
the flexibility to tailor the properties of nanoparticles in advance. Moreover, the
nanoparticles 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
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in sol-gel method.
As the pores are functionalized with pyridine group of P4VP in the nanotemplates, the
nanoparticles 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 nanoparticles array by direct deposition of
nanoparticles into the pores [106–111]. The whole process of the fabrication of
well-ordered nanoparticles array is depicted in figure 2.13. Magnetic nanoparticles
(Fe3O4) were also deposited by this approach without any surface modification
to the nanoparticles [112]. The deposition of nanomaterials on the substrate is
also possible without removing one of the blocks. Nanoparticles can selectively
bind with one of the blocks. The concentration of the nanoparticles loading to
the block copolymer solution governs the fidelity of the nanoparticles deposited
with the block copolymer morphology. Barandiaran et al. have synthesised the
PS-b-P4VP/(Fe2O3) nanocomposites by using this approach [113]. However, the
array of TiO2 nanostructures by the deposition of pre-synthesized nanoparticles is
yet to be explored.

Fig. 2.13 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 [111]

Removal of remaining polymer matrix

Polymer removal is the last step of the process of the fabrication of ordered nanos-
tructures. Polymer matrix can be removed by many ways depending on the nature
of copolymer and the deposited material like, RIE, UV irradiation, dissolution,
plasma etching (oxygen or oxygen/ozone mixture), and pyrolysis [107, 111, 114–116].
Pyrolysis involves the degradation of polymers at high temperatures. For TiO2 nanos-
tructures, heating at high temperature leads to the transformation from amorphous
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to crystalline behaviour while Au nanoparticles undergo the thermal coarsening due
to recrystallization at high temperature. So, the choice of method for removal of
polymer matrix depends on the deposited materials and its application.

2.6 Applications of block copolymers

2.6.1 Nanopatterning

Nanopatterning is one of the promising applications of the block copolymers. Ruiz
et al. have used the PS-b-PMMA block copolymers self-assembly to increase the
density of array of patterning and also to improve the quality of pattern, already
developed by e-beam lithography [117]. PMMA block was removed and 7 nm of Cr
was evaporated. PS mask was removed using piranha solution, leaving the array of
Cr dots on the substrate. Then, 20 nm Si pillars with a density of ∼1 Tb/in2 were
obtained on the substrate using the RIE (CF4). Cheng et al. have prepared the
array of Co nanodots by using PS-b-PFS block copolymer as an etching mask [118].

2.6.2 Membranes

The cylindrical and gyroidal morphologies of block copolymers can be used as
nanoporous membranes. The narrow pore size distribution due to the self-assembly
of block copolymers makes these membranes more advantageous like in virus filtration.
Yang et al [119]. have fabricated PS-PMMA membranes with average pore diameter
of ∼18 nm (figure 2.14 (a)). This type of membranes offer the high selectivity and
high flux for in-filtration of virus. Block copolymer provides the high porosity and the
supported membranes gives the mechanical stability. The authors have investigated
that the passage for human rhinovirus (HRV 14) with an average diameter of ∼
30 nm was completely blocked due to the uniform pore-size of membranes. It also
maintains a high flux compared to track-etched PC membranes with the nearly same
pore size. Plaque assay test was also performed and it was observed that none of
HRV 14 passed through the membrane (figure 2.14 (b)). But these membranes were
not mechanically stable at high filtration pressure. Tang et al. have prepared the
PS-PMMA membranes with relatively high thickness of ∼ 160 nm [120].
Abetz et al. demonstrated a one-step process for the fabrication of nanoporous PS-b-
P4VP membranes by non-solvent induced phase separation of block copolymers [121].
This process is suitable for scale-up nanofabrication. Membranes with uniform pore
size provided by self-assembly of block copolymer can be explored for the application
of protein drug delivery. It can be beneficial to minimize the denaturation of protein
drugs.
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Fig. 2.14 (a) Schematic representation of the process for the fabrication of block
copolymer based membranes, and (b) Plaque assay test, before filtration (top), and
after filtration (bottom) [119]

2.6.3 Photovoltaics

Solar energy conversion, one of the renewable energy source, can be seen as a major
contributor to eliminate the mankind’s dependency on fossil fuel sources. New
technological advancement is required to use the full potential of solar energy in
photovoltaics. Block copolymer provides a platform for investigating the connectivity
among the morphological, structural properties and PCE of device. Topham et al.
have reviewed the benefits of the block copolymers in photovoltaic energy conversion
[122]. Interest in the organic photovoltaics has been increasing due to their light
weight, flexibility which makes them easily portable, and most importantly, cost-
effective. The mechanism of an organic solar cell (OSC) mainly consists of three steps
(i) absorption of photons; generation of coulombically bound electron-hole known as
excitons, (excitation from HOMO to LUMO) (ii) migration of these excitons towards
the donor-accepter interface; dissociation of excitons into charge carriers (electron,
hole) at the interface, (iii) transportation of charge carriers to their respective
electrodes [123]. The mechanism is shown schematically in figure 2.15. Dissociation
of excitons is limited to exciton binding energy and exciton diffusion length. As the
block copolymers self-assembled into various structures on a nanometer scale (or on
the scale of exciton diffusion length), so, PCE of OSCs is expected to be enhanced
in block copolymer based solar cell. Block copolymers can be used in the OSC in
two ways; as active materials or structure directing agents.
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Fig. 2.15 Schematic depiction of working of OPV process. 1 represents the creation of
excited excitons by absorbing the incident photon, 2 shows the migration of excitons
to the donor-acceptor interface, 3 is the representation of dissociation of excitons into
electron and holes, and 4 shows the transportation of electrons and holes towards
the electrodes [124]

Block copolymers as active materials

Initially, the OSCs were fabricated with a bilayer concept; p-type and n-type. High
PCE was not achieved because of the loss of excitons before reaching to the p-n
junction. Then, the concept of bulk heterojunctions was introduced (polymer blends),
and the issue of exciton loss was resolved up to some extent. But these blends showed
the random phase separation of the donor and acceptor. Therefore, very large
domains cause to exciton loss, while very small domains can be responsible for charge
recombination. Ordered heterojunctions on few nanometer lengths in the active layer
were supposed to overcome the issue of exciton loss and charge recombination which
can be easily provided by block copolymers. One can imagine a block copolymer
comprised of p-type copolymer (donor) and n-type copolymer (acceptor) as the active
material. This journey from bilayer to ordered heterojunctions in active layer is
represented in the figure 2.16. Meyers and co-workers first proposed the use of block
copolymers in optoelectronics [125] and experimentally pioneered by Jenekhe et al
[126]. Several groups have studied the rod-coil block copolymer system comprised of
P3HT and a polyacrylate with perylene bisimide pendant groups [127, 128]. These
materials provide the crystallinity required for high charge carrier mobility.
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Fig. 2.16 Representation of OSC (a) bilayer, (b) bulk heterojunction, and (3) block
copolymer based heterojunctions [122]

Block copolymers as structure directing agents

Instead of using block copolymers directly as active materials, it can be used as a
template for the inorganic materials suitable for solar cell applications. For hybrid
solar cells, including DSSC, metal oxides are most promising materials. Among
various metal oxides TiO2 has been widely used because of i) its wide band gap;
transparent to the visible region, ii) suitable matching of energy levels with organic
semiconductors. Additionally, nanostructured TiO2 helps in the better transportation
of charge carriers to electrodes. High surface area is a key parameter for enhancement
in PCE of solar cell. For this purpose, mesoporous TiO2 was synthesised and
DSSC was fabricated with the mesoporous TiO2 by Chen et al. [129]. The size
and shape of the mesoporous TiO2 was tuned by varying the concentration of Ti
source, and sequence of adding TiO2 precursor and H2O. The size and interparticle
distance can be tuned more efficiently using the synthesis process assisted by the
block copolymers. Many groups have synthesized the mesoporous TiO2 using block
copolymers by selective incorporation of TiO2 precursor into one of the blocks of
the block copolymer with more controlled size and spacing between them [130, 131].
The other nanostructures like nanorods can also be fabricated by this approach
using cylindrical block copolymer thin films with perpendicular alignment. Another
approach for the ordered nanostructures, the creation of templates and backfilling
of the pores, can be used to obtain the well-ordered nanostructures as discussed
in section 2.5.2. These nanostructures were found to be beneficial for both, the
photo electrode as well as active layer. Allen et al. have synthesized ordered alumina
nanoparticles using PS-PMMA block copolymers and integrated into buffer layer
(TiO2) in PSC in conjugation with active materials P3HT:PCBM [39] (figure 2.17).
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Fig. 2.17 SEM images of alumina nanoparticles with cycle of exposure of alumina
precursor (a) 3, (b) 6, (c) 9, and (d) 12 cycles (left). Cross-sectional view of device
(a) without, (b) with alumina nanoparticles (right) [39].

The height of the nanoparticles were controlled by the exposure of alumina precursor.
The enhancement in PCE was found to be 25% which was mainly attributed to
increment in the absorption due to scattering from nanoparticles. Many researchers
have demonstrated the enhancement in PCE of hybrid solar cell (polymer/metal
oxide) using the metal oxide nanorods, and nanotubes [35, 132]. Recently Seo et al.
have fabricated the perovskite solar cells integrated with vertically oriented TiO2

nannorods and nanowalls [38]. TiO2 nanorods nnd nanowalls were synthesized by
vertically oriented PS-b-PMMA block copolymer thin films with cylindrical and
lamellar domains respectively (figure 2.18). As, TiO2 is a promising material for
solar cells, so TiO2 nanostructures synthesized by block copolymer self-assembly
approach can further be explored in this field.

Fig. 2.18 FE-SEM images of (a) TiO2 nanorods, and (b) TiO2 nanowalls. Insets are
the cross-sectional view [38]

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
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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 the block
copolymers (nanopatterning, membranes and photovoltaicshave) have also been
discussed. Tuneable size of the pores in the block copolymer membranes make them
beneficial for the virus filtration. 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 PCE of
solar cells and block copolymers provides the plenty of morphologies that can be
used for the fabrication of metal oxide nanomaterials.



Chapter 3

Materials and Methods

3.1 Introduction
The present thesis deals with the formation of ordered TiO2 nanodots using the block
copolymer nanotemplates. Nanostructures have been potentially used in various area
of applications like photovoltaic devices, memory devices, batteries, and gas sensing.
Various routes have been employed to synthesis TiO2 nanostructures (nanorods,
nanowires, nanotubes, nanodots) such as sol-gel, hydrothermal, solvothermal, an-
odization, templating synthesis. Among them synthesis using templates 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. The synthesis of block
copolymer thin films, TiO2 nanoparticles and the fabrication of TiO2 nanostructures
have been discussed. Characterization techniques are very important part of the
research work to understand the properties of the materials and their applications.
This chapter describes the experimental and instrumental details for the synthesis
and investigating the properties.

3.2 Materials
Chemicals and materials used in this work were as follows: for the synthesis of TiO2

nanoparticles Titanium tetra isopropoxide (TTIP) (Ti(OC3H7)4, 99.5 %, Sigma
Aldrich), Hydrogen peroxide (H2O2, 30% w/v, RANKEM), Ethanol (C2H5OH,
Merck), and 1-thioglycerol (C3H8O2S, purity > 97%, Sigma Aldrich) were used. Si
wafer (p-type (100), Mcwin India), ITO coated glass sheet (sheet resistivity ∼15
Ω/�, Mcwin India), and ITO coated PET (sheet resistivity ∼16 Ω/�, Sigma Aldrich)
were used as substrates. Substrates were cleaned using Dichloromethane (Fisher
Scientific), Isopropyl alcohol (IPA) (Merck), Ammonia Solution (NH4OH, 25%,
Merck), and Hydrogen peroxide. For the fabrication of nanotemplates diblock copoly-
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mer poly(styrene)-b-poly(4-vinylpyridine) (PS-b-P4VP) with the molecular weights
of Mn = 39.9 kg/mol, (MP S

n = 35.5 kg/mol, MP 4V P
n =4.4 kg/mol, polydispersity

index (PDI) = 1.09), Mn =41 kg/mol, (MP S
n =33 kg/mol, MP 4V P

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

n =130 kg/mol, MP 4V 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 nanoparticles solution. To characterize the TiO2 nanoparticles by FTIR the
pellets were prepared using Potassium bromide (KBr, Sigma aldrich)as a binder.

3.3 Cleaning of substrates
Cleaning of the substrates is an important factor which affects the quality of film
deposited. All the substrates were cut with the dimension of 20 mm × 10 mm.
Before the deposition of the thin films of block copolymers, the substrates were
thoroughly cleaned by following procedure:

3.3.1 Cleaning of Si wafers

Firstly, substrates were cleaned by sonication in dichloromethane for 15 minutes and
after each step the wafers were in rinsed in DI water. Subsequently, the wafers were
cleaned in a mixture of ammonia, hydrogen peroxide and water (NH3: H2O2: H2O
:: 1:1:2) at 70◦C for 90 minutes. This mixed solution is very corrosive so it should
be handled carefully and not advised to be stored in a sealed bottle. Further, the
wafers were rinsed with DI water 5-6 times under sonication and dried.

3.3.2 Cleaning of ITO coated glass

ITO coated glass substrates are commonly used for optoelectronic applications
because of their good conductivity and transparency in visible region. ITO coated
PET (polyethylene terephthalate) provide the flexibility in addition to conductivity
and transparency. Substrates were cleaned in detergent solution (Labolene) with
sonication for 15 minutes. Then the substrates were rinsed in DI water 4-5 times
and sonication in acetone for 10 minutes. After rinsing in DI water, substrates were
cleaned in IPA with sonication for 10 minutes. Again, the substrates were rinsed 5
times in DI water.
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3.4 Techniques used to prepare the samples
In the present thesis sol-gel route was adopted for the synthesis of nanoparticles
because of its easiness, high yield and low cost. For the preparation of nanotemplates,
the thin films of block copolymer were deposited on the substrates by dip coating
and lateral ordering was improved by solvent annealing.

3.4.1 Dip coating

Dip-coating is an affluent and fast method for the thin film deposition from the
chemical 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 (figure
3.1). 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 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 that carefully.

Fig. 3.1 Process flow for the dip coating [133]
.

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

1. Immersion of the substrate into the solution tank.

2. Dwell time for the film deposition.

3. Withdrawal of the substrate from the solution tank.
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We have used programmable dip coating system (XDIP-SV1, Apex) in this study
with a withdrawn speed of 100 mm/min.

3.4.2 Sol-gel method

Sol-gel is well-known process for the synthesis of nanomaterials which is based on
wet-chemical-based self-assembly process. Two major parts are involved in the
evolution of the networks through the formation of a colloidal suspension name as
sol and other gelation of the sol to form a network in a continuous liquid phase name
as gel. The precursors are used for making the colloids which consist of metallic ions
and ligands. In general, sol-gel process consists of four important steps:

1. Hydrolysis and alcoholysis

2. Condensation and polymerization process

3. Growth of nanoparticles

4. Agglomeration of the formed nano-particles

All these steps are leading the sol-gel process and depend on various conditions such
as temperature of the reaction, pH of the solution, molar concentration and time
of reaction etc. By controlling these parameters, one can easily tune the different
properties like structural, optical and electrical of the nanoparticles and could be
used in various applications. Figure 3.2 represents the process for the synthesis of
TiO2 nanoparticles followed in this thesis.

Fig. 3.2 Schematic for the synthesis of TiO2 nanoparticles.
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3.4.3 Solvent annealing

Thermal annealing and solvent annealing are the common process to improve the
ordering 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 copolymers towards solvent molecules, rate of evaporation
of solvent, volume of solvent and 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.

Fig. 3.3 Schematic for the solvent annealing of block copolymer thin film
.

3.5 Techniques used to characterize the samples

3.5.1 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
for various technological materials including membranes, thin films of polymers and
semiconductors etc. [134]. 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
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vertical deflection of the cantilever. 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 are reduced in this mode
because tip does not drag across the sample during scanning [135]. Figure 3.4 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 (3.1)

Where, k = spring constant and s = bending distance for the cantilever during
imaging [134]. 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.

Fig. 3.4 Schematic for working of AFM (left), and Vander walls force variation with
the distance between tip and sample.

3.5.2 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 (figure
3.5). The scattered beam is detected by the detector and give the crystallographic
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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 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
[136, 137] holds for the condition of constructive interference as in following manner:

2dsinθ = nλ (3.2)

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 [137]

D = 0.9λ

βcosθ
(3.3)

Where, λ = wavelength of X-rays, β = full width at half maxima (FWHM) of
diffracted peak, θ = diffraction angle.

Fig. 3.5 Schematic diagram for the interaction of X-ray with the plane of the material,
(Bragg’s diffraction).

3.5.3 Transmission electron microscopy (TEM)

TEM is a well-known technique to identify the crystallinity and intermolecular
arrangements for an ultra-thin sample. The schematic of TEM is shown in figure
3.6. Sharp electron beam is generated by electron gun and further collimated by
different magnetic lens. These were accelerated by high potential anode with potential
∼100-400 kV. After transmitted through the sample these made to fall on 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. The
electron beam have a fine control from different condenser/objective lens assembly
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and get the very fine electron beam which travel through the sample and collect
the information about the sample [138]. In general, TEM is working with two
imaging mode: (1) Bright-filed image mode (2) Dark-filed image mode. Here we have
used most commonly bright-field mode which is commonly used for microstructural
analysis while in dark field image mode, direct beam is blocked by the aperture
and pass one or more diffracted beam. The lattice planes and interplanar distances
can be easily observed with the help of selected area diffraction pattern (SEAD)
mode [139]. The wavelength of incident electron beam can easily be controlled by
accelerating voltage.

λ = h

p
= 12.25 × 10−10

√
V

(3.4)

Here, we have used TEM, Technai T20 FEI at 200 kV which is equivalent to 2.51 pm
wavelength. With such low wavelength, very high-resolution images were obtained.

First Condenser Lens

Second Condenser Lens

Condenser Aperture

Sample

Objective Lens
Objective Aperture

Select Area Aperture
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Projector Lens
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Fig. 3.6 Schematic diagram of the TEM.

3.5.4 UV-visible spectroscopy

When a beam of wavelength ranging from UV to visible falls on the material, then
atom or molecules of the material absorbed the energy from incident light and goes
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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. The set up for the UV-vis spectrophotomtere is shown in figure 3.7. The
principle of absorption spectroscopy is based on Beer’s and Lambert law [140]; 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 (3.5)

Where, ε = wavelength dependent absorptive coefficient, b = path length, I =
intensity of incident light, Io = intensity of transmitted light and c = concentration.
From UV-visible spectroscopy, it is also possible to calculate the band gap using the
Tauc’s relation:

(αhν)1/n = A(hν − Eg) (3.6)

Where Eg is the energy band gap, A is absorption coefficient and hν is the energy of
incident photon. n = 1/2, 2, 3/2, and 3 corresponding to allowed direct transition,
allowed indirect transition, forbidden direct transition, and forbidden indirect transi-
tion respectively. Extrapolation of the tangent at the absorbance edge in Tauc’s plot
gives the value of the band gap of the material.

Fig. 3.7 Schematic for the set-up of UV-visible spectrophotometer.

In the present work, the nanoparticles were characterized in absorption mode by
Agilent Technologies, Carry 60 UV-vis spectrophotometer.
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3.5.5 Fourier transform infra-red spectroscopy (FTIR)

Infrared spectroscopy (IR) is a significant characterization tool to detect the existence
of functional groups in a molecule of the specimen [141, 142]. Basically, a source
generates light and it is splitted into two parts by beam splitter. One part goes to
a reference, and the other one turns to the sample. Sample absorbs a particular
wavelength of incident light which is corresponding to desired functional group of
sample. A detector collects the passed-out wavelength and compares its energy with
the reference (figure 3.8).

Fig. 3.8 Schematic process for FTIR spectroscopy.

Recorded energy as a function of frequency or wavelength gives information about
the presence of functional group in the sample. A typical infrared scan is generated
in the mid-infrared (400 to 4000 cm−1) region of the light spectrum. Here, the model
of the instrument used for the characterization was Perkin2Elmer. The pellets were
prepared using KBr for FTIR measurement.

3.5.6 Raman spectroscopy

Raman spectroscopy is one of spectroscopic technique to observe the different modes
of the specimen like vibrational, rotational and other low-frequency modes, based on
inelastic scattering of monochromatic light, usually from a laser source with specimen.
When the beam incident on the specimen, frequency of the incident photons changes
due to inelastic interaction and it may be shifted up and down with the actual
incident frequency. This shifting in frequency gives the information about the modes
of the samples and this effect is called Raman Effect [143, 144]. This technique is
very much useful for most molecular samples like liquids, gels, powders, slurries,
some metals and thin films. Usually Raman gives both quantitative and qualitative
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result and it is a non-destructive technique [145]. The Raman instrument typically
made with four major components (figure 3.9):

1. Excitation laser source

2. light collection optics geometry

3. Filter for select the desired wavelength

4. Detector

Fig. 3.9 Schematic diagram of Raman spectrophotometer.

The laser line at 532 nm of He-Cd laser was used with an output of 50 mW . The
power of the laser at the sample was 5 mW . The Raman spectra were accumulated
over 50 sec.

3.5.7 X-ray photoelectron spectroscopy (XPS)

X-ray Photoelectron spectroscopy is surface-sensitive technique to find the elemental
composition with chemical and electrical state of the element present in the specimen.
XPS spectra are observed by the escaped electrons which are continuously emitted
from the sample with different kinetic energy during the X-ray irradiation over the
top surface (up to few nanometer) of the sample. So it provides the more reliable
information about the electronic structure as well as chemical composition/bonding
of the material [146]. The binding energy of the element depends upon work function
of the electron. As we move towards the inner shell of the atom, greater the binding
energy and lesser the kinetic energy of emitted electron. This binding energy also
shift to higher or lower energy when an atom makes bond with other atoms. Shifting
depends upon the electron affinity of the sharing atom. The XPS measurements
has been taken at ultra-high vacuum. The energy and intensity of electron further
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analyzed with the help of the detector and analyze the surface chemistry of the
material. The electron binding energy of the each emitted electron is given by
fundamental relation [146]

Ebinding = Ephoton − (EKE − Φ) (3.7)

Where Ebinding = binding energy of emitted electrons, Ephoton = energy of X-ray
photons, EKE = kinetic energy of the emitted electrons, and Φ is the work function.
The basic components of XPS are schematically represented in figure 3.10.

Fig. 3.10 Schematic representation of the XPS with basic components.

Here, XPS (Omnicron nanotechnology) measurements were performed at a pressure
of 10−10 torr. The general scan and core level spectra of O (1s), S (2p), and Ti (2p)
were obtained with monochromatized Al radiation (photon energy 1486.6 eV ) with
a pass energy of 50 eV for survey and 20 eV for core level spectra. Electron take-off
angle was 90◦. The background correction in core level spectra were done using the
Shirley algorithm. Baseline correction and peak fitting were done using the software
CasaXPS. The core level spectra were analysed with respect to the C (1s) binding
energy of 284.8 eV .

3.5.8 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
structural information of the sample. The whole system of the imaging must
be vacuum shielded for the prevention of the scattering of the electrons during
experiment. The wavelength of the beam can be easily controlled with the operating
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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 [142]. The schematic diagram
of SEM is shown in figure 3.11. 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.

Fig. 3.11 Schematic diagram of SEM.

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 information about the surface. In this
thesis, TiO2 nanostructures were characterized by SEM (Nova Nano FE-SEM 450
FEI) with an accelerating voltage of 15 kV.
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3.6 Conclusions
This chapter summarizes the information about the materials used for the experiments.
The details of the methods adopted and the techniques used for the synthesis of the
nanotemplates, nanoparticles, and ordered nanostructures have also been discussed.
The brief discussion about the working of all the characterization tools have also
been introduced.



Chapter 4

Block Copolymer Nanotemplates

4.1 Introduction
Ordered nanotemplates are of notable interest for the fabrication of highly ordered
inorganic/organic nanostructures. For the block copolymers with a narrow distribu-
tion of molecular weights, different morphologies may be obtained from the phase
separation within diblock copolymer thin films. The size and periodicity of blocks
are the key parameters for different applications, and can be easily tuned by chang-
ing the molecular weight of copolymer [147]. Nanoscale periodicity renders them
appealing as patterning materials for various technological applications in energy,
membranes, fluidics and information technology [122, 148–150]. The properties and
the applications of block copolymers has been discussed in detail in section 1.1 & 2.5.
The morphology of the block copolymer thin films (thickness in nanoscale) is mainly
directed by two interactions; polymer-substrate and polymer-air interaction. The
copolymer which interacts most strongly with the substrate surface prefers to occupy
the interface with the substrate surface. For the application of block copolymer
as nanotemplates, they must have well-ordered. It provides the highly dense and
equally separated domains, with the desired orientation, typically lamellar or cylin-
drical domains oriented perpendicular to the surface of substrate. However, the
perpendicular orientation of domains is in contrary with the tendency to align par-
allel to the substrate surface because of the preferential interaction of the surface
of the substrate with one of the blocks [4, 151]. The desired orientation of mi-
crodomains has been achieved by various approaches such as external stimuli, surface
modifications and nonequilibrium approaches [147, 152, 153]. Supramolecular assem-
bly has also been used as an efficient approach to obtain well-ordered perpendicular
microdomains [48, 57, 154, 155]. Supramolecular assembly is the process in which
the small molecules associate with one of the blocks via well-known non-covalent
interactions like hydrogen bonding and Vander-Wall interaction. The major role of
small molecules in supramolecular assembly is that the relative volume fraction of
associated block increased and led to different morphological structures. Additionally,
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it is very easy to remove the small molecules without perturbing the morphology of
the thin films and create the nanopores/nanochannels lined with a functional group.
These obtained nanostructured templates can be used for various applications like
solar cells, light-emitting diode (LED), gas sensing, gas separation, field effect transis-
tor (FET), antibacterial activity [156–162]. In present chapter, we have investigated
the supramolecular assembly from PS-b-P4VP and HABA in 1-4 dioxane 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 oriented perpendicular to the surface have
been observed.

4.2 Experimental details

4.2.1 Deposition of thin films of supramolecular assembly

An appropriate amount of block copolymer PS-b-P4VP and aditive HABA (P4VP /
HABA molar ratio 1:1, 1 wt%) was dissolved separately in the vapours of 1-4 dioxane
under sonication. The polymer solution was added dropwise into the HABA solution,
and the resultant solution was stirred in a volumetric flask for 3 hours at 75◦C

for homogeneous mixing. Then, obtained solution was allowed to cool and left for
overnight to complete the hydrogen bonding between HABA and P4VP. The solution
was filtered with 0.2 µm 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 substrates (Si, ITO coated glass,
and ITO coated PET) by dip coating technique. Before deposition of the thin film,
the substrates were thoroughly cleaned as described in section 3.3. Substrates were
immersed into the filtered PS-b-P4VP/HABA solution and withdrawn at a speed of
100 mm/min.

4.2.2 Ordering in thin films and surface reconstruction

Thin films were dried and further annealed in the vapours of 1-4 dioxane in an air
sealed glass chamber for 5 days to improve the ordering of nanodomains. Glass
chamber was opened and allowed the solvent to evaporate freely. For the fabrication
of nanotemplates, the annealed thin films were rinsed with ethanol to extract HABA
selectively as ethanol is good solvent for PVP/HABA and poor solvent for PS.

4.3 Results and discussion
In the first step, supramolecular assembled thin films of diblock copolymers were
deposited on cleaned Si substrate by dip coating from 1 wt% composite solution
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of PS-b-P4VP and HABA. HABA molecules are expected to associate with P4VP
blocks via hydrogen bond. Chemical structure of PS, P4VP and HABA is shown
in figure 4.1. Thin films were annealed in the vapours of 1-4 dioxane for 5 days
(slow rate of evaporation of solvent in chamber) in a sealed glass chamber. Surface
morphology of thin films was observed by AFM in both the cases, before annealing
and after annealing. Schematic for the fabrication of block copolymer nanotemplates
is depicted in figure 4.1.

Fig. 4.1 Chemical structure of PS-b-P4VP/HABA supramolecular assembly (left)
and schematic for the fabrication of nanotemplates (right).

4.3.1 Vertically aligned cylindrical porous templates

Figure 4.2 (a, b) represents the height and phase image of surface morphology
of thin films of PS-b-P4VP/HABA (MP S

n = 35.5 kg/mol, MP 4V P
n = 4.4 kg/mol)

before annealing. It can be seen from images that both the phases are separated
within nanoscale but the blocks are not well-ordered. It is attributed to the fast
evaporation of solvent due to which polymer chains have not sufficient time to
rearrange themselves to attain the equilibrium morphology. RMS roughness of the
image was found as ∼1.2 nm. No sharp reflections have been observed in the fast
fourier transform (FFT) of image which indicates that domains are not arranged in
a particular order. The ordering of thin films can be improved by thermal annealing
and solvent annealing. For supramolecular assembly, solvent annealing has been
adopted to avoid the evaporation of small molecules at high temperatures because
a little loss of small molecules can greatly affect the structures in thin films [48].
When the deposited thin films were exposed to the vapour of 1-4 dioxane in a glass
chamber for annealing and examined by AFM, nanodots like features have been
observed (shown in figure 4.2 ((c, d)). These dots like features are corresponding to
P4VP/HABA domains dispersed in PS matrix.
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Fig. 4.2 AFM height and phase images of PS-b-P4VP/HABA (MP S
n = 35.5 kg/mol,

MP 4V P
n = 4.4 kg/mol) thin films (a-height, b-phase) without annealing and (c-height,

d-phase) annealed in 1-4 dioxane vapours.

It is to be noted here that the relative volume fraction of P4VP/HABA in supramolec-
ular assembly of PS-b-P4VP/HABA is approximately 0.3 so it is expectable that
P4VP/HABA is arranged into the cylindrical domains (according to the phase dia-
gram demonstrated by Matsen and Bates [6]). It could be hypothesized that these
dots like features are the apex of cylindrical domains formed by P4VP/HABA. Tung
et al. have reported that the orientation of cylindrical domains in supramolecular
assembled thin films strongly depends on selectivity of solvents to each block and
preferential interaction of the blocks to the surface of substrate [55]. Molecules
of solvents used for annealing can provide the mobility to supramolecules leading
to rearrangement of supramolecules into more ordered structures after annealing.
Albeit the mobility of each phase may be different in different solvent. From figure
4.2, the inferences can be drawn that after solvent annealing, the P4VP/HABA
domains are cylindrical, well-ordered, periodic and normal to the surface of substrate.
Sharp six reflections in FFT (inset) reveals the hexagonal arrangement of cylindrical
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domains. The thin films are very smooth and RMS roughness is found to be reduced
on annealing and measured as ∼1 nm for an area of 2 × 2 µm2 (lateral scale).

Fig. 4.3 AFM height and phase images of PS-b-P4VP/HABA (MP S
n = 35.5 kg/mol,

MP 4V P
n = 4.4 kg/mol) thin films after immersing in ethanol for 20 minutes (a-height,

b-phase) without annealing and (c-height, d-phase) annealed in 1-4 dioxane vapours.

In the second step, the films were removed from the annealing chamber and rinsed in
ethanol for 20 minutes for surface reconstruction and selectively extraction of HABA.
Ethanol allows the disturbance of hydrogen bonds between HABA and P4VP and
removes HABA molecules from the P4VP/HABA domains in thin films. So, additive
(HABA) is selectively removed and leaving the nanochannels/nanopores lined with a
functional group. However, ethanol imparts the mobility to 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, thereby, retained the same morphology after dipping into
ethanol. AFM images of PS-b-P4VP/HABA thin films without annealing, and after
washing in ethanol is shown in figure 4.3 (a). It is clearly seen from height and
phase images that the additive has been removed and porous structures are easily
seen. However, the pores were not exhibiting long range ordering seen by FFT
also. On the other hand, solvent annealed thin films showed hexagonally arranged
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cylindrical pores normal to the surface of substrate after surface reconstruction as
well as removal of HABA by dipping the film into ethanol (figure 4.3 (c, d)). Section

Fig. 4.4 (a, c) Section analysis of cylindrical pores in PS-b-P4VP/HABA (MP S
n = 35.5

kg/mol, MP 4V P
n = 4.4kg/mol) thin films annealed in 1-4 dioxane and immersing in

ethanol for 20 minutes (b) 3-D view of nanotemplates and (d) pore size distribution.

analysis for the few pores is shown in figure 4.4 (a, c). Pore diameter and centre to
centre distance was measured by Nanoscope Analysis over an image of 2× 2 µm2

lateral scale. Distribution of pore diameter is represented in figure 4.4 (d) and an
average pore diameter of 15 ± 1 nm has been observed. Centre to centre distance
was measured as 35 ± 2 nm.
For the applicability of the templates in various fields of research, the templates are
to be prepared on various substrates. ITO coated glass substrates are commonly used
for optoelectronic applications because of their good conductivity and transparency
in visible region. It is evident from figure 4.5 that the morphology, size and the
porosity of templates remains the same as on Si substrates while the deposition and
annealing parameters kept same.
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Fig. 4.5 AFM height images of PS-b-P4VP/HABA (MP S
n = 35.5 kg/mol, MP 4V P

n =
4.4 kg/mol) thin films on ITO coated glass substrates and annealed in 1-4 dioxane
vapours, (a) before and (b) after immersing in ethanol.

Nowadays, flexible devices have received immense interest due to their portability.
ITO coated PET (polyethylene terephthalate) provide the flexibility in addition to
conductivity and transparency. Thin films of block copolymer were deposited on
ITO coated PET and annealed by following the same procedure and keeping the
parameters same. Figure 4.6 revealed that the templates have pores of almost the
same size though the image is not showing the perfect ordering of the pores. It may
be affected due the flexibility of the substrate. However, it can be optimized and
ordering can also be achieved. On the basis of above results it can be concluded that
these nanotemplates are versatile and applicable to different applications.
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Fig. 4.6 AFM height images of PS-b-P4VP/HABA (MP S
n = 35.5 kg/mol, MP 4V P

n =
4.4 kg/mol) thin films on ITO coated PET substrates annealed in 1-4 dioxane
vapours, (a) before and (b) after immersing in ethanol.

As stated by the self-consistent field theory, the morphological parameters depend on
the molecular weight, Flory Huggins interaction χ, volume fraction and the degree of
polymerization [3]. Figure 4.7 shows the morphology of the supramolecular assembled
thin films of PS-b-P4VP with the high molecular weight of polymer MP S

n = 130
kg/mol, MP 4V P

n = 75 kg/mol, relative volume fraction of P4VP is also much higher.
Before adding the additive, P4VP has a weight fraction of ∼ 0.36 and it increases
to ∼ 0.65 after selective addition of HABA in equimolar ratio which is near the
boundary of lamellar/cylindrical in bulk. Parameters for deposition and annealing of
film kept same as for the lower molecular weight (MP S

n = 35.5 kg/mol, MP 4V P
n = 4.4

kg/mol). P4VP/HABA dots in PS matrix are observed in figure 4.7. After selective
binding of HABA with P4VP, P4VP-HABA constitutes the majority phase. Despite
the P4VP-HABA constituting a majority phase, still P4VP-HABA core surrounded
with PS corona was observed. This is referred as “inverted phase” which depends
mainly on the nature of solvent or the interaction between solvent and each block
and the concentration of solution. If the solvent possesses a preferential affinity
to the minority block then swollen rate will be more than that of majority block
and effectively it becomes the majority block. In our case 1-4 dioxane has a greater
affinity towards PS rather than P4VP. However, other factors may also play a part
like rate of evaporation of solvent and interfacial interactions during the deposition
[163, 164]. Rinsing in ethanol results the nanoporous film and the size of the porous
structure is estimated as 49 nm. Similar results for high molecular weight have also
been obtained by Laforgue et al. using DHN as an additive [58].
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Fig. 4.7 AFM height images of PS-b-P4VP/HABA (MP S
n = 130 kg/mol, MP 4V P

n = 75
kg/mol) thin films on Si, (a) annealed in 1-4 dioxane and (b) after immersing in
ethanol

4.3.2 Vertically aligned lamellar templates

Different morphological behaviour other than cylindrical nanodomains has been
observed in the thin films of supramolecular assembly when the different molecular
weight or the relative fraction of copolymers have used (MP S

n = 33 kg/mol, MP 4V P
n =

8 kg/mol). On addition of HABA with a molar ratio (P4VP: HABA) of 1:1 relative
fraction of P4VP/HABA HABA in supramolecular assembly of PS-b-P4VP/HABA is
approximately 0.5 which is corresponding to lamellar microdomains. Before annealing,
thin films of supramolecular assembly are not showing any characteristic features due
to fast evaporation of solvent and the expected morphology is far from equilibrium
(figure 4.8(a, b)), similar to case of lower relative fraction of P4VP/HABA (figure 4.2
(a, b)). On further annealing in the vapours of 1-4 dioxane, structural reorganization
takes place and leads to lamellar structures oriented perpendicular to surface of
substrate (figure 4.8 (c, d)) due to the mobility imparted to the copolymer molecules.
Measured value of roughness of the thin films was significantly reduced on annealing
from 3.9 nm - 0.5 nm. Above study reveals that by varying the molecular weight or
relative volume fraction with suitable solvent annealing in 1-4 dioxane, nanodomains
can be reorganized from cylinders to lamella.
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Fig. 4.8 AFM height and phase images of PS-b-P4VP/HABA (MP S
n = 33 kg/mol,

MP 4V P
n = 8 kg/mol) thin films (a, b) without annealing and (c, d) annealed in the

vapours of 1-4 dioxane.

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 4.9). Figure 4.9 (a) and (b) are taken at different
magnification for the clear view of lamellar channels created in the film. The width
and periodicity of the lamellar channels was measured as ∼ 14 ± 2 nm and ∼ 31 ±
2 nm respectively. Section analysis over a few porous lamellas is also shown in the
figure 4.9 (c) for the estimation about the periodicity of lamellar domains and it is
approximately 31 nm.
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Fig. 4.9 (a, b) AFM images of PS-b-P4VP/HABA (MP S
n = 33 kg/mol, MP 4V P

n = 8
kg/mol) thin films annealed in 1-4 dioxane and after immersing in ethanol (c) Section
profile along the line shown in (a).

4.4 Conclusions
In this chapter, variation in morphological parameters with molecular weight and
the relative volume fraction have been discussed. In summary, it could be concluded
that the supramolecular assembly is an efficient approach for the preparation of
highly dense and ordered nanotemplates. In the as-deposited thin films of PS-b-
P4VP/HABA, the microdomains are not self-arranged in an ordered fashion due to
the fast evaporation of solvent. Lateral ordering was then improved by the solvent
annealing in 1-4 dioxane. The molecules of the annealing solvent impart the mobility
to the copolymer molecules and leads to the rearrangement of the molecules to the
equilibrium. Selectivity of the solvent offers the different affinity towards the each
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copolymer and resulted in the perpendicular orientation of the domains. Minority
block (P4VP/HABA) forms cylinders surround by majority block (PS). On surface
reconstruction, nanotemplates with hexagonally arranged cylindrical pores (pore
diameter 15 ± 1 nm, centre to centre distance 35 ± 2 nm) were obtained. Increasing
the molecular weight of the copolymers and keeping the relative volume fraction
almost same, the average size of the porous structure increased to 49 ± 3 nm. By
changing the molecular weight of the copolymer as well as relative volume fraction
of each phase, lamellae microdomains with a periodicity of 31 ± 2 nm have been
obtained. The vertical orientation of nanodomains (cylindrical and lamellar) can be
easily obtained without applying any external force.



Chapter 5

Synthesis and Characterizations of
TiO2 Nanoparticles

5.1 Introduction
TiO2 nanoparticles constitute a very important class of material that has been widely
studied and applied in photocatalysis [165], catalysis [166], photovoltaic cells [167],
gas sensors [168], pigments or coatings [169], self-cleaning surfaces [170] and water
purification [171] etc. TiO2 has three polymorphs i.e. anatase (tetragonal I4/amd),
rutile (tetragonal P42/mnm), brookite (orthorhombic Pcab) [172]. Among all three
phases, rutile is most thermodynamically stable and rest of two are metastable.
Anatase phase shows better photocatalytic activity than rutile while rutile is largely
employed for pigments due to its effective light scattering [173]. Furthermore, mixed
phase of anatase and rutile is known to possess enhanced photocatalytic activity
which depends on electron-hole recombination rate, crystallinity, adsorptive affinity
and particle interconnection [174–176]. TiO2 has a band gap of 3.0 eV for rutile, 3.2
eV for anatase and 2.96 eV for brookite phase. All the polymorphs absorb in the
UV region of electromagnetic spectrum. The phase transform from one phase to
another in all TiO2 polymorph can be in different ways; anatase to rutile, anatase to
brookite and then brookite to rutile, brookite to anatase and then anatase to rutile.
This phase transformation depends on various parameters; initial particle size, phase,
and crystallinity, content of impurity, reaction temperature and pressure etc. [177].
Physiochemical properties of TiO2 nanoparticles greatly influenced by size distribu-
tion, morphology, crystalline phase and the final state present at the surface of the
materials [176, 178]. Various methods have been adopted for the synthesis of TiO2

nanomaterials i.e. hydrothermal, solvothermal, and sol-gel method etc [179–181].
Among all these techniques sol-gel method has many advantages: simple, cheap
technological equipment, stoichiometry control, cost effective, room temperature
synthesis and a wide possibility to vary the properties by changing the composition
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of the solution. For the effective use of TiO2 in photochemical procedures, less rate
of electron-hole recombination at the surface of TiO2 is beneficial. Surface of the
nanoparticles can easily be modified in sol-gel method using suitable capping agents.
1-thioglycerol act as a capping agent and prevents the nanoparticles agglomeration
[182]. Growth of nanoparticles and surface medication results the change in struc-
tural and optical properties of nanoparticles. Here, we report the synthesis of TiO2

nanoparticles by sol-gel method using 1-thioglycerol as a capping agent and its effect
on size and the band gap of TiO2 nanoparticles. Chemical bonding between the
capping agent and nanoparticles were characterized by FTIR and XPS. For structural
and optical properties, the nanoparticles were characterized by XRD, TEM and
UV-visible spectroscopy.

5.2 Experimental details

5.2.1 Sol-gel method

TiO2 nanoparticles were synthesized by sol-gel method [183]. Titanium (IV) iso-
propoxide (5 ml) was dissolved in ethanol (10 ml) and followed by stirring for 10
minutes. After that distilled water (50 ml) was added to the above solution under
stirring and continued the stirring for 20 minutes. The white precipitate was formed
and separated by centrifugation. The obtained precipitate was washed 5 times with
distilled water to eradicate the alcohol. Decanted precipitate was dissolved completely
in hydrogen peroxide (10 ml), an orange colored transparent sol was formed which
transformed into a gel within few minutes at room temperature. Obtained gel was
placed in an oven at 70◦C until get dry. Yellowish amorphous TiO2 powder was
obtained by grinding the dried gel. The powder was post-annealed at 350◦C for the
transformation from amorphous to crystalline TiO2 nanoparticles.

5.2.2 Modified sol-gel method

A slight modification was done in the above-mentioned sol-gel method; synthesis of
nanoparticles was assisted by capping agent (1-thioglycerol). 0.25 ml of 1-thioglycerol
was added after the addition of water and keeping the rest of the procedures and an-
nealing temperature same. Samples with and without 1-thiogylecrol were designated
as C-TiO2 and TiO2 respectively.
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5.3 Results and discussion

5.3.1 TiO2 nanoparticles by sol-gel method

X-ray diffraction patterns were recorded to analyse the structure and crystallite size of
TiO2 nanoparticles. Figure 5.1 shows the XRD pattern for TiO2 nanoparticles without
annealing and annealed at 350◦C. The broad peak at 25.3◦ observed in XRD pattern
of nanoparticles without annealing indicates the amorphous behaviour of synthesized
powder. After annealing, amorphous powder transforms into the crystalline TiO2

with the crystallite size of the order of nanometer, estimated from the broadening of
peaks. For TiO2 nanoparticles, peaks at 25.39◦, 37.99◦, 48.11◦, 54.04◦, 55.13◦ and
62.73◦ are corresponding to the reflections from (101), (004),(220),(105), (211) and
(204) planes respectively. These reflections confirm the anatase phase formation of
TiO2 nanoparticles (JCPDS No. 01-084-1285). There is no evidence for the rutile
and brookite phase in XRD pattern. The average crystallite size was calculated using
Debye-Scherrer formula [184].

τ = 0.9λ

βcosθ
(5.1)

Where τ is particle size, λ is the wavelength of incident X-rays, β is full width at
half maximum (FWHM) and θ is angle of diffraction. The average crystallite size
was calculated as ∼ 13 nm. Further the size, shape, phase and crystallinity of the
nanoparticles were investigated using TEM. Figure 5.2 represents the TEM image of
TiO2 nanoparticles annealed at 350◦C.

Fig. 5.1 XRD pattern of TiO2 nanoparticles without annealing and annealed at
350◦C

It seems that the shape of the nanoparticles is nearly spherical, however the particles
are agglomerated. Average particle size estimated from TEM was around 14 nm
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and it is in good agreement with the XRD results. HRTEM images show the lattice
planes corresponding to (101) plane of anatase phase and d-spacing was found to be
3.52 Å. The observed rings in SAED pattern of TiO2 nanoparticles clearly indicate
the polycrystalline nature of nanoparticles and all the rings are corresponding to the
planes of anatase TiO2. Raman spectra also confirm the anatase phase of synthesized
nanoparticles (figure 5.3).

(b)
(a)

(c)

(b)

Fig. 5.2 (a) TEM image of TiO2 nanoparticles, inset shows HRTEM image of lattice
planes. (b) SAED pattern, and (c) EDX pattern of TiO2 nanoparticles.

Ohsaka reported the Raman spectrum of anatase single crystal with six allowed
mode at 144 cm−1 (Eg), 197 cm−1 (Eg), 399 cm−1 (B1g), 513 cm−1 (A1g), 519 cm−1

(B1g), and 639 cm−1 (Eg) [185]. Here, the five bands at 145 cm−1(most intense),
197 cm−1(a small peak), 398 cm−1, 517 cm−1, and 639 cm−1 are obtained. All these
Raman active modes are corresponding to anatase phase of TiO2. The existence of
rutile [186] and brookite phase [187] is not evidenced from Raman spectra.
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Fig. 5.3 Raman spectra of TiO2 nanoparticles annealed at 350◦C.

5.3.2 TiO2 nanoparticles by modified sol-gel method

In the previous section, the synthesis of TiO2 nanoparticles and their characterizations
for particle size and phase formation have been discussed and results show the anatase
phase formation of nanoparticles with an average size of ∼ 13 nm. The formation of
block copolymer nanotemplates have been discussed in chapter 4 and it was concluded
that the average pore size of the nanotemplates prepared were ∼ 15 nm. So, the
nanoparticles discussed in section 5.3.1 are not suitable for the successful deposition
into templates. The particle size of nanoparticles has to be reduced, for that a slight
modification has been done in the synthesis process. The capping agents are well
known to control the growth and shape of the nanoparticles. Here, 1-thioglycerol
was used as a capping agent. The process for the synthesis is given in section 5.2.
For the particle size analysis and the phase formation of TiO2 nanoparticles synthe-
sized by modified method (using capping agent), nanoparticles were characterized
by XRD, TEM and RAMAN spectroscopy. For comparison, figure 5.4 (a) shows the
XRD pattern of both TiO2 and C-TiO2 nanoparticles. It is clear from figure that
the phase remains the same. As-synthesized nanoparticles are amorphous in nature
and at annealing temperature 350◦C anatase phase is obtained with the same lattice
planes with decreased intensity. The decrement in the intensity of peaks shows the
less crystallinity of nanoparticles synthesized with modified method.
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Fig. 5.4 (a) XRD pattern of TiO2 and C-TiO2 without annealing (inset) and annealed
at 350◦C (b) peak for (101) plane for TiO2 and C-TiO2.

An increase in the FWHM of the peaks clearly indicates the lower crystallite size and
it was calculated as ∼ 9 nm. So, the capping agent affects the crystalline behaviour
of nanoparticles and also reduces the particle size. Smaller the particle size, larger
the surface area, which points towards more applicability of TiO2 nanoparticles syn-
thesized with capping agent. Recently, G. Xiang et al. illustrated the size dependent
surface activity of titania and demonstrated that when size of the nanocrystals was
small enough, their surface activity could be significantly enhanced [176]. Moreover,
particle size growth rate and phase transformation depend on various parameters as
initial particle size, starting phase, reaction temperature, pressure, impurity content
etc. [188]. There is no spurious peak observed in the samples which indicates the
crystallographic purity. The functional group of capping agents attach with the Ti
or O of the nanoparticles and reduces the agglomeration or in other way it inhibits
the growth of nanoparticles. The binding of the capping agent with nanoparticles
was further examined by FTIR spectroscopy. No discernible shifting in the position
of the most intense peak (101) of XRD pattern was observed (figure 5.4 (b)), only
FWHM was found to be increased.
Raman spectra of TiO2 and C-TiO2 nanoparticles were measured to obtain more
information about the structural behavior of nanoparticles and shown in figure 5.5.
Both the spectra were recorded at room temperature. On comparing the Raman
spectra of TiO2 and C-TiO2 nanoparticles, it was observed that no additional band
occurred on using the capping agent which suggest the same structure of nanoparticles.
Inset shows the enlarged view of principal Raman band of anatase TiO2 and C-TiO2

at 144 cm−1. It is found that the position of peak shifts to higher wavenumber (from
145 cm−1 to 146.3 cm−1) but it may be considered within the instrumental error
also, though few literature suggested a decrease in the particle size on shifting the
position of peak towards higher number [189, 190].
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Fig. 5.5 Raman spectra of both TiO2 and C-TiO2 nanoparticles annealed at 350◦C.
Inset represents the principal Raman band of TiO2 and C-TiO2 nanoparticles.

No discernible signals corresponding to sulfur containing species was detected, which
demonstrates that C-TiO2 nanoparticles retain the same structure as the TiO2

(anatase). These results are supported by XRD also. FWHM of the peak found to
be increased and supports the decrement in the size.
Size and the shape of C-TiO2 nanoparticles were further investigated by TEM. It can
be seen from figure 5.6(a) that the shape of the nanoparticles remains unaffected,
however the nanoparticles are less agglomerated as compared to the without capping
agent and the particles size calculated from the TEM images ∼ 10 nm was in good
agreement with XRD results. HRTEM images show the lattice planes corresponding
to (101) plane and d-spacing was found to be 3.57 Å which is almost same as for
TiO2 (3.52 Å). Since no significant change in d spacing is observed so shifting in
the peak position of (101) in XRD cannot be expected. SAED pattern of represents
all the rings corresponding to the planes observed in XRD patterns. EDX pattern
shows the elements presents in the product. Here, Ti and O are the main element
of TiO2, S is present due the 1-thioglycerol used as a capping agent, C and Cu are
from the TEM grid used for the sample preparation. No other element is present
which indicates the absence of impurity in the nanoparticles.
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Fig. 5.6 (a) TEM image of C-TiO2 nanoparticles, inset shows HRTEM image of
lattice planes. (b) EDX pattern and SAED pattern (inset) of C-TiO2 nanoparticles.

FTIR spectroscopy is a promising technique to gather the information about all
the fundamental bands or the bonding characteristics of TiO2. Figure 5.7 shows
the FTIR spectra of TiO2 and C-TiO2 nanoparticles. Bands from 400 cm−1 to
800 cm−1 are corresponding to lattice vibrations of TiO2 structure (Ti-O, Ti-O-Ti)
[191]. Two additional peaks at 1049 cm−1 and 1126 cm−1 are observed in spectra
of C-TiO2 nanoparticles, which is an indicative of a new interaction. These bands
arise from symmetric and asymmetric stretching vibration of S-O bonds on TiO2

surface [192, 193]. The peak at 1636 cm−1 is attributed to bending vibrations of
adsorbed water molecules [194]. Bands transmitted from 2850-3150 cm−1 and 1600
-1750 cm−1 may be ascribed to stretching vibrations of O-H and bending vibrations
of adsorbed water molecules [192, 195]. The increased intensity of these bands in
C-TiO2 nanoparticles suggests more hydroxyl ions, which may be helpful in trapping
of electrons to improve the separation efficiency of the electron-hole pair and can be
beneficial for the photocatalytic degradation application [196].
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Fig. 5.7 FTIR spectra of TiO2 and C-TiO2 nanoparticles.

XPS is very sensitive technique to examine the chemical states of elements and elemen-
tal composition. XPS wide scan survey spectrum of TiO2 and C-TiO2 nanoparticles
is shown in figure 5.8. High resolution XPS spectra of Ti (2p), O (1s), and S (2p)
are shown in figure. 5.8 (b-d). The core level spectrum of Ti (2p) shows two peaks
centred at 458.6 eV and 464.3 eV which can be ascribed to the binding energy of
Ti (2p3/2) and Ti (2p1/2), respectively [197] and it should be assigned to Ti4+ of
TiO2[198]. The observed doublet separation between Ti (2p3/2) and Ti (2p1/2) peaks
of 5.7 eV is a characteristic of TiO2 [199]. Inset of figure 5.8 (b) represents the
enlarged view of survey corresponding to Ti (2p). A small shoulder is clearly seen in
C-TiO2, which may be assigned to Ti3+. The presence of Ti3+ may be ascribed to
defects energy levels, indicates a reduction in the band gap which was also confirmed
by UV-vis spectra. In C-TiO2 nanoparticles the peak corresponding to Ti (2p3/2)
and Ti (2p1/2) shifts towards the lower binding energy at 458.35 eV and 464.17 eV

respectively. This shift may arise due to the difference in the ionization energy of
titanium and sulfur.
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Fig. 5.8 (a) XPS survey and high resolution spectra for (b) Ti2p, (c) O1s, (d) S2p
for TiO2 and C-TiO2 nanoparticles.

Figure 5.8 (c) shows O (1s) XPS spectrum which can be resolved into two peaks at
530.4 eV and 532.2 eV . The peak at 530.4 eV is an indicative of metal oxides arising
from Ti lattice (Ti-O) and peak at 532.2 eV can be ascribed to surface hydroxyl
(OH) species [200]. It is noticeable here that surface hydroxyl content in C-TiO2 is
more than that of TiO2, which may be useful in photocatalytic activities. This is
in good agreement with FTIR results also. A low intense peak at 168.4 eV for S
(2p) was obtained only for the nanoparticles synthesized with 1-thioglycerol. The
oxidation state of sulfur mainly depends on the sulfur precursor and the method of
synthesis. The Peak at 168.4 eV confirms the presence of sulfur and can be assigned
to the S+6 state [201]. So, it can be supposed that sulfur is dispersed over TiO2

nanoparticles in chemical state S+6. Based on XPS spectrum, O/Ti ratio is almost
the same and it is suggested that TiO2 and C-TiO2 possess the same stoichiometry.
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UV-visible absorption spectra of TiO2 and C-TiO2 nanoparticles is shown in figure
5.9. It is clear from absorption spectra that TiO2 and C-TiO2 nanoparticles show the
intense absorption in the UV range of the spectrum with the absorption edge near
visible region. On addition, the 1-thioglycerol a discernible red shift in absorption
edge has been observed. Optical energy band gap was calculated by Tauc’s relation
(equation 5.2) between band gap and absorption coefficient

αhν = A(hν − Eg)2 (5.2)

Where, α and Eg represent the absorption coefficient and energy band gap respectively.
A is a constant, hν is the energy of the incident photon. The value of n depends on
the nature of electronic transition responsible for the reflection i.e. 1/2 for allowed
direct transition, 3/2 for forbidden direct transition, 2 for allowed indirect transition
and 3 for the forbidden indirect transition. Inset of figure 5.9 shows Tauc’s plot
for the calculation of optical energy band gap of TiO2 and C-TiO2 nanoparticles.
Extrapolation of the tangent on the graph gives the value of energy band gap and
it was calculated as ∼ 3.19 eV and ∼ 2.91 eV for TiO2 and C-TiO2 nanoparticles.
Indirect band gap of anatase titania was taken into account. The reason for narrowing
band gap may be the contribution of p states of S by mixing with O (2p) states
of TiO2 or defects energy levels. Decreased band gap may be useful for many
applications such as photovoltaic device, photocatalytic activity.

Fig. 5.9 UV-visible absorption spectrum of TiO2 and C-TiO2 nanoparticles and
Tauc’s plot (inset).
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5.3.3 Effect of capping agent on thermal stability

The growth of TiO2 nanoparticles mainly depends on hydrolysis and condensation
to form Ti-O-Ti networks [202]. In order to observe the effect of capping agent on
the crystallite size, crystallinity, and phase of the nanoparticles, both the samples
were characterized by XRD. Phase formation of TiO2 nanoparticles depends on
their annealing temperature also. In this study, both the nanoparticles were further
isochronally annealed at different temperatures from 500◦C to 800◦C to examine
the thermal stability of 1-thiglycerol capped nanoparticles. Figure 5.10 shows the
XRD patterns for TiO2 and C-TiO2 nanoparticles annealed at different temperatures.
The intensity of peaks in all the samples reflects the crystalline behaviour of TiO2

nanoparticles, and from figure. It is clearly observed that the intensity of the peaks
increases with the increase in annealing temperature which shows the increasing
crystallinity of the nanoparticles with annealing temperature. FWHM of the peaks
are decreasing with annealing temperature which clearly indicates the increment in
particle size and it as calculated using equation (5.1). Variation of particle size with
annealing temperature is shown in figure 5.11. The particle size was found to be
lower with capping agent at each annealing temperature as compared to without
capping agent. From the slope of the line fitted, it can be concluded that the rate
of growth of particle size is lower in C-TiO2 nanoparticles. Quantification of phase
proportions in an anatase rutile mixture usually carried out by the method of Spurr
and Myer as follows in following equation [203].

fR = 1
1 + 0.8 IA

IR

(5.3)

Where fR are fraction of rutile phase in anatase-rutile mixture. IA & IR represent
the intensity of most intense peak in XRD pattern corresponding to anatase and
rutile phase respectively. Upto 500◦C, both the samples are in the anatase phase
of TiO2. At 600◦C, TiO2 nanoparticles are found in a mixed phase of anatase and
rutile while C-TiO2 are still in pure anatase phase. The onset temperature for the
rutile transformation is found to be raised from 600◦C to 700◦C and the anatase
phase retained up to higher temperature. Without 1-thioglycerol TiO2 transforms
into rutile phase completely at 800◦C, while with capping agent still a mixed phase is
present. So, thermal stability of anatase phase has increased when the nanoparticles
were synthesized with 1-thioglycerol.
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Fig. 5.10 XRD pattern of (a) TiO2 and (b) C-TiO2 nanoparticles annealed at different
temperatures (500◦C to 800◦C).
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Fig. 5.11 Variation of particle size and ratio of rutile phase with annealing tempera-
ture.

XRD results were also corroborated by Raman spectra (figure 5.12). Anatase TiO2

shows the Raman active fundamental bands at 144 cm−1 (Eg), 197 cm−1 (Eg), 399
cm−1 (B1g), 513 cm−1 (A1g), 519 cm−1 (B1g), and 639 cm−1 (Eg) [185] and rutile
TiO2 shows the bands at 143 cm−1 (B1g), 237 cm−1 (B2g), 447 cm−1 (Eg), and 612
cm−1 (A1g) [186]. In our samples annealed at temperature 500◦C Raman bands at
144 cm−1 (most intense), 197 cm−1 (a small peak), 396 cm−1, 514cm−1, and 639
cm−1 are obtained which confirm the pure anatase phase of TiO2. As the annealing
temperature increases up to 700◦C the intensity of these Raman bands in C-TiO2

increases which is due to increase in the crystallinity while in TiO2 intensity of these
bands decreases which indicates the phase transformation from anatase to rutile.
The bands at 447 cm−1 and 612 cm−1 in TiO2 at 600◦C confirms the rutile phase
while in C-TiO2 these bands are obtained at annealing temperature 700◦C. It is in
accordance with XRD results that the onset temperature for phase transformation
has been raised while using 1-thioglycerol. At 800◦C, second order features for rutile
phase are also occurred at 237 cm−1 [204] and all the bands corresponding to anatase
phase are disappeared which clearly shows the transformation from mixed phase to
pure rutile phase.
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(a)

(b)

Fig. 5.12 Raman spectra of TiO2 and C-TiO2 nanoparticles annealed at different
temperatures (500◦C to 800◦C).
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5.3.4 Optimized size of TiO2 nanoparticles

From the above discussion, it has been concluded that the particle size is decreased
when the capping agent has been used and it increases with annealing temperature.
The least optimized particle size is ∼ 9 nm at 350◦C with capping agent (C-TiO2).
For the successful deposition into the templates, particle size further need to be
reduced. It can be done by annealing of C-TiO2 nanoparticles at lower temperature.
C-TiO2 nanoparticles were annealed at 250◦C for 1 hour and characterized by XRD
and TEM to calculate their size and crystallinity. Figure 5.13 shows the XRD pattern
and TEM image with SAED pattern of C-TiO2 nanoparticles. Average particle size
was calculated ∼ 5 nm from XRD and corroborated with TEM also. SAED pattern
shows the polycrystalline nature of nanoparticles. Now these nanoparticles are
suitable for the successful selective deposition into templates of size ∼ 15 nm. The
process and the results for the deposition of these nanoparticles into templates have
been discussed in next chapter.

Fig. 5.13 XRD pattern (a) and TEM image (b) with SAED pattern (inset) of C-TiO2
nanoparticles annealed at 250◦C

5.4 Conclusions
TiO2 nanoparticles have been synthesized by sol-gel method for the deposition into
the templates for the fabrication of ordered TiO2 nanostructures. Initially the
particles size was calculated as ∼ 13 nm from XRD and the same results were
found from TEM also. This particle size is not appropriate for the deposition, so
it is to be reduced. For the reduction in the size in sol-gel method, capping agent
(1-thioglycerol) was used. The binding of the capping agent with nanoparticles was
confirmed with FTIR. The presence of sulfur from the thiol group of capping agents
was confirmed with XPS. Ti was present as Ti+4 in TiO2 while in C-TiO2, Ti+3 was
also present along with Ti+4 which may be responsible for the defect energy levels.
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These defect energy levels may reduce the energy band gap also which was calculated
by Tauc’ plot using UV-visible spectroscopy. Major role of capping agent is to inhibit
the growth of nanoparticles and the average particle size was decreased from ∼ 13
nm to ∼ 9 nm at annealing temperature of 350◦C. Then, it was investigated that
on increasing the annealing temperature, particle size also increases but the growth
rate of particle size becomes slower with capping agent than that of without capping
agent. Phase transformation also occurred when the annealing temperature increases
and anatase phase of TiO2 transforms into a mixed phase of anatase and rutile at
600◦C. This phase transformation occurs at 700◦C in C-TiO2 which suggest that the
anatase phase of nanoparticles is more stable with the capping agent. Further, the
reduction in the particle size of C-TiO2 was done by annealing at lower temperature
with capping agent. C-TiO2 nanoparticles were annealed at 250◦C for 1 hour. The
average particle size was calculated as ∼ 5 nm which is appropriate for the deposition
into the nanotemplates. So, the optimization of size and phase of TiO2 nanoparticles
have been discussed in this chapter.



Chapter 6

Fabrication of Ordered
Nanostructures

6.1 Introduction
Inorganic nanostructures provide the pathways for the charge carriers and play a
major role for the improvement in the efficiency of solar cells. For this purpose,
nanostructures must be highly ordered and in the range of exciton diffusion length.
The suitability of the energy levels of TiO2 with various conducting polymers and
dyes renders them appealing for solar cells. In addition to that, ordering of TiO2

nanostructures supports the better charge transportation to the respective electrodes
and contribute to the enhancement of the power conversion efficiency (PCE) [35, 205]
Ordered assemblies of nanomaterials in 1D, 2D, and 3D, can be produced by bottom-
up technique which has been recognized as a well-designed and powerful approach
[206–209]. The flexibility in the selection of inorganic material and the arrangement of
molecules make these approaches 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 nanoscale periodic patterns with a typical dimension of 5 − 100 nm

[210, 211, 116, 4].
Nanostructures can be fabricated by either in-situ or ex-situ approach. L. Song et
al. have used in-situ method for the synthesis of titania nanoparticles using the
titanium isopropoxide as a TiO2 precursor and loading the precursor in poly(styrene)-
b-poly(4-vinylpyridine) (PS-b-P4VP) solution [103]. The authors have demonstrated
that the concentration of titania precursor alters the resultant morphology. In this
chapter, both in-situ and ex-situ approach have been adopted. Ex-situ approach has
found more controllable and efficient because the properties of the pre-synthesized
nanoparticles can be tailored easily. In ex-situ approach, selective incorporation of
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nanoparticles in on 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 [212] and the morphology will also be altered at a particular
concentration of nanoparticles loading [213]. 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. Stamm and co-workers have
reported the metal nanopatterning through the deposition of nanoparticles (ex-situ)
into the templates because of their easy dispersion in a solvent [109, 112]. But for
metal oxides, agglomeration of nanoparticles is a hurdle for selective deposition into
the templates and not explored yet.
To conquer with this obstacle, we herein made an effort to subdue the agglomeration
by sonication during deposition and a well-ordered array of TiO2 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
Fabrication of nanotemplates has been discussed in chapter 4. Prepared nanotem-
plates were then backfilled by 1) titania precursors and 2) direct deposition of
nanoparticles. Subsequently, the templates were characterized by AFM and SEM to
observe the morphological behavior.

6.2.1 Filling the titania precursor into templates

Prepared nanotemplates were then dipped into sol of titania precursors in ethanol.
Titanium tetra isopropoxide was mixed in ethanol in the ratio of 2:1, 3:1 and dipped
for 5 and 30 seconds. Both types of templates (Cylindrical and lamellar structure)
were used.

6.2.2 Deposition of nanoparticles into the templates

Cylindrical porous nanotemplates were used for the fabrication of ordered nanodots.
Templates were immersed into the aqueous solution of TiO2 nanoparticles. Synthesis
of TiO2 nanoparticles has been described in detail in section 5.2. For the deposition
of nanoparticles, 0.05 gm powder of pre-synthesized TiO2 nanoparticles was dispersed
in 20 ml of deionized water with sonication and then filtered through 0.2 µm PVDF
filter two times. The filtered solution becomes colorless from the milky white solution
which shows the presence of dispersed nanoparticles and indicated the reduction of
agglomeration. The templates were dipped into the filtered solution for 6-12 hours
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under the sonication. Continuous sonication reduces the problem of agglomeration
of metal oxide nanoparticles.

6.2.3 Removal of polymer template

In the next step, polymer templates were removed by two ways; exposure to UV
irradiation for 48 hours and calcination at 450◦C for 1 hour.

6.3 Results and discussion

6.3.1 In-situ approach

In the case of in-situ approaches for the deposition of inorganic nanomaterials,
templates are to be backfilled with the sol of inorganic materials. TTIP is commonly
used as a precursor for TiO2. Here, the templates were dipped in the solution of TTIP
and they were expected to be filled with the TTIP. TTIP can easily be hydrolyzed
with the moisture and form titanium hydroxide (Ti(OH)4). It is easily transformed
into TiO2 on heating. Simultaneously, heating will remove the template also and
leave the TiO2 network on the substrate. Before heating, the filled templates were
exposed to the UV irradiation for 2 hours to provide stability to the template so
that melting and evaporation of the polymer do not affect the arrangement of TiO2

nanostructures.

PS-b-P4VP (35.5 kg/mol - 4.4 kg/mol)

Figure 6.1 shows the SEM image of nanotemplates (cylindrical) on immersing into
the TTIP solution for 5 sec. The TTIP was dissolved in ethanol in a ratio of 2:1.
From the figure it can be estimated that a layer of TiO2 with some cracks has been
coated over the templates. In the magnified image, the layer of nanoparticles can be
easily seen over the nanotemplates.
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Fig. 6.1 SEM image of templates (mol. wt. 35.5 kg/mol - 4.4 kg/mol) filled with
TTIP solution for TTIP: ethanol::2:1.

PS-b-P4VP (33.0 kg/mol - 8.0 kg/mol)

Templates with the lamellar structures were also filled with the TTIP solution,
and it was observed from figure 6.2 that a layer of TiO2 nanoparticles had covered
the surface of the templates. Though from the figure it is not clear whether these
nanoparticles are filled into the pores also or the templates are overlayered with TiO2.
Then, the templates were heated at temperature 450◦C for one hour so that the
polymer can be removed. Figure 6.3 shows the resultant TiO2 network after heating
the templates. It can be inferred from the image that the polymer has been removed
and TiO2 is deposited on the substrate, but it is not the same as the templates.
However, it is interesting to see that the size or the width of TiO2 connecting network
is in the range of 10 nm−20 nm. So, one can conjecture that obtained TiO2 network
is deposited through the template which confirms the filling of channels with the
precursor. But, the obtained network is different than the lamellar structures of the
templates (shown in inset of figure 6.3) which may be due to the formation of a
continuous layer of TiO2 over the template. Moreover, dark patches of around 100
nm are also observed where the TiO2 is not present. This inhomogeneity may be
attributed to the melting of the polymer by heating. Although, the filled templates
were exposed to UV to avoid this disturbance, it still occurs. So, the heating ramp
rate may also be responsible for this irregular network of TiO2.
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Fig. 6.2 SEM image of templates (mol. wt. 33.0 kg/mol - 8.0 kg/mol) filled with
TTIP solution for TTIP: ethanol::3:1.

Fig. 6.3 SEM image of TiO2 network obtained after removal of templates ( mol. wt.
33.0 kg/mol - 8.0 kg/mol) by heating at 450◦C. Inset shows a glimpse of the bare
template.
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PS-b-P4VP (130.0 kg/mol - 75.0 kg/mol)

Figure 6.4 shows the SEM image of a connecting network of TiO2 prepared using the
templates with cylindrical morphology and large pore size following the same steps
(filled with TTIP and subsequent removal of the polymer by heating). However, a
careful observation illustrates that the TiO2 is deposited in the form of rings and
these rings are interconnected to each other and forming a continuous network. It
may be assumed that the titanium of TTIP is attached to walls of pores which is
lined with the functional group of P4VP. In this case, the outer diameter of this
ring-like structure is expected to be same as the diameter of pores. But it has
a variation from values of the diameter of pores, the reason may be the same as
explained in the section 6.3.1 (heating ramp rate and continuous layer of TiO2).

Fig. 6.4 SEM image of TiO2 connecting network obtained after removal of templates
(mol. wt. 130.0 kg/mol - 75.0 kg/mol) by heating at 450◦C. Inset shows a glimpse
of the bare template.

The inner diameter of these ring-like structures is much lesser than the diameters of
pores created in the template, and it is in the range of approximately 5 - 20 nm with
a wall thickness varied from about 10 - 30 nm. Although the obtained nanostructures
are not orderly arranged but the dimension of the deposited network lies in the range
from 5 to 30 nm which is in the range of exciton diffusion length, and it provides the
large surface area also. So, it can play a good role in the enhancement of efficiency
of the solar cell like dye-sensitized solar cell and polymer solar cell.

6.3.2 Ex-situ approach

Schematic of the process for ex-situ deposition, followed in the present study is
depicted in figure 6.5.
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Fig. 6.5 Scheme for the fabrication of ordered TiO2 nanodots.

In the first step, PS-b-P4VP was mixed with HABA homogenously for Supramolecular
assembly with P4VP:HABA::1:1 and 1 wt% solution. The thin films were deposited
on Si substrate from the prepared solution using dip coating technique. Carboxylic
group of HABA reacts selectively with the pyridine group of P4VP by hydrogen
bonding. The ordering in the thin films of Supramolecular assembly was performed
by placing the films in a glass chamber containing 1-4 dioxane vapors. P4VP/HABA
cylindrical domains are surrounded by PS matrix. Second, cylindrical pores were
created by rinsing the ordered thin films into ethanol which leads the selective
extraction of P4VP/HABA as it is a good solvent for P4VP/HABA cylinders and
non-solvent for PS matrix. Surface reconstruction leads the nanotemplates with
cylindrical pores lined with the P4VP functional group. Third, these nanotemplates
were dipped into the aqueous solution of pre-synthesized nanoparticles, and the
nanoparticles were allowed to enter into the hexagonally arranged cylindrical 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. In the
last step, the polymer matrix was removed by heating/UV irradiation and leaving
the self-assembled nanodots onto the substrate with the high fidelity. Morphology of
as-deposited and solvent annealed thin film of Supramolecular assembly on surface
reconstruction by immersing in ethanol has been discussed in section 4.3.1. The
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average pore diameter was calculated as 15 ± 1 nm with an average center to center
distance of 35 ± 1 nm shown in figure 6.6. Unlike to the metal nanoparticles, metal
oxide nanoparticles agglomerate and settle down very fast which is unfavorable for the
successful deposition of nanoparticles into the pores. Nanoparticles were mixed with
deionized water under sonication and subsequently filtered with 0.2 µm PVDF filter
two times. Obtained aqueous solution of nanoparticles becomes transparent from
milky white solution, which suggests the dispersed nanoparticles into the solution.
In addition to above, the nanoparticles solution was sonicated during the deposition
also, to lessen the agglomeration and cluster formation.

Fig. 6.6 AFM image of ordered nanoporous template. FFT of image is shown in
inset.

The Supramolecular assembly nanotemplates were immersed into the sonicated and
filtered aqueous solution of pre-synthesized TiO2 nanoparticles for 6, 9 and 12 hours.
The templates were removed from the nanoparticles solution and then washed with
deionized water to remove the nanoparticles, weakly attached to PS matrix. After
deposition of nanoparticles into the templates, polymer matrix was removed by two
different ways. The polymer-TiO2 film was exposed to UV irradiation, and selectively
polymer was removed leaving the ordering of nanostructures intact. Alternatively,
calcination at 450◦C was performed to burn away the polymer as it is much higher
than the glass transition temperature of both the blocks (PS and P4VP). Calcination
improves the crystallinity of TiO2 nanostructures.
Figure 6.7 represents the AFM and SEM images of templates after dipped into the
solution for different time and followed by UV exposure for 48 hours. From the
surface morphology in AFM image corresponding to 6 hours immersion time, any
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exact information for the deposition of nanoparticles cannot be extracted. However,
SEM image for the same sample clearly showed the array of nanodots. The poor
contrast may be attributed to the lower crystallinity and low density of TiO2.
As the immersion time increased to 9 hours, AFM image shows the unambiguous
deposition of TiO2 nanoparticles into the templates.

Fig. 6.7 AFM and SEM images of an array of nanostructures for (a, d) 6 hours
(b, e) 9 hours (c, f) 12 hours immersion time after removal of the polymer by UV
treatment.
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Six reflections in the FFT (inset figure 6.7 (b & e)) confirms fidelity/exactness of
nanodots with the hexagonal lattice of pores. Same inferences were drawn from
the SEM image for the same sample. Further increasing the immersion time leads
the coagulation of nanoparticles at some points. Bright contrast in AFM and SEM
images was due to TiO2 rich area. However, ordering in the deposited nanostructure
is still intact, confirmed by FFT (inset figure 6.7 (c)). In the present study, optimal
immersion time could be proposed 9 hours.
The mechanism for the deposition of TiO2 into the cylindrical pores of templates
can be proposed as follows. The first and most important condition for the direct
deposition of pre-synthesized nanoparticles is the size of the nanoparticles which
should be smaller enough than the pore size which is satisfied in the present study.
However, in the case of transition metal oxides, especially TiO2, the agglomeration
of nanoparticles 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 because the
pores are lined with the P4VP functional group. The solution could not be swollen
the PS matrix, and the structure remains intact after deposition of nanoparticles into
the pores. Once the pore walls get wetted by the solution, the nanoparticles were
then allowed entering into the pores by the capillary force. 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.
The coordination of anatase TiO2 with pyridine has been studied in detail by T.
Bezrodna et al. [214]. The average diameter of TiO2 nanodots and their distribution
are shown in figure 6.8. The diameter of TiO2 is found in the range from 10 - 25
nm with a mean diameter of 15 ± 1 nm. Cross-section analysis was also performed
collect the information of size, centre-to-centre distance and their distribution which
is consistent with the results obtained from particle analysis and PSD pattern (Figure
6.9). In the array of TiO2 nanostructures, the center-to-center distance between
neighbouring TiO2 were obtained from the peak position in PSD analysis of AFM
images. The peak in curve (a) in figure 6.9 is corresponding to the centre-to-centre
distance of consecutive pores in the ordered template which is ∼ 35 nm. The peak
position is nearly same ∼ 34.2 nm when the nanoparticles were deposited for 9 hours
(figure 6.9, curve b) which confirm the fidelity of nanostructures with the template.
However, on increasing the immersion time to 12 hours (figure 6.9, curve c), no peak
was observed in PSD pattern which may be ascribed to agglomeration and cluster
formation of nanoparticles which hinders the periodicity of nanostructures.
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Fig. 6.8 The distribution of diameter of TiO2 nanodots deposited.

Fig. 6.9 (a) AFM image of array of TiO2 nanodotes (b) section profile along the line
shown in (a) (c) Power spectral density profiles of PS-b-P4VP templates (curve a),
an array of TiO2 nanostructures for different immersion time; 9 hours (curve b) and
12 hours (curve c).
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An array of nanostructures was examined by AFM and SEM after removing the
polymer by calcination also (figure 6.10). The formation of larger aggregates of
TiO2 during heating at 450◦C was observed in the images. The reason for the
aggregated TiO2 may be the short interparticle distance which does not prevent
the agglomeration efficiently during heating. Another possibility may be high ramp
rate of heating (8◦C min−1) due to which the polymer melts before burning out and
perturb the arrangement of TiO2 nanostructures. However, the shape of each TiO2

dot is preserved after heating. In contrast to the formation of aggregates on heating,
UV treatment of polymer-TiO2 hybrid films does not show a remarkable change in
the large-scale structure. As shown in figure 6.7 (b and e), the arrangement of TiO2

domains remains uninfluenced after removing the polymer matrix by degradation in
deep UV region. This study can be further extended to the solar cell application where
the better efficient charge transportation can be realized with these nanostructures.

Fig. 6.10 AFM (a) and SEM (b) image of TiO2 nanostructures after removal of
polymer by heating at 450◦C

6.4 Conclusions
In summary, the direct assembly of TiO2 nanodots on the substrate has been
obtained. PS-b-P4VP thin films were annealed in 1-4 dioxane vapours and used as
nanotemplates for the fabrication of an ordered array of TiO2. Direct deposition
of pre-synthesized nanoparticles into templates is a simple approach, and for TiO2

nanoparticles, this approach is used for the first time by our group. Immersion of
nanotemplates into the aqueous solution led to the wetting of walls of pores and
supports the selective assembly of nanoparticles. During deposition, sonication also
guided the pathways to nanoparticles into the pores. Effect of immersion time on the
deposition of nanoparticles have been studied. A dense and ordered array of TiO2
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with high fidelity has been obtained for a particular time. Longer immersion time
leads to the agglomerates of TiO2. This approach is versatile and can be applied to
various other size and shape of TiO2. Here, the diameters of TiO2 in the hexagonal
array lied in the range of exciton diffusion length, so, these structures have the
potential to be used in optoelectronic applications.



Chapter 7

Conclusions and Future Scope of
Work

7.1 Conclusions
The present thesis represents the successful fabrication of highly ordered TiO2

nanodots on various substrate which could be used in solar cell application. The
following conclusions are made on the basis of the studies carried out:

√
Synthesis of the SMA thin films using diblock copolymer PS-b-P4VP and
additive HABA have been done using dip coating technique. It was found that
each domain is microphase separated, but they are not arranged in a regular
way 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 and arranged
hexagonally.

√
For the template formation, the additive was removed chemically. Additive
HABA is soluble in ethanol while PS is non-soluble, so ordered porous nan-
otemplates were obtained by immersing the ordered SMA thin films in ethanol.
Hexagonally arranged cylindrical pores with pore size 15±1 nm and periodicity
∼ 31 ± 2 nm were obtained.

√
The effect of substrates on the morphology was also investigated and the mor-
phology was found to be independent of the choice of the substrate which makes
these nanotemplates more applicable to various applications. Nanotemplates
have been prepared on Si wafers, ITO coated glass and ITO coated PET.
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√
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.

√
On removal of additive, lamellar channels with a width of ∼ 14 ± 2 nm and
periodicity ∼ 31 ± 2 nm have been created.

√
For the fabrication of ordered TiO2 nanostructures, the nanotemplates were
immersed in a solution of titania precursor i.e., TTIP (in-situ approach). It
was concluded that the templates were overlayered with TiO2. And on removal
the polymer matrix by heating at 450◦C, an interconnected network of TiO2

was obtained on the substrate, but the structures were not the same as that of
the templates. The reason was attributed to the high ramp rate and the TiO2

layer formation over the templates. In the case of lamellar nanotemplates, short
wire type interconnected nanostructures were observed while in cylindrical
nanotemplates of large pore size, interconnected ring type structures were
observed.

√
For the selective deposition into the templates, TiO2 nanoparticles were syn-
thesized by sol-gel method. As-synthesized nanoparticles were found to be
amorphous in nature and become polycrystalline when the nanoparticles were
annealed at 350◦C. Particle size was calculated as ∼ 13 nm at annealing which
is not suitable for the templates of pore size of ∼ 15 nm. So, the particles size
was further reduced by modification in the sol-gel method.

√
Capping agent (1-thiglycerol) was used to reduce the particle size, and it was
optimized to ∼ 5 nm at annealing temperature of 250◦C. Besides, the effect
of capping agent on the phase transformation was also investigated. Onset
temperature for the phase transformation was found to be increased from 600◦C
to 700◦C, and it was concluded that the anatase phase is more stable when the
nanoparticles were synthesized with capping agent. The growth rate of particle
size with capping agent was found to be lower than that of without capping
agent.

√
TiO2 nanoparticles with reduced size were deposited into the nanotemplates for
different time (ex-situ approach), and polymer was removed by the exposure
of UV irradiation for 48 hours. A systematic study of the deposition of
nanoparticles into the templates were carried out. An ordered array of TiO2

nanodots having the morphology mirrors to that of the nanotemplates was
obtained for immersion time of 9 hours. Further, increasing the immersion
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time leads to the coagulation of nanoparticles and the agglomerates of TiO2

along with the ordered nanodots were observed.
√

These ordered arrays of TiO2 could be suggested for organic photovoltaics
applications because of their size in the range of exciton diffusion length.

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

√
Fabrication of highly ordered TiO2 nanodots by ex-situ approach has been
discussed here. So, the same method can be applied for other metal oxides
also.

√
TiO2 have shown their extensive use in solar cells (PSC, DSSC and perovskites).
So, the use of these ordered nanostructures can be extended to the device
fabrication. Here, we are proposing the plan for the fabrication of polymer
solar cells. The schematic of the device is shown in figure 7.1

Fig. 7.1 Schematic for the proposed device.

The process flow for the fabrication of hybrid (inorganic/organic) solar cell using
the nanostructures prepared by block copolymer templates can be proposed as
follows:

• Deposition of thin film of TiO2 (ETL/HBL) on ITO coated glass by spin
coating or dip coating technique.

• Deposition of SMA thin films with cylindrical and lamellar morphology on
TiO2/ITO.

• Ordering in SMA thin films by solvent annealing and creation of porous
nanotemplates
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• Backfilling of nanotemplates and removal of polymer matrix will lead to the
formation of nanodots, nanorods, and nanowalls.

• Filling the gap between the nanodots/nanorods/nanowalls by active materials
for solar cells (P3HT: PCBM & PTB7: PCBM) by spin coating.

• Deposition of hole transport layer (HTL).

• Thermal evaporation of back electrode.

Embedded ordered TiO2 nanostructures within the range of exciton diffusion length,
will help for the dissociation of excitons and improvement of the charge transportation
to the electrodes. As a result, short circuit current density is expected to be increased
and consequently the improvement in PCE of solar cell is also expected.
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