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PROLOGUE

1.1 Foreword
“There’s plenty of room at the bottom”
—Richard Feynman, 1959.

It was these words of Feynman that triggered the modern concept of nanotechnology.
Feynman talked about manipulating or controlling matter on a small scale, in particular,
controlling the arrangement of individual molecules or atoms. In fact, the last couple of
decades have seen an enormous growth in the field of nanotechnology as foreseen by him
way back in 1959. Nanomaterials are materials whose units are sized between 1 and 1000
nm in at least one dimension. The reduction in size can be in all three dimensions as in case
of quantum dots, or in two dimensions as in nanowires, or in only one dimension as in thin
films. The discovery of a wide variety of nanomaterials, offering fascinating mechanical,

optical and electronic properties, has taken material science to amazing new heights.



CHAPTER 1. PROLOGUE 2

Organic molecules, both small molecules and polymers, have emerged as prospective
candidates for application in 2-dimensional thin films having interesting semiconducting
and optical properties. They surpass the efficacy of silicon-based devices as they combine
the semiconducting property of inorganic semiconductors with the mechanical properties
of organic materials. For example, an organic thin film transistor can be as thin as a few
hundred nanometers, compared to around 20 pm for the thinnest silicon based transistor,
and they are flexible enough to withstand repeated deformation. Moreover, they operate
at remarkably low voltages. Another reason for the soaring interest in organic thin film
devices is that they can be fabricated using much less complicated processes compared
with conventional Si technology involving high-temperature and high-vacuum deposition
processes and sophisticated photolithographic patterning methods. Organic devices can,
in general, be prepared by low-temperature deposition and solution processing instead of
the more complicated processes involved in fabricating Si-based devices [1]. To earn the
maximum possible benefit from organic thin films devices, highly ordered layers of organic
small molecules and polymers are needed. Such ordered organic layers find their uses not
only in electronic devices, but also in biological membranes, corrosion protection, electro-
chemistry, etc. In this thesis work, however, we have concentrated only on the ordering of
polymers, having semiconducting properties, in thin films on a substrate.

Semiconductors, ever since their inception, have been an indispensable part of the tech-
nological progress of mankind. It is because of them that our need to communicate and
process data could have been simplified beyond imagination. Extensive research on semi-
conducting materials have ushered in an era of immense technological advancement in
terms of innovative electronic devices. Semiconductors have undergone a massive evo-
lution over time — from elements like silicon and germanium to compounds like GaAs,

oxides and organic molecules. The state-of-the-art is molecular electronics, which operates
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in the quantum regime, and has gained supreme importance in the post-microelectronics
days. Microelectronics uses silicon as the preferred material and photolithography as the
fabrication technique. Devices can be made to operate faster by decreasing their size. How-
ever, as devices become faster and smaller, problems related to removal of heat dissipated
by the transistors and physical limitations to keep two binary states arise. This has led to the
search for new alternatives using components fabricated by other procedures such as self-
assembly and chemical deposition, which may encode information using lower energetic
means. In the attempt to reduce the size of electronic circuits, devices are being fabricated
using the bottom-up approach, that is, by using single molecules or small ensembles of
molecules. This has paved the way for the extremely important field of molecular electron-
ics, which mostly uses single molecules, small groups of molecules, carbon nanotubes, or
nanoscale metallic or semiconductor wires in the active layer [2].

Organic semiconducting materials serve as a low-cost alternative to inorganic semi-
conductors for applications in devices such as organic thin film transistors (OTFTs) [3, 4],
light-emitting diodes (OLEDs) [5, 6], solar cells [7, 8], sensors, and radio frequency identi-
fication (RF-ID) tags for integration into low-cost, large-area electronics [9]. These organic
materials are typically m-conjugated molecules and polymers substituted with solubilizing
alkyl side groups when needed. Since they are compatible with solution-processing tech-
niques, they eliminate the need for expensive lithography and vacuum deposition steps,
which are compulsory for inorganic semiconducting devices. Structural ordering in these
semiconducting organic materials is of utmost importance as it plays a key role in con-
trolling the device performance. Thus, controlling the orientation and ordering of organic
small molecules and polymers in the active layer has become a topic of intense research in
the recent years [10-13].

Unlike metal, oxide and semiconductor surfaces, organic materials cannot be organized
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into ordered surfaces by orienting, cutting (or cleaving), and polishing single crystal sub-
strates and subsequent cleaning in ultra high vacuum (UHV) by ion bombardment, as they
are usually soft and tend to sublime readily if placed in UHV [14]. Thus, surfaces of organic
molecules or polymers typically exhibit a lower degree of order and lower thermal stability
than inorganic surfaces. They are also difficult to characterize by electron or ion scattering
techniques as they are easily affected by radiation damage. However, recent developments
in the field of organic thin film preparation, like Langmuir-Blodgett technique, self as-
sembly, organic vapor phase deposition, etc. have provided efficient means of preparing
remarkably ordered organic surfaces. In addition, innovations in non-destructive character-
ization techniques have conquered the shortcoming of radiation damages. These techniques
include Scanning Probe Microscopy (SPM) for mapping the surface topography, X-ray
scattering techniques such as X-ray Reflectivity (XR) and Grazing Incidence X-ray Scat-
tering (GIXS) for measuring the thickness and order in thin films, spectroscopic techniques
such as Near-Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS), X-ray and
Ultraviolet Photoelectron Spectroscopies (XPS and UPS) for probing the electronic struc-
ture of metal-organic semiconductor interfaces, Ultra-violet and Visible Absorption Spec-
troscopy (UV-vis) for knowing the molecular packing and electronic structure, etc [15].
The added effect of such fabrication and characterization methods has manifested itself in
an enormous progress in the field of organic electronics in the recent years.

Among the host of organic molecules that have shown considerable importance as
semiconducting materials, m-conjugated polythiophenes deserve special mention owing
to their outstanding optical and electronic properties. Often, alkyl chains are incorpo-
rated into polythiophene molecules to make them soluble in common organic solvents and
thus facilitate simple solution processing techniques for device fabrication. These poly(3-

alkylthiophenes) or P3ATs tend to crystallize into lamellar stacks, along with some amor-
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phous interlamellar regions, in thin films. The degree of ordering in these stacks and their
orientation on a substrate are of prime importance in the performance of devices using
them in the active layer. The mechanism of ordering in these polymers is the focus of
our work in this dissertation. In particular, we concentrate on poly(3-dodecylthiophene)
or P3DDT which has a 12-membered alkyl side chain. The orientation and ordering in
P3DDT thin films have been studied using two different fabrication methods as well as
two types of casting solutions, and the structures thus obtained have been correlated to the
different processing parameters. Finally we briefly investigate the effect of post-deposition
treatments like solvent vapour and thermal annealing on thin films of P3DDT. Structure
characterization has been done mainly using different X-ray scattering techniques, along
with other techniques like atomic force microscopy, dynamic light scattering and UV-vis

spectroscopy.

1.2  Outline of the thesis

Here we briefly describe the plan of this thesis in order to help the reader maneuver through
it. The following chapter (Chapter 2) gives an introduction to the vast subject of conducting
polymers and their uses as semiconducting materials in devices like thin film transistors,
solar cells, light-emitting diodes, etc. The particular class of polymer used in our works is
also described in this chapter and its importance in the field of organic electronics is elabo-
rated. Moreover, a brief review of previous works using such materials is presented in this
chapter. Chapter 3 deals with the various experimental methods used. Here we describe
the sample preparation procedures as well as the characterization techniques used to un-
derstand their morphology. Brief discussions are made on the basic principles underlying

the techniques and also the instruments used to carry out the measurements.
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The rest of the thesis is devoted to the experimental findings of our studies. Firstly, in
Chapter 4, we present the results we have obtained for thin films of P3DDT prepared from
a single good solvent, i.e., a solvent in which the polymer exhibits good solubility, by using
spin-coating technique. Three different solvents have been used and the concentration of
the solutions varied in order to investigate their effect on the films’ morphology. Depen-
dence of morphology on spinning speed and substrate nature is also presented here. We
also mention briefly the dependence of film thickness on the concentration of the casting
solution.

Chapter 5 concerns P3DDT films prepared from solutions in a mixture of a good and
a poor solvent. These films have been prepared by drop-casting method. In this chapter
we discuss the effect of solvent mixing on the morphology of the films and determine the
optimal mixing ratio for obtaining well ordered P3DDT lamellae. Thereafter we examine
the effect of thermal annealing on these films in order to ascertain the optimal annealing
temperature for forming P3DDT lamellae with considerably good crystallinity as well as
directionality.

Lastly, in Chapter 6, we demonstrate the effects of solvent vapour and thermal an-
nealing on the morphology of spin-coated P3DDT films. In-situ XR studies have been
carried out to monitor the time evolution of the morphology during solvent vapour anneal-
ing (SVA). The influence of subsequent drying by annealing on the crystallinity of the films
has also been studied in order to determine whether there is any improvement in this regard
due to such post-deposition treatments.

We wrap up this thesis by summarizing the main points we have gathered through our

studies and mentioning some of the future avenues that our work might lead to.
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SEMICONDUCTING ORGANIC THIN
FILMS:THE BEGINNING AND THE

FUTURE

In this chapter we lay the foundation for the rest of the thesis by giving a short introduction
to conducting polymers, the mechanism of ordering in these polymers and how the order-
ing affects the charge transfer processes. Thereafter we introduce the reader to the class of
polymers of our interest, namely, poly(3-alkylthiophenes) or P3ATs, their structural char-

acteristics and their uses in organic electronic devices.

2.1 Conducting polymers: A primer

Conducting polymers were discovered by Alan J. Heeger, Alan MacDiarmid and Hideki

Shirakawa in 1976 for which they were awarded the Nobel Prize for chemistry in 2000.
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The discovery that the conductivity of these polymers could be tuned over the entire range
from insulators to metals by doping paved the way for new research and technology that
could not have been imagined before. Besides creating the possibility to explore several
unsolved mysteries of chemistry and condensed matter physics, they also opened the door
to a completely new class of materials, “materials that exhibit the electrical and optical
properties of metals or semiconductors and that retain the attractive mechanical properties
and processing advantages of polymers”, as stated by Heeger himself in his Nobel lecture
in 2000 [16].

The polymers of interest in this respect are the conjugated polymers which have an
electronic configuration distinctly different from saturated polymers. In saturated poly-
mers all four valence electrons of the carbon atoms take part in covalent bonds, whereas
in conjugated polymers there is one unpaired electron (the 7-electron) per carbon atom.
The orbitals of the successive carbon atoms along the polymer backbone overlap, which
is known as w-bonding, and which eventually leads to delocalization of electrons along
the backbone. This electron delocalization is responsible for the charge carrier mobility
along the polymer backbone. So, the chain symmetry, i.e., the number and type of atoms
within the repeat unit, decides the electronic properties of a conjugated polymer and as a
consequence these polymers can exhibit semiconducting or even metallic properties. This
control over the electrical conductivity over the entire range from metal to insulator can be
achieved by chemical or electrochemical doping. Doping introduces charge carriers in the
polymer and the ability of these charge carriers to move along the m-bonded paths results
in the electrical conductivity of the polymer. Conjugated polymers are interesting to study
even in the undoped state as they pave the way for what we know as plastic electronic
devices. These include organic light emitting diodes (OLEDs), photovoltaic cells, lasers,

organic thin film transistors (OTFTs) and much more. All these devices use in their active
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layer a thin film of conjugated polymer deposited from its solution. Solution processability
is, in fact, a big advantage of using these polymers as it reduces the hassles of film depo-
sition to a great extent. Disorder in conjugated polymer systems is, however, a stumbling
block in the way to achieve high charge carrier mobility, and hence, high electrical conduc-
tivity. It has been shown that improving the chain extension and chain alignment not only
improves the conductivity but also the mechanical properties of conjugated polymers. In
this connection it is noteworthy that organic small molecules do not suffer from this draw-
back since they can be vacuum evaporated to form extremely well ordered polycrystalline
deposits showing better electrical conductivity than solution processed thin films [9]. The
need for ordered polymer films has thus resulted in a huge amount of research aimed at

preparing conjugated polymer systems with a high degree of structural order.

2.2 Ordering in conjugated polymer films

Polymers crystallize in a peculiar way, totally different from the mechanism of crystalliza-
tion in oligomers. In fact, polymers are able to crystallize only partially, i.e., there are
crystalline regions separated by disordered amorphous regions. Oligomers readily crystal-
lize into stacked layers where each layer is assembled of chain molecules with identical
helical conformations and the endgroups of the molecules form the interfaces. In a crys-
tallizable polymer, on the other hand, a separation process takes place whereby chains that
can be stretched and added to a growing crystal are separated from chains near entangled
parts that can only be removed to the amorphous regions. The amorphous part also contains
endgroups, chemical perturbations like short chain branches, or stereo defects [17].
The electronic properties of conjugated polymer films originate from the stepwise bottom-

up construction of m-conjugated units at the molecular level into continuous paths for
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charge transport at the mesoscopic, microscopic or even macroscopic levels. For the major-
ity of conjugated polymers the intrachain conjugation is responsible for the delocalozation
of the m-electrons and the interchain interactions for their overlap between adjacent back-
bones. In some conjugated polymers with flexible main-chains such as poly(9-vinylcarbazole)
the electronic conjugation is caused by the 7-7 interaction between pendant conjugated side
groups. The prime factors affecting the charge transport in conjugated polymer films are
(1) the internal order within crystalline regions in the molecular scale (1 A-10 nm), (ii)
the connectivity between these crystalline regions at the meso and macroscopic scales (10

nm-1 pm) and (iii) the amount and orientation of such crystallites in the film [18].

2.2.1 Internal order within crystalline regions

A good internal order within crystallites essentially means an extended intra-chain conju-
gation length and an ordered inter-chain stacking. These features can be understood by
observing the UV-vis and photoluminescence (PL) spectra of the films, considering the J-
and H-aggregate model. In short, a J-aggregate is one in which neighboring chromophores
are oriented in a head-to-tail fashion leading to negative excitonic coupling whereby the
optically allowed (k = 0) Frenkel exciton is at the bottom of the exciton band. On the
other hand, in an H-aggregate the neighboring chromophores are oriented in a side-by side
manner causing positive excitonic coupling and the £ = 0 exciton is at the top of the ex-
citon band [19]. When the chromophores interact electronically, the vibronic progressions
in the absorption and photoluminescence spectra are distorted from the spectra of isolated
chromophores and these changes in the vibronic line strength provide information about
the exciton bandwidth, disorder in the system and exciton coherence length. The changes

are of opposite nature in H- and J-aggregates which enables one to distinguish between the
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Figure 2.1: Schematic figure showing ordered and disordered regions in a semicrystalline
polymer. The disordered region has three types of chains, extending, looping and bridging
chains. The possible charge transport paths are shown by arrows, green arrows represent
intrachain transport and red arrows represent interchain transport.

two types of aggregates. In the absorption spectrum of J-aggregates the ratio of intensities
of the 0-0 and 0-1 vibronic peaks, 12;0 / 12;1, increases with exciton bandwidth, whereas
in H-aggregates the ratio decreases with exciton bandwidth. Again, in the PL spectrum the
corresponding ratio, / g—LO /1 IO;Ll, decreases in case of J-aggregates and increases in case of
H-aggregates with increasing disorder. A w-stacked conjugated polymer has both J- and H-
aggregate nature. This is because the intrachain head-to-tail arrangement of the repeat units
favour J-type behaviour and the side-by-side arrangement of neighboring chains favour H-
type behaviour. Thus, the polymer displays unique hybrid photophysical characteristics
resulting from a competition between the two types of aggregates and such a m-stacked

polymer aggregate is known as an HJ-aggregate [20].



CHAPTER 2. SEMICONDUCTING ORGANIC THIN FILMS 12

2.2.2 Connectivity between crystalline regions

The connectivity between adjacent crystallites is a crucial factor in controlling the charge
transport in conjugated polymer films as the presence of grain boundaries interrupts the
path of the charge carriers and reduces the mobility. It has been shown that grain boundaries
affect several important properties of conjugated polymer devices like activation energy,
threshold voltage and field-effect mobility. An end-to-end connection between neighbor-
ing crystallites is beneficial for charge transport, while a face-to-face connection hinders
charge transport. Also, the disordered regions between ordered crystallites limit the charge
carrier mobility. The chains in the disordered regions connecting adjacent crystalline re-
gions can be of three types, namely, extending, looping and bridging chains, as shown in
Fig. 2.1. The presence of larger number of bridging chains than chain ends or loops is es-
sential for efficient charge transport between crystallites as they can provide electrical path-
ways between crystallites. However, if these bridging chains undergo sharp bends or twists
while going from one crystallite to another, there is slowing down of electrical transport
due to the formation of localized states associated with the breaks in conjugation [21]. The
charge transport in the disordered regions can also take place due to interchain crossover
between close enough loops or chain ends. The ratio of the amount of crossing points and
bridging chains actually determines the average charge carrier mobility in the disordered

regions [22].

2.2.3 Amount and orientation of crystallites in the film

The total amount of crystallites present in a thin film of conjugated polymer is another
important parameter in deciding the charge transport properties of the film. A larger num-

ber of crystallites in the film implies a larger number of pathways for transport of charge
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carriers and fewer grain boundaries to restrict the flow of charge carriers. The amount of
crystallites is reflected in X-ray diffraction (XRD) patterns where a larger amount of crys-
tallites means an increased Bragg peak intensity. A more intense peak in the XRD pattern
could also mean a larger size of the crystallites which is also beneficial for charge transport.
The orientation of the crystallites on the substrate also plays an important role in controlling
the charge transport in thin films. For organic photovoltaic (OPV) devices, where charge
transport perpendicular to the substrate is required, the direction of 7-stacking has to be in
a direction normal to the substrate which is known as the face-on orientation. On the other
hand, in field-effect transistors (FETs) charge transport should be parallel to the substrate,
and hence, the 7-stacking direction has to be along the substrate. This is known as the
edge-on orientation. It has been shown that for poly(3-hexylthiophene) or P3HT based thin
film transistors the mobility differs by more than a factor of 100 depending on whether the
orientation is edge-on or face-on [23]. Controlling the orientation of the polymer lamellae

on the substrate is thus vital in preparing efficient devices.

2.3 Poly(3-alkylthiophenes) and why they are interesting

Polythiophenes or PTs are polymerized thiophenes, which are heterocyclic aromatic com-
pounds having the chemical formula C4H,S (see Fig. 2.2). The thiophene molecule has
a flat five-membered ring of which one is a sulfur atom. Predominantly, the monomeric
units are coupled to each other via their 2,5 positions, known as the a-a’ coupling, but
the presence of -/’ coupling, i.e., coupling through 2.4 positions, have also been ob-
served. Poly(3-alkylthiophenes) or P3ATs are polythiophenes with alkyl chains substituted
at their 3 positions. This substitution by a donor group results in a more regular structure

of the polymer and makes them easily soluble in common organic solvents. An excellent
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Figure 2.2: The structure of a thiophene monomer—the sulfur atom is represented by the
yellow sphere, carbon atoms by bigger grey spheres and hydrogen atoms by smaller grey
spheres.

review on polythiophenes can be found in Ref. [24]. P3ATs are one of the most widely
studied conducting polymers. The reason behind this growing interest is not only the ap-
preciable electrical conductivity of this class of polymers, but also their thermochromism,
electrochromism, solvatochromism, ionochromism and color changes under pressure and
electricity. P3ATs are easily deposited from their solutions onto solid substrates which

makes them perfect candidates for applications in organic electronic devices.

2.3.1 Structural aspects of P3ATSs

Several groups have investigated the structure of P3AT molecules [25,26] and the general
agreement is that these materials are semicrystalline in nature as concluded from the pres-
ence of a strong Bragg peak in their XRD patterns. Their crystalline structure is shown in
Fig. 2.3, where d is the separation between consecutive polythiophene backbones along
the alkyl side chain direction. The chemical incompatibility between the alkyl side chains
and the polythiophene backbone is responsible for the crystalline ordering of the poly-
mer [27,28]. The P3AT molecule adopts a comblike structure with the flexible alkyl chains

on both sides of the polythiophene backbone [29]. These alkyl chains play the role of
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Alkyl side chain

Figure 2.3: Schematic of the P3AT crystallite structure, showing 7-7 stacking, polythio-
phene backbone (or conjugation) and alkyl side chain directions, and also separation (d)
between alternate layers of polythiophene backbones along alkyl side chains.

spacers between the comparatively stiffer polythiophene backbones, where the distance
between two backbones is decided by the length of the alkyl chain. The side-by-side ar-
rangement of these comblike structures gives rise to the crystalline part and the amorphous
part consists of randomly oriented P3AT chains. These polymer systems also display a
polymorphic character, Phase-I and Phase-II [30]. Phase-I has a longer separation distance
between backbones than Phase-II, and is more commonly found. Phase-II is characterized
by interdigitation among the alkyl chains, whereas in Phase-I an end-to-end arrangement
between alkyl chains is prevalent. These two types of morphologies are shown schemati-
cally in Fig. 2.4. The crystal structure is seen to be modified due to doping [31,32]. The
separation between consecutive polythiophene backbones along the alkyl chain direction
increases and the separation between adjacent conjugation planes decreases due to doping.
The extent to which these variations take place are found to depend on the alkyl chain
length and the size of the dopant ion.

The alkylthiophene monomers are coupled to each other via their 2 or 5 positions [33].
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(a) Phase-1 (b) Phase-II

Figure 2.4: The two types of morphologies of P3AT polymers.

The possible couplings are shown in Fig. 2.5—a head-to-tail-head-to-tail coupling (HT-
HT) is one where the 2 position of one monomer is attached to the 5 position of the next
monomer, i.e., a 2,5-2,5 coupling. Similarly, a tail-to-tail-head-to-tail coupling (TT-HT)
is a 5,5-2,5 coupling, a head-to-tail-head-to-head coupling (HT-HH) is a 2,5-2,2 coupling
and a tail-to-tail-head-to-head coupling (TT-HH) is a 5,5-2,2 coupling. Usual synthetic
methods for preparing P3AT polymers result in random attachments at the 2,5 positions
and such polymers are called regiorandom. A regioregular system is one in which majority
of the couplings are of one particular type. Usually the HT-HT coupling is preferred as it
is conducive to electrical, optical and magnetic performances of the polymers.

The evolution of structural order of P3AT molecules and their orientation on a substrate
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Figure 2.5: The possible coupling types of P3AT [24].

due to thermal treatments has been a topic of extensive research for several years [30, 34—
37]. It has been observed that P3ATs with shorter alkyl side chains have higher melting
temperatures than those with longer side chains since shorter alkyl chains makes the poly-
mer less flexible. In addition to Phase-I and Phase-II, nematic mesophases, characterized
by twisting of the polythiophene backbone, have also been discovered in P3AT's due to tem-
perature changes. In case of P3ATs with longer alkyl chains like poly(3-dodecylthiophene)
or P3DDT, this phase cannot be differentiated from Phase-I by XRD as the flexible side
chains counteract the effect of twisting and tilting of the polythiophene backbones and
preserve the Bragg reflections.

The orientation of P3AT crystallites on a substrate plays a pivotal role in determining
the charge transport properties of P3AT-based devices [23,38]. As in other conjugated
polymers, two types of orientations are possible, edge-on and face-on (Fig. 2.6). Several
methods exist for orienting the crystallites according to our specific needs. These include

orientation by shear forces like mechanical rubbing, friction transfer, strain alignment and
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Figure 2.6: The possible orientations of P3AT on a substrate—the figure on the left shows
edge-on orientaion and the one on the right shows face-on orientation.

flow coating, epitaxial growth on an inorganic crystal, an aromatic crystal, or a semicrys-
talline polymer substrate, directional epitaxial crystallization, etc. Ref. [39] gives a detailed
account of these processes. Substrate surface modifications are also known to influence the
orientation of the P3AT lamellae. Porzio ef al. showed that on a functionalized Si sub-
strate the P3AT layers near the substrate exhibit a greater degree of order and orientation
than layers near the top while on bare Si the layers are more randomly oriented, especially
near the buried interface [40]. Furthermore, the orientation on a substrate can be changed
from edge-on to face-on by varying the self-assembled monolayer used to functionalize
the substrate [41]. Salammal et al. have shown that for spin-coated thin films the propor-
tion of face-on oriented crystallites in a P3AT film increases with the length of the alkyl
side chain and that for a particular polymer the proportion increases with increasing an-
nealing temperature [28]. For monolayer-thick films on highly oriented pyrolytic graphite
(HOPG), it has been directly evidenced by scanning tunneling microscopy (STM) imaging,
that P3AT molecules adopt an edge-on orientation with chain foldings, typical of semicrys-
talline polymers [42]. Interdigitation was also clearly seen in case of P3ATs with longer

alkyl chains.
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2.3.2 Structure-property correlation in P3AT films: A short review

There has been a huge amount of research on P3AT-based devices, their structure-property
correlation and how to optimize their performance. Here we only attempt to present to the
reader a very brief account of the applications of P3AT films in organic electronic devices.
P3ATs, especially poly(3-hexylthiophene) or P3HT, have emerged as potential candidates
for applications in thin film transistors and organic solar cells due to their easy processabil-
ity, high charge carrier mobilty and environmental stability [3,23,27]. Their high conjuga-
tion length endows them with high charge carrier mobility, whereas the flexible long alkyl
side chains attached to their stiff backbones makes them easily soluble in common organic
solvents [43,44], which is why they are suitable for the fabrication of photovoltaic devices
using simple solution processing techniques [45]. The charge carrier mobility of P3AT-
based devices strongly depends on the orientation and order of the polymer film in the
active layer. The orientation and order of P3AT molecules on a substrate can be influenced
by various factors such as regioregularity and molecular weight [23,46], length of alkyl
side chain [30,47], the solvent from which the film is cast [48], nature of the substrate [49]
and deposition techniques like drop-casting, spin-coating, dip-coating and directional epi-
taxial crystallization [11,50-52]. Mobility increases with increasing molecular weight of
the polymer as longer chains provide longer paths for the charge carriers to travel without
hopping to another chain [46]. When several polymer chains are locally aligned they have
a strong wave function overlap which leads to the w-stacking. This 7-stacking causes the
charge carriers and excitons in P3AT to delocalize over several neighboring chains [53,54].
Improving the m-stacking is thus an important issue in preparing efficient devices using
P3ATs. The dependence of crystalline structure on the length of the alkyl side chain has

been studied by Causin et al. for poly(3-butylthiophene) (P3BT), poly(3-octylthiophene)
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(P30T) and poly(3-dodecylthiophene) (P3DDT) [30]. Polymorphism has been found to
be present in case of P3BT and P3DDT but not in case of P30T, probably because the
intermediate length of the octyl group is the optimum length for producing purely Phase-I
morphology. A nematic mesophase also exists in P3BT and P3DDT, which is differentiable
from Phase-I from X-ray diffraction results in case of P3BT but not in P3DDT as its long
side chains counteract the effect of twisting and tilting of the thiophene rings. Chang et al.
showed that spin-coating from a high boiling point solvent, in which P3ATs have good sol-
ubility, promotes the growth of better crystalline films than low boiling point solvents. This
improvement in crystallinity is seen to result in a considerable increase in mobility [48].
Post-deposition treatments such as annealing has also been reported to influence the orien-
tation of the crystalline domains [36]. The effect of substrate surface on the morphology of
P3AT films has been investigated by numerous groups. It is found that P3HT is adsorbed
readily on SiO, substrate in an edge-on fashion and the adsorption is much higher if the
Si0, surface is modified with a perfluorohexyl monolayer [55]. On the other hand, on a
HOPG substrate no edge-on orientation is seen and P3HT adopts a face-on orientation.
Face-on oriented crystallites have also been found on a substrate modified with an octyl-
trichlorosilane (OTS) self-assembled monolayer (SAM) [56]. By changing the SAM it is
possible to change the orientation of P3AT crystallites from face-on to edge-on [41]. An-
other factor that affects the stability of these films is the ambient atmosphere. P3AT films
are extremely stable under humidity and atmospheric oxygen but are affected to a much
greater extent by volatile organic solvents [57,58].

The applicability of P3AT films in organic electronic devices has been well docu-
mented [3,23,46,59-61]. Regiorandom P3HT films spin-coated from chloroform solu-
tion onto gold source and drain electrodes have been found to have mobilities between

1075 and 10~* cm?V~!s! [62]. Field-effect mobility decreases with increasing alkyl
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chain length [63]. The field-effect mobility is strongly enhanced if regioregular P3HT
with greater than 98.5% HT-linkages is drop-cast from a chloroform solution. The mobil-
ity of such a field-effect transistor can be as high as 0.045 cm?V~—!s~! [64]. On the other
hand, P3HT with lower regioregularity (81% HT-linkages) give rise to much lower mobil-
ities, about 2 x 10~* cm?V—!'s~!. This variation is attributed to the different orientations
adopted by P3HT with different regioregularities. Various kinds of post-deposition treat-
ments have been devised to increase the mobility and on-off ratio of P3AT-based FETs.
For example, treating P3HT drop-cast films with ammonia results in an increase in on-off
ratio by more than an order of magnitude [65], whereas immersing the film in hydrazine
increases the ratio by four orders of magnitude. In addition to spin-coating and drop-
casting, horizontal deposition on a hydrophobic substrate by Langmuir-Schaeffer method
has also been used to prepare P3HT films [66]. Such films displayed an edge-on orien-
tation of the polymer and mobilities ranged between 3 x 1072 and 2 x 1072 cm?V 157!
for multilayer films and lower for monolayer films. P3AT nanofibers also find extensive
use in OFETs [67]. Lee and co-workers have reported that FETs using P3HT nanofibers
prepared by electrospinning can give rise to a mobility of 0.017 cm*V~!s~! and an on-
off ratio of 100 [68]. Shimomura et al. have shown that field-effect mobilities of P3HT
nanofibers prepared by mixed solvents method varies between 3.8 x 1072 and 5.6 x 1072
cm?V~1s~1 depending on the ratio of good and poor solvents [69]. P3HT is also one of
the most widely used materials in organic photovoltaic cells. Composites of P3HT and
1-(3-methoxycarbonyl)propyl-1-phenyl[6,6]Cs; (PCBM) find abundant use as active ma-
terials in bulk heterojunctions [70,71] and power conversion efficiency of upto 5% have
been reported.

From the above discussion the importance of P3ATs is obvious. Suffice it to say here

that they are among of the most promising materials for modern day electronic applica-
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tions. It is this expanding interest in this class of materials that prompts us to study their
structural behaviour under various circumstances, as their properties are directly related to

their structures.

2.3.3 Poly(3-dodecylthiophene)

The most widely studied member of the P3AT family is, perhaps, P3HT, which owes its
popularity to its optimal alkyl chain length (6 carbon atoms). P3HT-based devices are
shown to give rise to higher field-effect mobilities than devices based on P3ATs with longer
or shorter alkyl chains. However, P3ATs with longer alkyl side chains, such as poly(3-
dodecylthiophene) (P3DDT) is found to give rise to stronger photoluminescence [72] and
electroluminescence [59] intensities than P3ATs with shorter alkyl chains. Even then,
P3DDT is less studied due to its lower crystallizability arising from longer side chain in-
teractions [47, 61, 73—76]. However, the longer alkyl chains of P3DDT are responsible
for its better solubility, which is conducive for preparing films with better continuity and
smoothness, useful for device applications. So understanding the effects of several pro-
cessing parameters on the crystalline structure of P3DDT films and efforts to increase its
crystallinity are undeniably of immense importance in order to make it useful in organic

electronics.

2.4 The future of conducting polymer thin films

The future of organic electronics is bright and conducting polymer thin films are expected
to play a very important role in its development. It is not only because polymer thin film de-
vices are flexible and offer appreciable charge carrier properties, but also because they are

biologically compatible which can make them potential candidates for use in bio-electronic
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sensors [77]. Moreover, these systems are more eco-friendly and are expected to be more
energy-efficient than inorganic devices in the future. However, in order to achieve these
goals, the difficulties related to defects and disorder in polymer films, understanding the
behaviour of polymer-substrate interfaces, etc. need to be addressed and controlled. Only
then can we hope to exploit the full power of conducting polymers and use them in multi-
farious applications like light-emitting diodes, light-emitting electrochemical cells, photo-

voltaic cells, photodetectors, field-effect transistors and sensors.



meeessssssssssmmy $ CHAPTER 3 S

EXPERIMENTAL TECHNIQUES

In this chapter we will discuss the various processes used for preparing the polymer films

and the techniques and instruments used to characterize them.

3.1 Sample preparation

Sample preparation consists of two steps, (1) modification of the substrate surface and (ii)

deposition of the polymer on the substrate to form a film.

3.1.1 Substrate surface modification

Different types of substrates were used in the present work and their methods of preparation

are discussed below.

24
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3.1.1.1 Native oxide-coated silicon

Silicon (Si) wafers, both (001) and (111) oriented ones, were cut into pieces of desired
dimensions and were fist cleaned by sonication in acetone and ethanol for 10 minutes each.
This helps in removing any organic contaminant on the substrates and the substrates are

covered with a native oxide layer. These substrates are termed O-Si.

3.1.1.2 H-passivated silicon

For preparing weakly hydrophobic substrates the sonicated Si wafers were etched with
hydrogen fluoride by immersing the substrates in HF [Merck, 10%] solution for 60 s at
room temperature (25°C) to terminate the Si surface with H after removing the native oxide

layer [78—82]. These substrates are termed H-Si.

3.1.1.3 Freshly prepared oxide-coated silicon

For preparing weakly hydrophilic substrates the sonicated Si wafers were subjected to RCA
treatment [83]. The substrates were heated in a solution containing ammonium hydroxide
(NH,OH, Merck, 30%), hydrogen peroxide (H;O-, Merck, 30%) and Milli-Q water taken
in the ratio 1:1:5 by volume for about 10 minutes. The substrates thus prepared have a

layer of freshly prepared oxide on them and are termed OH-Si.

3.1.1.4 Quartz glass

For optical spectroscopy studies quartz glass substrates were used after cleaning them by

sonication in acetone and ethanol for 10 minutes each.
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3.1.2 Film deposition

Polymer films were deposited in two ways, (i) spin-coating and (ii) drop-casting. These

two methods are described in the following sections.

3.1.2.1 Spin-coating

Basic principles

Spin-coating is a widely used technique for preparing uniform thin films on substrates. It
is used for preparing films of thickness ranging from a few nm to a few ym. Spin-coating
process involves the following steps (Fig. 3.1) — first, a drop of the solution containing the
material to be deposited is applied on the substrate and then the substrate is accelerated to
a high rotational speed so that most of the solution is flung off immediately. Next, the film
thins gradually as the remaining solution flows radially outward due to centrifugal force
and simultaneously the solvent evaporates, increasing the viscosity of the solution and thus
decreasing the radial flow. The remaining solution dries at a rate depending on the air-flow,
the viscosity and volatility of the solvent, the concentration of the solution, etc., leaving a
uniform film of the desired material on the surface.

The process of spin-coating is a complex one involving several mechanisms like fluid
inertia, Coriolis forces, surface tension, solution concentration, volatility of the solvent,
etc. which can also vary with time. In addition, the solute molecules may interact with the
solvent giving rise to non-Newtonian nature of the fluid [84]. Emslie ef al. [85] performed
the earliest modeling of the process considering a Newtonian fluid. Later on, Acrivos
et al. [86] and Jenekhe et al. [87] modified the above model considering non-Newtonian
effects. That the evaporation of the solvent is an important controlling parameter in the

process was first suggested by Meyerhofer [88]. The spin-coating speed (w) is also a very
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Figure 3.1: Schematic diagram showing the steps involved in the process of spin-coating.

important parameter affecting the thickness (D) of the deposited film which is related to w

as

D~ —.
Jo

In fact, the film thickness has a well-known empirical relationship with different internal
physical parameters (such as viscosity of solution and evaporation-rate, etc. of solvent) and

external parameter (such as spinning speed) as [89]

D =~ Kow " (EX/C,)" %%, 3.1)

where w is the rotational speed, K is a constant for volatile organic solvents, which is

related to the other external conditions such as temperature, relative humidity, air velocity,
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Figure 3.2: Spin coater SCS 6800.

etc., I/, A and C,, are the evaporation rate, latent heat of evaporation and heat capacity of
the solvent, respectively, and 7 is the viscosity of the solution.

Instrument

The spin-coater used in our experiments was SCS 6800 Spin-coater series, shown in Fig.
3.2. It has a coating chamber mounted on a stage and enclose a vacuum chuck for holding
the substrate. The chuck can be rotated with the help of a high speed motor attached below
the horizontal stage and the maximum rotating speed is around 10,000 rpm. A rotary
vacuum pump is used for sucking the air between the chuck and the substrate and thus hold
the substrate firmly during spinning. A control unit with a display panel is attached to the

spin-coating unit for adjusting the speed, acceleration and duration of spinning.

3.1.2.2 Drop-casting

Spin-coating produces films with high uniformity but usually with low degree of order.
Since it involves rapid evaporation of the solvent, the molecules of the dissolved material do
not have enough time to self-assemble into ordered structures. Drop-casting, on the other

hand, produces films with a high degree of ordering at the cost of decreased uniformity.
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Figure 3.3: Schematic diagram showing the steps involved in drop-casting.

This method involves putting a drop of the solution containing the desired material on a
substrate and allowing the drop to dry on its own, leaving a film on the substrate. As the
solvent evaporates, the drop shrinks in size, depositing the molecules at the receding edges
(Fig. 3.3). This being a slow drying process, it gives the dissolved molecules ample time
to organize themselves into well ordered structures. Even better ordering can be achieved

by slowing down the evaporation time, e.g., by keeping the substrate with the drop inside

a covered arrangement.

3.2 Characterization tools

Characterization of the samples prepared was done primarily using different X-ray scat-
tering techniques. Additionally, other techniques like scanning probe microscopy, optical

absorption spectroscopy and dynamic light scattering were employed to provide us with a
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complete description of the samples. In the following sections these techniques are dis-

cussed in detail.

3.2.1 X-ray scattering

Since its discovery by W.C. Rontgen in 1895, X-rays have played a pivotal role in the
determination of the structure of materials. Tremendous progress, both in the theoretical
understanding of its interaction with matter as well as in the technical know-how needed
to exploit them experimentally, has enabled X-ray scattering to be used in a variety of
problems ranging from the determination of the structures of simple compounds to that of
DNA, proteins, etc.

X-rays are electromagnetic waves having wavelength of the order of an Angstrom, i.e,
10719 m. The relation between its wavelength \ in A and photon energy E in keV is given
by

A= ok (3.2)

An X-ray photon impinging on a material can interact with it in two ways— it can either
be scattered or be absorbed [90,91]. We are mainly interested in the scattering of X-rays by
matter. X-ray scattering provides a host of non-destructive techniques to probe the internal
structure of materials, both in bulk and in thin films. These include X-ray Diffraction
(XRD), X-ray Reflectivity (XR), Grazing Incidence Diffraction (GID), Grazing Incidence
Small Angle X-ray Scattering (GISAXS), diffuse scattering, etc. In this work we have used

a combination of these techniques to analyze our samples.
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Figure 3.4: Reflection and transmission of X-rays from an interface.

3.2.1.1 Basic theory

The refractive index n of electromagnetic waves displays resonant behaviour near the fre-
quencies corresponding to electronic transitions in atoms and molecules. Normal disper-
sion occurs on the low frequency side of a resonance, where refractive index n increases
with frequency w. On the high frequency side n decreases with w and this is known as
anomalous dispersion. Since the frequency of X-rays is higher than most transition fre-
quencies, in this region n turns out to be less than unity. This indicates a phase shift of 7
in the Thomson scattering of X-rays and results in fotal external reflection of X-rays from
a flat, sharp interface, i.e., for incident angles « less than a critical angle «. the incident
X-ray beam does not penetrate the sample, but is totally reflected from it.

The refractive index n, of a homogeneous medium, for X-rays is given by

n=1-64+iB, (3.3)

where
_ 2mpry

(3.4)



CHAPTER 3. EXPERIMENTAL TECHNIQUES 32

Reflected X-rays

Incident
X-ray

Figure 3.5: Reflection and transmission of X-rays from a slab of finite thickness.

and

B=L (3.5)

Here p is the electron density of the material, k is the wave-vector and is related to the
2

wavelength of radiation \ by k = TW, ro 1s the classical electron radius whose value is

2.82 x 107° A and . is the absorption coefficient of the medium. According to Snell’s law

the glancing angles «; and o are related by
COS (; = 1, COS QL. (3.6)

The critical angle «.. is obtained by setting oy = 0 and is given by

= v/25 = VAT

P (3.7

Using typical values it can be inferred that «.. is of the order of one milli-radian.
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3.2.1.2 X-ray Reflectivity

X-ray Reflectivity (XR) has emerged as a very important surface-sensitive technique for
analyzing the thickness, roughness and electron density of smooth films and multilayers
on substrates [92]. It consists in reflecting a beam of X-rays from a smooth interface and
measuring the intensity in the specular direction, i.e, in a direction such that the reflected
angle is equal to the incident angle. The basic expressions for specular reflection and trans-
mission at a smooth interface can be derived from Maxwell’s equations for electromagnetic
waves, considering boundary conditions for continuity of the electric and magnetic fields
and their derivatives at the interface [93]. These are known as Fresnel’s equations for the

amplitude reflectivity (r) and transmittivity (¢) and are given by

P = SR _ u’ (3.8)
ar Oéi—i-Oéf
204
p= T 2 (3.9)
ar Oéi—f-Oéf

The intensity reflectivity and transmittivity, denoted by R and 7', respectively, are obtained
from the absolute squares of  and ¢. Since «; and oy are small, by expanding the cosines

in Snell’s law we obtain

of = af + ol — 2ip. (3.10)

From the above equation we find that o is a complex number and can be written as

ar = R(ay) + (o). (3.11)
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Thus, the transmitted wave falls off with increasing depth into the medium and its intensity

falls with a 1/e penetration depth A as

1
A= . 3.12
Qk]I(af) ( )
Converting angular variables to wave vector transfers
Q = 2ksina = 2ka, (3.13)
Q. = 2k sin o, = 2ka, (3.14)
and their dimensionless counterparts
Qi 2k
G == = —aq, (3.15)
Qe Qe
Qr 2k
qr = — = —ay, (3.16)
oo
we obtain
4; — 4y
r(qg = ——, (3.17)
@ 4 + qr
2q;
tlq) = , (3.18)
(@ ¢ + qy
1
Aq) = (3.19)
W= Qaa)

When the wave vector transfer is very large in comparison to q., i.e, ¢ 2 3¢., R displays an
asymptotic behaviour,

q4
= —=. 3.20
160 (3.20)
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Figure 3.6: Schematic of reflection of X-rays from a multilayer stack.

Reflectivity of a film: The reflectivity and transmittivity of a film is derived by consid-
ering reflection and transmission from a thin slab of thickness d. The situation is depicted
in Fig.3.5. In this case there is an infinite number of possible reflections from the two
interfaces. Using Fresnel’s equations at the two interfaces, we obtain the total amplitude

reflectivity as
ro1 + T12p”

—, 3.21
1 + ro1ri2p? (5.21)

Tslab =

where 7;; is the amplitude reflectivity for X-rays incident from the ¢-th onto the j-th
medium, p? is the phase factor of the rays reflected from the top and bottom faces of
the slab and is given by exp[iQ)1d], and ()1 = 2k sin ;. The reflectivity thus obtained dis-
plays oscillations due to interference of waves reflected from the top and bottom interfaces.

2
These are known as Kiessig fringes and occur with a period of % in Q) [94].
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Reflectivity of a multilayer system: The above treatment can be extended to calculate
the reflectivity of a multilayer system, i.e, a system consisting of /V layers where the n-th

layer has thickness d,, (Fig.3.6). We thus arrive at a recursive formula [95],

T'nn+1 + Fn—l n .
n—1n — : — e ndn s 3.22
" b 1 + Tn,n—i—an—l,n Xp[lq ] ( )

where
qn—l - qn

Fn—lm = .
qn—1 + dn

(3.23)

The reflectivity of this system is obtained by solving the above equation 3.22 under the
assumption that 7y y41 = 0, as the (IV 4 1)-th layer is the substrate whose thickness is
usually taken to be infinite. The thickness of the O-th layer (air) is also infinite.
Reflectivity considering roughness: Until now we have considered only smooth sur-
faces with sharp interfaces. However, real surfaces and interfaces are hardly ever perfectly
smooth. Instead, the height of an interface has a certain degree of randomness, which we
call the roughness of the interface. A rough interface is described by a statistical distribu-
tion and the heights of different points on it are correlated in a way characteristic of the type
of roughness [96,97]. Consequently, the reflectivity is no longer strictly specular, but has
a diffuse or off-specular component. Reflectivity of a rough interface is less than that of a
smooth interface and this deviation increases as we go to higher values of ¢ [98]. The effect
of roughness can be estimated by decomposing the scattering density profile into a series of
layers as described above and using the iterative scheme. Generally, the first derivative of

the scattering density profile can be described as a Gaussian function, as a result of which
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the reflectance of a rough interface can be written, using Born approximation, as

1

Tn—l,n = 7“5_1771 €xp |:_§qn—lqn0—721} ) (324)

where o, gives us a measure of roughness between the (n — 1)-th and n-th layers and r¥
is the reflectance from a smooth interface. The above equation can be simplified to get the

reflectivity in case of an interface separating two media 1 and 2 as
Ryough = Rrexp|—q*o1y], (3.25)

where Ry is the Fresnel reflectivity and oy, is the roughness of the interface separating
media 1 and 2. oy, is given by \/(h2), where 2(h?) is the ensemble average of height

differences and is given as follows,
([(0,0) = h(z, y)]*) = 2(h?). (3.26)

In general, the roughness of the film-air interface results in a faster fall in the reflectivity
curve, while roughness of the film-substrate interface decreases the amplitude of multilayer
peaks.

Resolution function: So far we have considered an X-ray beam which is strictly
monochromatic, has no angular divergence and a detector that is perfectly point-like. But
in a real life experiment the conditions obviously deviate from these assumptions and in
that case we have to convolute the data obtained with a resolution function for proper anal-
ysis. The resolution depends primarily on the wavelength dispersion (A\/)), the angular
divergence of the incoming beam (Ac;) and the acceptance of the outgoing beam (Ac,.).

In the usual geometry of XR experiments, the aperture of the detector slits perpendicular
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to the scattering plane is kept wide open so that the scattered intensity in the g, direction
is integrated out. The wave-vector transfer ¢ can be resolved into components in the x-z

co-ordinate system as

¢ = k(cosa, — cosq;), (3.27)

¢. = k(sina; +sina,). (3.28)

Differentiating the above equations with respect to «; and «,., we get

dg. = k(sin yday; — sin a,.da,.) — dk(cos o — cos ;) (3.29)

dg, = k(cosa;da; — cos a,da,.) + dk(sin a; + sin «,.), (3.30)

where dk = —d\/\. With the assumption that do; and dc,. are randomly distributed, the

resolution widths in ¢, and ¢, are given by

A¢ = K (sin® ;Aa? +sin® o, Aa?) + Ak*(cos a; — cos )2, (3.31)

Ag? = k*(cos® ;A + cos® o, Aa?) + A (sin oy + sin a2 (3.32)

In the specular condition a; = «, = « and neglecting the effect of wavelength dispersion

when compared to the angular spread, the resolution widths are given by

Aq, = ksinalAa? + Aa?]V?, (3.33)

Aq. = kcosalAa? + Aa?]V2 (3.34)

Defining [Aa? + Aa?]Y/? as the half width at half maxima (HWHM), o4, of the direct
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beam, we have

Ag, = q.04/2, (3.35)

Aq. = kogcosa. (3.36)

3.2.1.3 Grazing Incidence Small Angle X-ray Scattering

Grazing Incidence Small Angle X-ray Scattering or GISAXS [99] has developed as an
enormously powerful technique for the characterization of the morphology of nanoparti-
cles and their clusters in the last couple of decades. It is a non-destructive reciprocal space
technique which allows investigation of nanoobjects, either on a surface or embedded in
a matrix, with size ranging from a nanometer to a few microns. The small interaction of
hard X-rays with matter was a hurdle in the path of using it for surface or interface studies.
However, with the advent of high brilliance synchrotron radiation coupled with grazing
incidence geometry, X-rays could be used for probing surfaces with appreciable signal-to
noise ratio [100]. GISAXS is a subset of Grazing Incidence X-ray Scattering or Diffrac-
tion (GIXS or GIXD) [101, 102] techniques, which has several advantages [103], e.g, the
technique is fully non-destructive, it gives a statistical average information of the entire
sample surface in contrast to microscopy, it has the ability to probe the surface as well
as buried interfaces and bulk by a mere change in the incident angle, it can be used in a
variety of sample environments and also for in-situ measurements. GIXS techniques have
been employed in widely differing situations like granular multilayer systems [104], im-
planted systems [105], semiconductor quantum dots [106, 107], cluster formation of metal
nanoparticles [108], semicrystalline polymers [28, 109], studies of dewetting of polymer

films [110] and swelling of block copolymer films [111].
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Figure 3.7: The scattering geometry of a GISAXS experiment.

The scattering geometry: The scattering geometry of a GISAXS experiment is shown
in Fig. 3.7. The incident beam, of wave vector k;, is kept at grazing angle to the sample, i.e
the incident angle «; is small and kept constant, usually at a value close to the critical angle
a.. The scattered beam, of wave vector k¢, makes an angle oy with the sample surface and
an in-plane angle 260 with the direction of the transmitted beam. The wave vector transfer
q = k; — k; is decomposed into two components, q and q , which are, respectively,
parallel to and perpendicular to the substrate. The absolute value of q is ¢, and is related
to ov; and oy as
lqi| = g. = ko[sin oy + sin o], (3.37)

2
A
The relation between the angular coordinates and the wave vector transfer coordinates, for

where ky = |ks| = |k;| = represents the elastically conserved wave vector modulus.
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GIXS techniques, can be expressed as

¢z = ko[cos26;cosayp — cosayl, (3.38)
qy = ko[sin260y cosayl, (3.39)
¢. = kolsinay + sinay]. (3.40)

GISAXS is used to probe the morphology both parallel to (along ¢,) and perpendicular
to (along ¢,) the sample surface at length scales typically ranging from a few nm to a
few hundred nm. On the other hand, GIWAXS or Grazing Incidence Wide Angle X-ray
Scattering is used to probe order at the atomic scale. For GISAXS all angles are assumed

to be small (less than a few degrees). In that case

“ ~ 0, (3.41)
qy =~ kosin20; ~ ko20;, (3.42)
. ~ ko, (343)

i.e., the reciprocal space scales with the angular coordinates. In a typical GISAXS measure-
ment beam-stops are used to block the direct beam and the specularly reflected beam from
hitting the 2-D detector. Due to refraction and reflection effects the Yoneda peak, which is
the maximum of the off-specular diffuse scattering intensity, is located at the critical angle

for total external reflection, i.e, at a.

3.2.1.4 Lab source X-ray scattering facility

The lab source X-ray scattering facility used in our experiments is the Versatile X-ray

Diffractometer (VXRD) from Bruker AXS, Germany (Fig.3.8) [112]. It has a Cu sealed
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Figure 3.8: Bruker D8 Discover, the Versatile X-ray Diffractometer used in the experi-
ments.

tube which generates X-rays of the required energy, focal spot and intensity by bombarding
the target sample with electrons generated from the cathode. The focal spot (also called
focal spot on target) and takeoff angle are critical features in the production of X-rays by
sealed tube. The focal spot on the target is the area bombarded by electrons and the takeoff
angle is the angle between the primary X-ray beam and the surface. The takeoff angle can
be set from 3° to 7°. In this system the normal emission angle is 5°. Normally, sealed tube
has 2 to 4 beryllium windows through which X-rays exit. The focal spot is typically rect-
angular in shape with a length-to-width ratio of 10 to 1. The projection along the length

of the focal spot at a takeoff angle from the anode surface is called spot focus. For fine
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Figure 3.9: Close-up of the sample stage, source and detector of Bruker D8 Discover.

focus the focal spot size at anode is 0.4 x8 mm? and spot focus size is 0.4x0.8 mm?. The
emerging primary X-rays then pass through the beam optics components consisting of a
monochromator, a pinhole collimator and a Gébel mirror. A graphite crystal monochro-
mator is typically used which gives the strongest beam intensity but cannot resolve the
K,1 and K, lines. So the monochromator is aligned to K,, line of wavelength \ = 1.54
A and X-rays of other wavelengths are filtered out. The monochromatized X-ray beam
then passes through the Gobel mirror which is a parabolic multilayer mirror. The Gobel
mirror is the bent gradient multilayer optics. The standard lengths of the multilayer optics
are 40 mm and 60 mm. This mirror is used to convert the divergent beam emitted from the
X-ray source into an intense parallel beam. These special diffractive properties are valid
for the K, radiation of the source, so that the mirror is mainly diffracting the K, part of the
spectrum.

In VXRD setup, a high-precision, two-circle goniometer with independent stepper mo-
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Figure 3.10: Rotation geometry of the 6, ¢ and y motors in VXRD setup with quarter-circle
Eulerian cradle.

tors and optical encoders for ¢ and 26 circles is used. The sample stage is usually mounted
on the inner @ circle of the goniometer. The goniometer can be used in horizontal 6-26,
vertical 0-260 and vertical -6 geometries. In #-260 mode, the sample rotation is defined as
w rotation and the sample stage directly mounted on the goniometer inner circle is called
w-stage. The used sample stage is a quarter-circle Eulerian cradle having two rotational (¢
and ¢) and three translational (X, Y and Z) motions. The corresponding 6, ¢ and y motor
movements have been shown schematically in Fig.3.10.

The sample stage in the VXRD consists of a 5 inch vacuum chuck connected to a ro-
tary pump in order to hold the sample in place during its movement. The instrument is
connected to a cooling water unit (ERL2000 chiller) to maintain the source at a constant
temperature. Software controlled stepper motors operate the movement of all the parts of
the instrument. The scattered beam is detected using a Nal scintillation (point) detector.
The detector interface board generates high voltage required for the operation of scintil-
lation and proportional counters. It contains a high speed pulse amplifier with a pulse

shaping stage, line shift correction and baseline restoration unit and also two discriminator
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windows including complete pulse counting unit. In addition there is a digital count input
for various kinds of detectors having digital pulse output. The VXRD unit is kept in a
radiation protection housing as shown in Fig.3.8 . A lead glass window at the front of the
radiation protection housing enables the samples to be changed and or the diffractometer
mounts to be modified. The window shutter of the X-ray tube stand closes automatically
when this window is opened. Two red LEDs glow when the window shutter is open and a
green LED glows when the window shutter is closed.

Sample alignment and types of scans: Sample alignment is done in two steps—first
the detector angle is set to zero and the sample holder is translated to a position where the
detected intensity is half the direct beam intensity. This aligns the sample holder to the
direct beam. Next, the sample holder is rocked about its axis (6-scan at 26 = 0) to ensure
that the sample surface is parallel to the incident beam. If it is correctly aligned then the
detected intensity is maximum at # = 0, as expected. Otherwise the intensity is maximum
at an angle away from O and in that case the offset angle is to be adjusted in order to achieve
the specular condition. The specular condition implies that the incident angle, « is equal
to the reflected angle, 5 (a« = 5 = 6). Under such a condition there exists a non-vanishing
wave vector component, ¢., which is equal to (47 /) sin § with resolution 0.002 A~'. The
qualitative idea about the samples has been obtained from the Kiessig fringes of the XR
profiles. To get a quantitative information i.e., in-plane (x-y) average electron density (p) as
a function of depth (z) in high resolution, all XR profiles have been analyzed using Parratt’s
formalism [95] from which one can estimate the total film thickness, the average electron
density and the roughness of the film-substrate and film-air interfaces. For this purpose,
each film has been divided a into number of bilayers and roughness has been incorporated
at each interface. The thickness, electron density, and roughness associated with each layer

were then set as fitting parameters. Other than the specular reflectivity scan, another type
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of scan that has been very crucial in our studies is the rocking scan or the diffuse scattering
scan. This is performed about a specular point by scanning the #-motor with 26-motor
fixed. Here the transverse component of wave vector ¢, changes continuously and keeps
the normal component of wave vector ¢, almost unchanged at small angular positions of
the motors. Normal XRD scans were also performed to investigate the crystalline order in
thicker polymer films.

Footprint correction of reflectivity data: An important correction to be made to spec-
ular reflectivity data is the footprint correction. This is an instrumental effect arising due to
the footprint or size of the beam on the sample. The size of the beam is important because
reflectivity data are usually taken from below the critical angle of total external reflection.
Considering a rectangular beam of dimensions t,t5, where ¢5 is the dimension parallel to
the sample surface, incident at an angle o, we can show that the footprint of the beam on

the sample is
1]
sin «v

F=

ts. (3.44)

For reflectivity measurements the sample size L (along the incident beam) must be at least
equal to F at the critical angle for total reflection to occur. In such a situation the loss of
reflectivity below the critical angle (expected to be unity otherwise) can be compensated

simply by multiplying the experimental data with F'/L [91,98].

3.2.1.5 Synchrotron source X-ray scattering facilities

The basic principle behind synchrotron radiation was discovered by the German physicist
Heinrich Hertz who found that charged particles emit electromagnetic radiation when ac-
celerated. Synchrotron radiation (SR) is the radiation emitted by a charged particle moving

in a circular path with constant, relativistic speed [113]. However, nowadays the term is
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Figure 3.11: Schematic view of a synchrotron radiation source showing (1) the electron
gun, (2) the linear accelerator, (3) the booster synchrotron, (4) the storage ring, (5) beam-
lines, and (6) experiment stations.

used as a generic term to describe radiation from charged particles moving with relativistic
speeds along curved trajectories under the influence of a magnetic field. So synchrotron ra-
diation is not only produced in synchrotrons, but also in storage rings where it is generated
either by bending magnets or by insertion devices such as wigglers or undulators [90]. The
spectrum of synchrotron light spreads from the far infrared up to near gamma rays. The
radiation is highly polarized and the intensity much higher than other sources. The figure

of merit for an X-ray source is the brilliance which is defined as

Intensity(photons/sec)
Angular divergence(mrad?).Source area(mm?).(0.1%bandwidth)
(3.45)

Brilliance =

The maximum brilliance for a third generation undulator is about 10 orders of magnitude
higher than that for a rotating anode at the K, -line. a Owing to these properties, SR has
proven to be useful in a large number of physical, chemical, geological, and biological
processes.

The main components of a syncrotron source are described below (Fig. 3.11). These
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are—the injection and accelerator system, the storage ring, insertion devices and beam
controls.

Injection and accelerator system: The injection system comprises an electron source,
a low energy linear accelerator (LINAC), and a booster synchrotron (circular accelerator)
where the electrons reach the operating energy, in one turn, before being transferred to
the storage ring in a synchronized way. To reach high beam intensities in the storage
ring, many booster pulses are injected. The process is initiated in the electron gun where
high voltage electric field through a heated metallic cathode produces pulses of electrons
which are directed toward the LINAC. In the LINAC, the electrons enter into the first radio
frequency cavity which accelerates them and at the same time groups them into bunches.
The electrons pre-accelerated in the LINAC are directed by a bending magnet toward a
circular accelerator (booster synchrotron) where they are strongly accelerated to reach the
final energy in the range of several giga-electron-volts (GeV) before being transferred to
the storage ring. The booster synchrotron is a sequence of both bending magnets and
focus-defocus magnets and radio frequency cavities along the circle.

Storage ring: A storage ring is a circular ring, whose structure is essentially the same
as a synchrotron, and in which the electrons are kept circulating at constant energy for sev-
eral hours. A storage ring consists of vacuum chambers for keeping an ultra-high vacuum
along the particle trajectory, magnets for bending and focusing the circulating beam and
radio frequency accelerating cavities for making up for energy lost as synchrotron radia-
tion.

A low pressure (< 1072 torr) in the vacuum chamber is necessary for the electron beam
to survive. Due to gas desorption caused by the radiation hitting the vacuum chamber
surface a continuous pumping is required and it is carried out by placing many vacuum

pumps along the circular path.
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The magnetic system consists of bending magnets and focusing quadrupole and sex-
tupole magnets. Dipole magnets are arranged along the electron orbit to modify the trajec-
tory of the electron beam. The magnetic field of the magnets is kept constant in the storage
ring because the electron beam energy has to be kept constant. There are photon beam ports
at the location of the dipole magnets so that the synchrotron radiation may be utilized. Be-
tween the dipole magnets on the straight beam line section there are quadrupole magnets,
which provide magnetic fields with gradients to act as lenses for the electron optics system.
Sextupole magnets are used to correct the chromatic aberrations caused by focusing errors
because of energy spread of electrons within a bunch. The electron beam is maintained
in a stable oscillation (betatron oscillation) around an equilibrium orbit by the lens action
with the magnets. In the arc sections of the storage ring, the electron beam loses energy by
emitting synchrotron radiation. This energy loss is supplied by radio frequency cavities,
which are set up on a straight section of the ring, and an associated power supply.

Insertion devices: Synchrotron radiation obtained from the bending magnets does not
always fulfill the requirements of desired radiation characteristics like photon energy, broad
band, narrow band,etc. In order to achieve the desired characteristics insertion devices are
placed in the magnet-free, i.e, the straight sections of the orbit. An insertion device is made
up of periodic magnets with periodically alternating polarity in the direction of motion of
the electron beam. Therefore, the trajectory of electrons inside the insertion device wiggles
like a section of sinusoidal curve. The insertion devices can be turned on or off without
affecting the functioning of the storage ring. The insertion devices are wavelength shifters,
wigglers, and undulators. In a wiggler the amplitude of the oscillations is rather large and
the radiation from different wiggles add incoherently, whereas in undulators, the small-
amplitude oscillations from the passage of a single electron produce a coherent addition of

the radiation from each oscillation.
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Beam controls: Beam controls are used to measure the circulating beam current, beam
lifetime, and transverse beam position. The synchrotron radiations generated in the bend-
ing magnets or insertion devices are taken from the ports of the ring and delivered to the
experimental station through a beam line. The main beam line is a light-path connecting
the storage ring and the experimental station, and performs the function of extracting or
cutting off the photon beam. Different types of optical instruments, such as reflection mir-
rors and monochromators, are set up in the beam line according to the characteristics of the
synchrotron radiation to be used and the purpose of the experiment. A standard synchrotron
beamline has the following parts:

Monochromator: Monochromators are used in order to extract a particular wavelength
or energy from the white beam. For X-rays, silicon or germanium crystals are used as
monochromators. When the white light impinges on the crystal, its lattice planes diffract
X-rays of different wavelengths in different directions in accordance with Bragg’s law.
Another similar crystal parallel to the first is used to redirect the diffracted beam along the
incident beam direction. Such an arrangement is called a double crystal monochromator.

Windows: Thin sheets of metal, often Beryllium, which transmit almost all of the
beam, but protect the vacuum within the storage ring from contamination, are generally
used as windows.

Slits: In order to define the horizontal and vertical beam size, several slits are used
before impinging the beam on the sample.

Focussing mirror: One or more mirrors, which may be flat, bent-flat, or toroidal are
used to collimate or focus the X-ray beam. Specialized lenses are also used.

Spacing tubes: Vacuum tubes which provide the proper space between optical ele-
ments, and shield any scattered radiation, are generally used in beamlines.

GISAXS experiments for our samples have been performed at PO3 beamline of PETRA-
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Beamline P03, PETRA-II, DESY BL-18B, PF, KEK
Source Undulator Bending magnet
Energy (keV) 13 10
Monochromator Double crystal Si(111) Double crystal Si(111) or Ge(220)
Detector PILATUS 300k, Dectris Cyberstar point detector
Image area (pixels) 487x619 NA
Pixel size (um) 172 NA

Table 3.1: Specifications of the synchrotron X-ray scattering facilities used.

III, DESY, Germany [108, 114, 115] and some XR measurements have been carried out at
the Indian Beamline BL-18B of Photon Factory, KEK, Japan. The specifications of the two

beamlines are listed in Table 3.1.

3.2.2 Scanning probe microscopy

Scanning probe microscopy (SPM) is a family of surface imaging techniques that allows us
to view the surface of samples with an amazing resolution. The first scanning probe micro-
scope, the scanning tunneling microscope or STM, was invented by Binnig and Rohrer in
1982 [116,117] and has proved to be extremely useful in many fields of condensed matter
physics, chemistry and biology. The STM can resolve the local electronic structure at an
atomic resolution on any conducting solid surface, thereby revealing the atomic structure of

the surface. The STM utilizes the phenomenon of quantum mechanical tunneling in order
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to image solid surfaces. It essentially consists of a probe tip attached to a piezodrive which
consists of three mutually perpendicular piezoelectric transducers for motion in three direc-
tions. When the tip is brought to within a few angstroms of the sample surface the electron
wave-functions in the tip and the sample overlap due to the proximity of the tip and the
sample. On applying a bias voltage V' between the two, an electrical current is made to
flow. This current originates from the quantum mechanical tunneling effect and depends
exponentially on the tip-sample separation. Thus the topography of the sample surface is
obtained by plotting the tunneling current at each point of the scanned area [118, 119].
The STM, however, has certain limitations. In an STM, variations in the tunneling
current are not necessarily due to variations in the tip-sample distance—variations may
also arise from variations in the conductivity of the surface. So, an STM image may not
represent the exact topography of the surface. Moreover, a scanning tunneling microscope
cannot image thick insulating layers. Since the probing currents lie in the picoampere
range, the maximum thickness of an insulating layer can be about 2 nm. These difficulties
were overcome by the atomic force microscope or AFM [120] which images the sample
surface by measuring the force between the sample and the probe tip on an atomic scale.
The AFM is an extremely powerful instrument in that it can image almost any type of
sample surface—from very hard samples like ceramic materials or dispersions of metallic
nanoparticles, to very soft materials like polymers, human cells and molecules of DNA
[121]. Also, it can be used both in ambient conditions as well as in vacuum according to
the specific requirement of the experiment. Although initial images with the AFM did not
have a resolution as high as that obtained with an STM, atomic resolution with an AFM was
soon reported [122]. The Basic principle of the AFM has also led to the invention of a host
of similar techniques like magnetic force microscopy (MEM), friction force microscopy

(FEM), dipping force microscopy (DFM) and electrostatic force microscopy (EFM) [123].
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Figure 3.12: The Lennard-Jones potential.

In our work we have used atomic force microscopy technique to obtain the topography of

the sample surface, the details of which are described in what follows.

3.2.2.1 Basic principles

The forces between the tip and the sample can be understood by considering the attractive
and repulsive forces at different distances. The attractive van der Waals forces and the Pauli
repulsion due to overlapping electron orbitals can be described together by the Lennard-

Jones potential (Fig. 3.12)

V(d) = 4¢ K%)m - (;ﬂ (3.46)

where ¢ is the depth of the potential well, o is the finite distance at which the inter-particle
potential is zero and 7 is the distance between the particles. When r is large weak attractive
forces exist between the tip and the sample. When the tip and the sample are brought closer
to each other, attractive forces increase until the distance becomes so small that the electron
clouds start repelling each other electrostatically. The increasing repulsive force weakens

the attractive force as the interatomic distance decreases and at a distance of about 2 A the
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Figure 3.13: Schematic diagram of an atomic force microscope.

interatomic force becomes zero. When the distance is even smaller, the interatomic force
is fully repulsive [124].

A typical AFM essentially consists of a probe tip attached to a cantilever which is
mounted on a piezoelectric transducer (scanner) for moving the tip over the sample surface,
a force transducer (sensor) that senses the force between the tip and the sample, and a
feedback control that feeds the signal from the sensor back to the piezoelectric scanner
in order to maintain a constant force. The expansion coefficient for a single piezoelectric
device is on the order of 0.1 nm per applied volt, i.e, approximately the radius of a single
atom. The ability to control such tiny movements makes piezoelectric materials the perfect
choice for use in AFM. Piezoelectric transducers come in various shapes and sizes and are

used in complex geometries so that they can control the movement of the tip in multiple
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directions across the sample surface.

The force between the sample and the tip is measured by the force transducer. When
the tip comes in contact with the sample surface the voltage output from the transducer
increases. Generally, an AFM uses a cantilever with integrated tip (the probe), and an
optical lever as the force transducer. The optical lever consists of a laser beam which is
focused to a point on the back of the reflecting cantilever. The beam is then reflected to a
four-segment photo-detector which measures the position of the laser spot. When the probe
tip, mounted on the front side of the cantilever, interacts with the sample, the reflected light
changes its path. The change in light is monitored by the four quadrants of the photo-
detector and this gives a measure of the force. The control electronics take the output from
the force transducer and use it to drive the scanner, so as to maintain a fixed tip-sample
distance and hence, a constant force between the sample and the tip. Thus, if the sensor
detects an increase in force, e.g, due to a particle on the surface, the feedback control makes
the tip move away from the surface and vice-versa.

Modes of operation: The AFM is typically operated in three topographic modes—

(i) contact mode, (ii) non-contact mode and (iii) tapping mode.

(i) Contact mode: The simplest mode of operation is the contact mode, which was the
first mode developed for the AFM. It is also the fastest of all topographic modes, as the
deflection of the cantilever gives us the topography of the sample directly. In this mode the
tip remains in close contact with the sample surface and the interaction force between the
tip and the sample is the repulsive van der Waal’s force, which dominates over any other
attractive force that may try to act. Additionally, two other forces are operational in this
regime—capillary force due to the presence of a contaminant layer on the sample surface
and the force exerted by the tip itself, which is the shear force component of the interaction

force acting on the cantilever. Assuming that the contaminant layer is homogeneous, the
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capillary force is constant throughout the sample and is attractive in nature. The magnitude
and direction of the cantilever forces acting on the sample, however, depend on the deflec-
tion and spring constant of the cantilever. The force exerted on the surface by the probe tip

in contact mode is given by Hooke’s law,

F=—kxD, (3.47)

where F' is the force, k is the probe force constant and D is the deflection.

The AFM can be operated in two ways in the contact mode—the constant force mode
and the constant height mode. In the constant force mode a feedback system keeps the
cantilever deflection at a constant predetermined value known as the set-point. As the tip
scans the sample surface, the AFM software can display the deflection signal as a line plot
or as an image. In the contact mode, the topography is measured by the voltage applied
by the feedback amplifier to the piezo element and this applied voltage is expressed as a
function of the lateral position of the sample. This function is used to generate the surface
topography of the specimen. In the constant height mode the feedback loop is turned off
altogether and the piezo scanner holding the cantilever scans the sample surface without
moving in the z-direction. So the image signal comes entirely from the deflection of the
cantilever and not from the voltage applied to the z-piezo which is kept constant. The
constant height mode suffers from the disadvantage that any steep step in the sample surface
may cause the tip to crash against the sample and thus damage the tip. So the constant force
mode is the most commonly used mode of operation. The main advantage of using contact
mode AFM is its high resolution. In spite of that, it finds limited use as the applied normal
force leads to a high lateral force on the sample as well which might lead to distortion,

deformation or even removal of weakly adsorbed layers on the surface. So contact mode
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AFM is not suitable for imaging soft samples.

(ii) Non-contact mode: Non-contact mode AFM is carried out in the attractive regime
of the potential energy-distance curve. The tip has to be close enough to the surface to
achieve high sensitivity, without passing on to the repulsive regime. Usually the tip remains
about 50 A to 150 A above the surface. Since these attractive forces are much weaker than
repulsive forces appearing in contact mode, the cantilever has to be give a small oscillation
and by monitoring the dynamic effects of the attractive force, i.e, the change in oscillation,
the tip can be maintained at a close proximity to the sample surface without plunging into
the repulsive regime. The forces between the cantilever and the sample surface, normally
the attractive van der Waals force, leads to a change in the cantilever resonant frequency,
which in turn leads to changes in the oscillation amplitude and phase. Far from the sample

surface the resonant frequency is given by

wo = cVk, (3.48)

where c is a function of the cantilever mass and k is the spring constant. However, when

there is an additional force f from the surface, the new resonant frequency is given by [125]

wo=c\Vk—f, (3.49)

where [’ is the derivative of force f normal to the surface. Either the change in amplitude
or the change in phase, which is derived from the change in frequency, can be used in the
feedback circuit to maintain the tip at a fixed distance from the sample surface. In order
to avoid the possibility of damaging or contaminating the tip by slipping into the repulsive

regime, a high frequency cantilever, with w, between 300 and 400 kHz, is generally used.
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Additionally, oscillation amplitudes are kept small, typically about 10 nm, and scanning
speed is lower than in contact mode. Frequency modulation is often used when scanning
in UHV conditions.

Non-contact mode AFM can be employed in almost any situation but suffers from a
main drawback that in ambient conditions the force between the tip and the sample is
mainly governed by the capillary force due to a contaminant layer, which significantly
affects the resolution of the image. However, since it offers imaging with little or no contact
between the tip and the sample, the non-contact mode is highly effective in imaging soft
materials like polymers and biological samples.

(iii) Intermittent contact or tapping mode: In this case, the feedback is based on am-
plitude modulation and the tip-sample interaction passes through all three regimes, namely,
the zero-force regime, the attractive regime and the repulsive regime. As the interaction
passes through the repulsive regime, there can be damage of the sample or tip due to tip-
sample contact. However, as the tip moves perpendicular to the sample, lateral forces are
almost absent. It is noticeable that in this case the tip passes through the contamination
layer. This is the reason for the huge success of the intermittent contact mode—on the
one hand it avoids the possibility of tip crashing due to lateral forces as in contact mode,
while on the other it overcomes the problem of losing information due to capillary forces
(due to contamination layer) as in non-contact mode. Here the restoring force of the can-
tilever withdraws the tip from the contamination layer in each cycle, thereby diminishing
the effect of capillary forces on the image. In intermittent contact AFM the amplitude of
oscillation of the probe is large, typically in the range of 1 to 100 nm, and the feedback is
usually based on the amplitude signal.

At present, intermittent contact is the most widely used mode for imaging in ambient

conditions. It can also be used for imaging in liquid, although it is limited by the presence
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of certain difficulties specific to operation in liquids. It is not commonly used in vacuum,
due to restrictions in bandwidth due to increase of Q in vacuum.

Analysis of AFM images: Characterization of surface morphology can be done by
performing Power Spectral Density (PSD) analysis. It describes the content of spatial
frequencies in the surface. The PSD (S) is given by the modulus of the Fourier transform

of the height z as

L 2
S(ky) < lim — ‘/ z(z) exp (ik,x)dx| | (3.50)

where 2L is the scan length and k., is the spatial frequency.
PSDs reflect two features of the surface—the distribution of heights from a mean plane
and the lateral distance over which this height variation takes place [126]. Using the ABC

or K-correlation model,

A

: 3.51
[1+ (Bk,)?“"? 62D

S(kx) -

one can extract the correlation length of the surface from the experimentally obtained PSD
plotted against spatial frequencies [127-129]. Here A is the value of the spectrum in the
low frequency limit, B is a correlation length or the shoulder parameter which marks the
transition from the low frequency to the high frequency behavior and C' is the exponent
of the power law fall-off at high frequencies. The correlation length is complementary in

nature to the in-plane feature size obtained from GISAXS images.

3.2.2.2 Instruments

For our experiments AFM imaging in UHV conditions was performed using the Variable
Temperature Ultra High Vacuum Scanning Probe Microscope (VT UHV-SPM) (beam de-

flection AFM, Omicron Nanotechnologies) (Fig. 3.14). It uses a single tube scanner with
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Figure 3.14: The Variable Temperature Ultra High Vacuum Scanning Probe Microscope
from Omicron.

a maximum scan range of 10 ym x 10 pum and a z-travel of about 1.5 ym. A z-resolution
of better than 0.01 nm is achievable. The scanner is positioned with a 3-axes linear piezo-
motor. It uses slip/stick effects related to inertia forces when a piezo is driven in a fast/slow
sequence. The sliders are magnetically coupled to three shear piezos that are driven with a
sawtooth voltage input. The sliders are transported during the slow movement of the piezo
and slip during the fast piezo motion. A high quality vibration decoupling system, essential
for successful high-resolution SPM, is provided by the spring suspension system, whose
resonance frequency is about 2 Hz. The sample stage is suspended by four soft springs pro-
tected by surrounding columns. Vibrations of the spring suspension system are interpreted
using a nearly non-periodic eddy current damping mechanism. For this reason the sample
stage is surrounded by a ring of copper plates which come down between permanent mag-

nets. The spring suspension system can be locked to allow for tip or sample changes by
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Figure 3.15: The ambient AFM 5500SPM from Agilent Technologies.

means of a wobblestick. This locking is achieved through a push-pull motion feedthrough.
AFM imaging in ambient conditions were done using the 5500SPM from Agilent Tech-
nologies. It has a probe attached to a cantilever which is mounted on a scanner made from
a piezo ceramic material. There are four scanners for scanning in different scan ranges.
A photodiode detector is used to receive the reflection of the laser spot off the back of the
cantilever. The top and bottom halves of the detector monitor the cantilever deflection (the
Deflection signal) for AFM imaging, while the two side halves record the cantilever twist-
ing (the Friction signal) for lateral force imaging. The sample stage is positioned below the
tip using three magnetic posts and is attached with micrometer screws for manual move-
ment in the z-y plane with total travel of £5 mm. Two laser alignment knobs located on
top of the scanner are used for positioning the laser spot on the cantilever. A video system

allows one to locate regions of interest and align the laser on the probe tip. It includes
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a camera and optics on an adjustable stand along with a separate illumination source. A
USB cable connects the camera to the computer. The entire arrangement is enclosed in a
vibration isolation chamber, as shown in Fig. 3.15, in order to isolate it from vibration, air
turbulence and acoustic noise which can have adverse effects on imaging. To an extent, it

also helps control temperature variability.

3.2.3 Optical spectroscopy

Several methods of spectroscopy, in different regions of the electromagnetic spectra, have
emerged in the past decades and have provided efficient means of structure characteriza-
tion. These include electronic (optical, i.e, ultra-violet and visible) spectroscopy, infra-red
and Raman spectroscopy, microwave spectroscopy and nuclear magnetic resonance spec-
troscopy. The choice of spectroscopic method to be applied in a particular situation depends
on the structure and properties of the sample in question and the type of information sought.
Optical spectroscopy provides information about the group character of the molecules of
a sample, and does not furnish much detail about the individual structural aspects. Nev-
ertheless, by studying the spectra of a number of different molecules, it has been possible
to correlate the spectral signatures with the structure of a molecule. For these reasons,
ultra-violet and visible (UV-vis) absorption spectroscopy has become a routine procedure
for characterizing organic compounds [130]. In our experiments we have used UV-vis

spectroscopy to characterize both solutions and solid films.

3.2.3.1 Basic principles

The electronic spectra of molecules appear in the wavelength range from 100 to 800 nm

of the electromagnetic spactrum. The visible region extends from 400 to 800 nm and the



CHAPTER 3. EXPERIMENTAL TECHNIQUES 63

X-rays Ultrawviolet Visible Light Infrared

- mles

- bt sl mla

.

Vacuum- Uv-C  Juv-
uv B

Uv-A

100 200 280 315 400 T80
Wavelength (nm)

Figure 3.16: The electromagnetic spectrum showing the ultra-violet and visible regions.

ultra-violet region from 100 to 400 nm (Fig. 3.16). The ultra-violet region is further divided
into two spectral regions. The range between 200 and 400 nm is called the near ultra-violet
region and that below 200 nm is called the far or vacuum ultra-violet region. The colour of
a material as detected by the human eye is due the particular wavelength of light reflected
by the material, and is the complement of colour of incident light absorbed by it [131].
Electronic spectra can be classified into two categories, emission spectra and absorp-
tion spectra. Emission spectra are obtained by analyzing the light emitted by a luminous
source. On the other hand, absorption spectra are obtained by analyzing the light transmit-
ted through an absorbing medium kept between the light source and the spectroscope. We
are mainly interested in absorption spectroscopy whose principles are discussed below.
When a molecule absorbs radiation, its energy increases and this increase is equal to

the energy of the incident photon,

E=hy=— (3.52)

where £ is the Planck’s constant, v and A are the frequency and wavelength, respectively,

of the incident radiation, and c is the velocity of light. The increase may occur in the
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Figure 3.17: Schematic diagram showing molecular energy levels and related transitions.

vibrational, rotational or electronic energy of the molecule. Electronic transitions require
comparatively larger quanta of energy than vibrational transitions. Transitions between
rotational levels require even smaller quanta of energy (Fig. 3.17). Since each electronic
level 1s associated with a number of vibrational levels, and each vibrational level with a
number of rotational levels, the electronic spectra of a molecule is far more complicated
than rotational or rotation-vibration spectra. Thus, an electronic spectrum appears as a
band spectrum or a band envelope, due to a large number of closely spaced sub-levels.
Absorption intensity—Lambert-Beer law: The Lambert-Beer law of light absorption
states that the fraction of incident light absorbed is proportional to the number of molecules
in the path. So, if a substance is dissolved in a solvent, the absorption will depend on the
molecular concentration of the solution, provided the solvent itself does not absorb in that

range of wavelength. The law can be expressed as
. : , Iy
Absorbance or extinction or optical density = log 7= ecl, (3.53)

where ¢ is the absorption coefficient, c is the concentration and [ is the path length. The



CHAPTER 3. EXPERIMENTAL TECHNIQUES 65

absorption intensity is usually expressed in terms of €. The absorption spectrum is ob-
tained by scanning the entire wavelength range of the incident beam and measuring the
transmitted signal.

In case of aggregates of conjugated polymers, as in our experiments, there exist two
types of fundamental electronic interactions—intrachain and interchain interactions. For
example, in m-conjugated lamellar stacks, electronic excitations are delocalized in two di-
rections, along the polymer chains as well as between the chains. Such interactions can
be explained in terms of the H and J aggregate model, originally proposed by Kasha to
treat aggregates of small molecules [132]. In conjugated polymer assemblies intrachain
through-bond interactions give rise to J-aggregate behaviour, while interchain Coulombic
interactions give rise to H-aggregate behaviour. The optical properties of such conjugated
polymer assemblies are regulated by a competition between these two types of interac-

tions [19].

3.2.3.2 Instrument

A spectrometer generally consists of a radiation source, a sample container, a monochroma-
tor, a detector and a detector output measuring instrument. Incandescent lamps or discharge
tubes are used as sources in the ultra-violet and visible regions. Prisms or gratings serve as
monochromators, while photographic plates or photoelectric cells serve as detectors (Fig.
3.18).

The spectrometer used in our experiments is Lambda 750 UV/Vis/NIR spectrometer,
Perkin Elmer, USA. It uses a tungsten halogen filament lamp and a deuterium discharge
lamp as radiation sources in the visible and ultra-violet regions, respectively. It is suitable
for measurements in the scanning wavelength range between 190 and 3300 nm with a reso-

lution of 0.17 - 5.00 nm. The lamp is enclosed in a quartz envelope which exhibits excellent
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Figure 3.18: Schematic of a UV-visible spectrometer

ultra-violet transmission. A double holographic grating monochromator is used, which is a
combination of two single monochromators where the exit slit of the first monochromator
is the entrance slit of the second. In order to optimize the system performance holographic
grating grooves with either parallel or of unequal distribution are used. Holographic grat-
ings are generated on planar, spherical, toroidal and many other surfaces. The monochro-
mator selects a narrow band of wavelengths from the radiation source and this beam of light
then passes through a beam chopper which is a rotating mirror that rotates around its own
axis several times per second and during each rotation it chops the incident beam. In other
words, it alternately splits the beam into two parts—one part passes through the sample
and is called the ‘sample beam’ and the other passes through the reference and is called the
reference beam. The detector also measures the signal from the sample and the reference

alternately, in synchronization with the chopper. When light passes through the sample the
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detector measures the sample signal / and when the light passes through the reference it
measures [y. Finally the electronic circuit compares [ and [ to compute the absorbance
and transmittance. The sample compartment is provided with a lid to protect the detector
from strong external light. Samples can be liquids contained in cuvettes or solid films on
substrates. The cuvettes and substrates must be of materials that are transparent to ultra-
violet and visible light. Usually quartz is used for the purpose as it is transparent to a wide
range of wavelengths from ultra-violet to infra-red regions. The cuvettes used have a 10
mm square cross-section, which means that the path length is 10 mm. It holds about 3 ml
of solution. In order to convert the radiation falling upon it into an electrical signal, two
types of detectors are used in this spectrometer—high sensitive photomultiplier tube and

Peltier cooled PbS detector, for detection in the UV/Vis and IR ranges, respectively.

3.2.4 Dynamic light scattering

Dynamic light scattering (DLS) or photon correlation spectroscopy is a technique widely
used for measuring the size distribution of particles in solution. The size of the particles
is related to the change in the wavelength of the incident light due to Doppler shift when
a monochromatic light is shone on a solution containing the particles, which are in Brow-
nian motion. This method is highly suited for measuring the size distribution of spherical
particles in solution and can also be extended to non-spherical particles like nano-rods, etc.
With the advent of laser sources, highly monochromatic light has become easily available,
and performing DLS measurements has become a routine procedure for size characteriza-
tion, with the advantage that it is not time-consuming. The first DLS measurements were
done by Pecora in 1964 and soon afterwards, laser light was used as the incident radiation

by Cummins et al.(1964) and the next decade was devoted to testing theoretical predictions
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Figure 3.19: Schematic diagram showing the DLS measurement setup.

for simplified systems like translational and relaxational modes for spheres, rod-like and

coil-like particles [133].

3.2.4.1 Basic principles

In a typical light scattering experiment a beam of light is focused on a region of a fluid
in a cuvette and the scattered light is detected. The polarizations of the incident and scat-
tered beams are defined by using polarizers and analyzers, respectively. The instantaneous
scattered signal is, in fact, the superposition of waves scattered by different scatterers, and
therefore, fluctuates in response to the molecular motion of the scatterers.

When light impinges on matter, the electric field of the incident light induces an oscil-
lating polarization of the electrons in the molecules, which then act as secondary sources
of light and subsequently scatter light. The size, shape and molecular interactions in the
scattering medium decide the frequency shifts, angular distribution, intensity and polar-
ization of the scattered light [134]. Rayleigh scattering occurs as long as the size of the
particles is small compared to the wavelength of incident radiation. If the source is a laser,
1.e, a monochromatic and coherent source, the intensity of the scattered light fluctuates over

time, as the scatterers undergo Brownian motion and the distances between them change
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continuously with time. So the scattered light undergoes constructive or destructive inter-
ference due to light scattered from different scatterers and this intensity fluctuation actually
contains information about the time scale of movement of the scatterers.

Information about the dynamics of the system can be obtained from the auto-correlation
of the intensity trace recorded during an experiment. The second order auto-correlation

curve is derived from the intensity plot as

(DIt + 7))

GUGT) = e

(3.54)
where ¢?(K;7) is the auto-correlation function at a particular wave vector K and delay
time 7 and [ is the intensity. When 7 is small, the auto-correlation is high as the particles
do not have sufficient time to change their positions from the initial states. As the delay time
increases the correlation decreases exponentially and at very large 7, there is no correlation
between the scattered intensities in the initial and final states. For a monodisperse sample
the decay is a single exponential. The relation between the first order and second order

auto-correlation functions is as follows.

GP(K;7) =1+ Blg" (K; 7)), (3.55)

where g'(K; 7) is the first order auto-correlation function, 3 is a correction factor which
depends on the geometry and alignment of the laser beam in the scattering setup. The
auto-correlation function is used to estimate the size of the scatterers.

Since, for a monodisperse population the first order auto-correlation function can be
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approximated by a single exponential decay, we can write
g (K;7) = exp (—I'7), (3.56)

where I is the decay rate. The decay rate is related to the translational diffusion coefficient
Dy as
I = D,K? (3.57)

where K is the scattering vector and is related to the refractive index of the solvent (1),

wavelength of incident light (\) and scattering angle (#) by the relation

Ariig 0
- 7;?0 sin 3. (3.58)

A plot of I'/K? vs. K? may or may not show an angular dependence. Small spherical
particles do not show any angular dependence due to the absence of any anisotropy and
hence the plot is a horizontal straight line . For particles of any other shape, there is an
anisotropy and hence, an angular dependence in the plot of I'/K? vs. K?. The intercept
gives the value of D;, from which the hydrodynamic radius (r;,) can be calculated using

Stokes-Einstein equation as
kT

= —— 3.59
67Dy’ (3.59)

Tn

where kg is the Boltzmann constant, 7" is the absolute temperature and 7 is the viscosity of
the solvent. The hydrodynamic radius thus obtained is the radius of a sphere that moves in
the same manner as the scatterer and hence, is not the actual size of the scatterer in case of
non-spherical particles. Thus, for a polymer in coil-like conformation, the hydrodynamic

radius is not the same as the radius of gyration.
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3.2.4.2 Instrument

DLS experiments have been performed on Zetasizer Nano-S, Malvern Instruments Ltd.,
Malvern, UK. The main components of the instrument are—a light source (4 mW HeNe
laser of wavelength 633 nm) to illuminate the scatterer, an avalanche photodiode detector,
a Peltier temperature controller which can change the temperature form 2 to 92°C and a
5 ml glass cell serving as the sample container. The light source irradiates the sample in
the glass container and the light is scattered in all directions. The detector measures the

scattered light at a fixed scattering angle (173° backscatter).
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P3DDT FILMS FROM SOLUTIONS IN

PURE GOOD SOLVENTS

4.1 Introduction

The importance of the casting solvent in the formation of ordered films of crystalline poly-
mers has been discussed by several authors. A proper choice of solvent is crucial for obtain-
ing high field-effect mobility and high luminescence from polymers like P3DDT and also
for their use in solar cells. In the spin-coating process the crystallization kinetics of P3AT
films is controlled by the kinetics of evaporation of the solvent. Thus, the film is formed in
a far-from-equilibrium condition when a fast-evaporating solvent is used [27]. Generally,
chloroform is used as the solvent for depositing films of poly(3-alkylthiophenes) (P3ATs)
in the active layer of field-effect transistors. But the low boiling point and high evaporation
rate of this solvent restricts the time needed for the formation of well ordered crystallites

in spin-coated films and results in low mobilities, ~ 0.01 cm?/(V s). Chang et al. have
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shown that a good solvent with a higher boiling point, like 1,2,4-trichlorobenzene, can sig-
nificantly increase the field-effect mobility of P3HT-based devices to 0.12 cm?/(V s) with
a high on-off ratio of 10° [48]. The reason behind this improvement is that a slower evapo-
ration rate of the solvent effects in the formation of a highly crystalline film with stronger
interchain interactions which results in a marked increase in conductivity. On the other
hand, the electroluminescence (EL) and photoluminescence (PL) properties of P3ATs are
found to depend on the solubility of the polymer in a solvent. Lee ef al. have demonstrated
that a poorer solvent increases the luminescence intensity of P3AT films [135]. They have
argued that in a good solvent the polymer adopts a more expanded structure with longer
m-conjugation lengths so that the excitons can migrate to quenching sites easily, thereby
lowering the luminescence intensity. In a poor solvent, the polymer adopts a more compact
structure which restricts the excitons to shorter segments of the chains, thus increasing their
probability of relaxing via emissive routes. Shin ef al. have shown that the PL intensity of
P3AT films cast from tetrahydrofuran (THF) is an order of magnitude higher than that ob-
tained from films cast from chloroform, toluene or p-xylene [136]. They also showed that
the wavelength corresponding to the maximum of the EL spectra can be shifted from blue
to orange by simply changing the casting solvent. The solvent and solute concentration is
also seen to play a crucial role in the performance of solar cells with composites of P3ATs
in the active layer [137-139].

It is known that in addition to the solvent, the surface free energy or the varying po-
tential energy landscape of the substrate surface can also control the substrate-polymer
interactions and thus the orientation, ordering and packing of the molecules near the in-
terface [140]. Kline ef al. have shown that the orientation of polymer crystallites near
the substrate is different from that in the bulk of the film and that treating the substrate

with a self-assembled monolayer can influence the concentration of the crystallites near
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the substrate to a considerable extent [49]. Apart from these factors, the spin-coating speed
is also expected to play an important part in controlling the microstructure of the polymer
films. This is because the structure depends on the rate of solvent evaporation from the
solution during spinning, which, in turn, depends on the spinning speed [141]. Since the
rate of solvent removal from the film, and hence the rate of solidification of the film, is
directly related to the spinning speed, slower speeds are likely to result in the formation of
near-equilibrium structures.

In this work we have explored some of the issues that are of considerable importance
in controlling the morphology, and hence the properties, of spin-coated P3DDT films. The
influence of the solvent and solution concentration on the microstructure of the films is
discussed. Also, the variations in the microstructure of the films with distance from the
substrate, and their connection to the substrate surface modification as well as the spinning
speed, are investigated in detail. We have utilized the XR technique to investigate the effect
of concentration of polymer, solvent, substrate surface nature and spinning speed on the
out-of-plane structure or morphology of the spin-coated P3DDT thin films on silicon, with
special emphasis on the structure near the film-substrate interface. Formation of 7-stacked
aggregates in the spin-coated P3DDT thin films are confirmed from the optical absorption
spectra. Strong influence of solvent has been observed in the ordering of the films. The
possible parameters of the solvent, which may influence such ordering in the films, both
near the substrate and away from it, are discussed. The dependence of film thickness on

the concentration of the casting solution is also discussed.
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4.2 Experiments

Regioregular poly(3-dodecylthiophene) (P3DDT) was purchased from Sigma-Aldrich (av-
erage molecular weight: 60,000, regioregularity > 98.5 %) and used as received. Chloro-
form (CF, CHCl3) and toluene (TL, C;Hg) were obtained from Merck and chlorobenzene
(CB, C4H5Cl) was obtained from Sigma-Aldrich. Polymer solutions were prepared by dis-
solving different amounts of P3DDT in CF, CB and TL solvents. The concentration of
polymer in CF and CB solutions varies from 1 to 4 mg/ml, while that in TL solution varies
from 1 to 3 mg/ml. H-terminated Si (H-Si) substrates were prepared through standard
pre-treatment method as described in Chapter 3. Films were then prepared from differ-
ent polymer solutions on the H-Si substrates using a spin-coater (SCS 6800 Spin Coater
Series) at a speed of 3500 rpm for 60 s and were labeled as c-SV, where c represents the
concentration of polymer and SV represents the solvent (i.e. CF, TL or CB). To check the
effect of substrate surface nature on the film structure, films were also prepared from some
of the solutions on the clean native oxide coated Si (O-Si) substrates at the same speed
(3500 rpm). For optical study films of nearly similar thickness were prepared on the clean
quartz glass substrates at the same speed (3500 rpm). A set of films was prepared from
a P3ADDT-TL solution on O-Si substrates by changing the spinning speed (w) from 500 to
4000 rpm. However, continuous films could not be prepared from P3DDT-CF and P3DDT-
CB solutions on O-Si substrates for low (< 1000 rpm) spinning speed. Thickness and EDP
of films on Si were analyzed using XR technique and optical properties of films on quartz

glass were measured using UV-vis spectroscopy as described in Chapter 3.
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Figure 4.1: XR data (different symbols) and analyzed curves (solid line) of the spin-coated
P3DDT thin films deposited from solutions of different concentrations of polymer in chlo-
roform (CF) solvent. Inset: corresponding analyzed EDPs. Curves and profiles are shifted
vertically for clarity.

4.3 Results and discussion

4.3.1 Effect of solvent

XR data of the spin-coated P3DDT thin films on H-Si substrates for different concentra-
tions of polymer dissolved in CF, TL and CB solvents are shown in Figs. 4.1, 4.3 and 4.5,
respectively. Oscillations or Kiessig fringes, which are the measure of the total film thick-
ness, are very clearly evident in all the XR profiles. A broad hump (around ¢, ~ 0.24 A~1)
or modulation in the Kiessig fringes with prominent fall in the fringes’ intensity after

q. =~ 0.26 A~! is also observed in all the XR profiles. Such modulation provides the ex-
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Figure 4.2: XR data (different symbols) and analyzed curves (solid line) of the spin-coated
P3DDT thin films deposited from solutions of different concentrations of polymer in chlo-
roform (CF) solvent. Analysis has been carried out considering substrate and two layers.
Inset: corresponding analyzed EDPs. Curves and profiles are shifted vertically for clarity.

istence of some layering or ordering in the system. The value of d-spacing obtained from
the position of the hump is about 2.6 nm, which is suggestive of an edge-on orientation
of the polymer chains. The number of Kiessig fringes, hence the film-thickness, increases
with concentration, as expected. The Kiessig fringes and the modulation also depend on
the solvent, apart from the concentration, which are clearly evident in Figs. 4.7 and 4.8,
where the XR profiles for films prepared from three different solvents are plotted for com-
parison. The number of fringes is minimum for the films prepared from CB solvent, while
maximum for the films prepared from CF solvent (see Fig. 4.7). That means more polymer
is required for TL solvent compared to CF solvent and even more for CB solvent to get

similar number of fringes (see Fig. 4.8). On the other hand, the amplitude of modulation
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Figure 4.3: XR data (different symbols) and analyzed curves (solid line) of the spin-
coated P3DDT thin films deposited from solutions of different concentrations of polymer
in toluene (TL) solvent. Inset: corresponding analyzed EDPs. Curves and profiles are
shifted vertically for clarity.

is minimum for the films prepared from TL solvent, while nearly same for the films pre-
pared from CF and CB solvents. To get the quantitative information about the films, all XR
profiles have been analyzed using Parratt’s formalism [95] after incorporating roughness at
each interface. It is necessary to mention that a single layer above the substrate can not fit
the data. Similarly, two layers above the substrate, one for the interfacial layer and another
for the remaining portion, can create some modulation but cannot fit the data completely
(as shown in Figs. 4.2, 4.4 and 4.6). Especially it cannot reproduce the sudden decrease
in the intensity of Kiessig fringes after ¢, ~ 0.26 A~'. Thus for the analysis, each film
has been divided into a number of bilayers after the interfacial layer. Each bilayer of thick-

ness about 2.6 nm is constituted of two parts: alkyl side chains (low electron density) and



CHAPTER 4. P3DDT FILMS FROM GOOD SOLVENTS 79

10

107

10°

10"

10°

0.0

1.0-TL

2.5-TL
2.0-TL
1.5-TL

0.1 0.2 0.3 04
q,[A"]

Figure 4.4: XR data (different symbols) and analyzed curves (solid line) of the spin-
coated P3DDT thin films deposited from solutions of different concentrations of polymer
in toluene (TL) solvent. Analysis has been carried out considering substrate and two layers.
Inset: corresponding analyzed EDPs. Curves and profiles are shifted vertically for clarity.

polythiophene backbones (high electron density). The best fit XR profiles along with the

corresponding EDPs are shown in Figs. 4.1, 4.3, 4.5, 4.7 and 4.8. The ordering in the film

above the interfacial region is found to vary with solvent and concentration. Also the EDPs

for the films prepared from TL solvent show a broad hump, while for the films prepared

from CF and CB solvents show a dip near film-substrate interface. This indicates that the

attachment and orientation of the polymer with the substrates for the TL solvent is different

from that for the CF and CB solvents.
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Figure 4.5: XR data (different symbols) and analyzed curves (solid line) of the spin-
coated P3DDT thin films deposited from solutions of different concentrations of polymer
in chlorobenzene (CB) solvent. Inset: corresponding analyzed EDPs. Curves and profiles
are shifted vertically for clarity.

4.3.2 Effect of substrate and spinning speed

In order to understand the role of substrate nature on the structure of the film, XR data of
P3DDT thin films on H-Si and O-Si substrates for polymer dissolved in CF, TL and CB
solvents are shown in Fig. 4.9. There is almost no substrate effect in the XR profiles for the
films prepared using CF and CB solvents. While in the XR profiles for the films prepared
using TL solvent, the hump near ¢, ~ 0.24 A~ is found prominent for the film on O-Si
substrate compared to that on H-Si substrate. To get the quantitative information about

the films, all XR data are analyzed as before and the best fit XR profiles along with the
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Figure 4.6: XR data (different symbols) and analyzed curves (solid line) of the spin-
coated P3DDT thin films deposited from solutions of different concentrations of polymer
in chlorobenzene (CB) solvent. Analysis has been carried out considering substrate and
two layers. Inset: corresponding analyzed EDPs. Curves and profiles are shifted vertically
for clarity.

corresponding EDPs are shown in Fig. 4.9. It is clear from the EDPs that the structures of
the films on H-Si and O-Si substrates are almost same for films prepared from either CF
or CB solvent, while those are on H-Si and O-Si substrates are different for films prepared
from TL solvents. For the latter a broad hump near film-substrate interface is observed on
H-Si substrate (as observed before and shown in Fig. 4.3), while a dip near film-substrate
interface is observed on O-Si substrate. This indicates that the attachment and orientation
of the polymer with the O-Si substrates prepared using TL solvent is similar to that prepared

using CF or CB solvent on any kind of (H-Si or O-Si) substrate.
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Figure 4.7: XR data (different symbols) and analyzed curves (solid line) of the spin-coated
P3DDT thin films deposited from solutions of two concentrations (3.0 and 1.5 mg/ml) of
polymer in different solvents (curves are shifted vertically for clarity). Insets: correspond-
ing analyzed EDPs.

The XR data of P3DDT thin films on O-Si substrates prepared at different spinning
speeds, for polymer dissolved in TL solvent, are shown in Fig. 4.10. The number of Kiessig
fringes decreases with the increase of spinning speed. The number of Kiessig fringes, hence
the film-thickness, decreases with the increase of spinning speed, as expected. A broad
hump near ¢, ~ 0.24 A~! is also observed for all the films, which is particularly prominent
for the high thickness (slow speed) films. To get the quantitative information about the
films, all XR data are again analyzed as before and the best fit XR profiles along with the
corresponding EDPs are shown in Fig. 4.10. A dip near film-substrate interface is found

for all the films. Also ordering is found in the film which varies with the film-thickness.
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Figure 4.8: XR data (different symbols) and analyzed curves (solid line) of the spin-coated
P3DDT thin films of nearly same thickness deposited from solutions containing different
concentration of polymer in different solvents. Inset: corresponding analyzed EDPs.

4.3.3 Optical absorption and 7-stacking

The UV-vis absorption spectra of three spin-coated P3DDT thin films of similar thickness
on quartz glass substrates prepared using CF, TL and CB solvents are shown in Fig. 4.11.
Considering information of Fig. 4.8, 1.5-CF, 3.0-TL and 4.0-CB solutions were used to
get similar film-thickness from different solvents. Four shoulders/peaks are visible in all
the spectra. The peaks near 490 and 610 nm are well resolved, while the peaks near 530
and 560 nm are not, especially for the 1.5-CF and 4.0-CB films. The appearance of peaks
may originate from 7-stacking of the P3DDT chains [142], where the peak at 610 nm
is due to the interchain 7-7 transition, while the peaks at 560, 530 and 490 nm are due
to the 0-0, O-1 and 0-2 transitions of the intrachain exciton [143]. The observed spectral
signatures can also appear due to weakly interacting H-aggregates [144]. Thus the presence

of H-aggregates or lamellae structures due to 7-stacking are clearly evident in all the spin-
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Figure 4.9: XR data (different symbols) and analyzed curves (solid line) of the spin-coated
P3DDT thin films on H-Si and O-Si substrates deposited from solutions containing polymer
in different solvent. Inset: corresponding analyzed EDPs. Curves and profiles are shifted
vertically for clarity.

coated films. The absence of a peak near 450 nm (which appears due to coil-like P3AT
chains comprising twisting and bending of the thiophene rings) indicates absence of any
appreciable amount of coil-like P3DDT chains in the films. The peak at 490 nm can also
result from the intrachain -7 transition of the planar rod-like conformation of the P3DDT
chains. Thus the slightly intense peak at 490 nm for the 1.5-CF and 4.0-CB films compared

to the 3.0-TL film indicates the presence of a larger number of free rod-like chains in the
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Figure 4.10: XR data (different symbols) and analyzed curves (solid line) of the spin-
coated P3DDT thin films deposited on O-Si substrates at different spinning speed from a
solution of polymer dissolved in TL solvent. Inset: corresponding analyzed EDPs. Curves
and profiles are shifted vertically for clarity.

former two. Less intense 490 nm peak and better resolved 530 and 560 nm peaks for the
3.0-TL film compared to the others suggest that in the 3.0-TL film greater number of rod-
like chains have organized themselves into ordered aggregates or lamellae. This, in general,
suggests that the structures of the films prepared using TL solvent are slightly different from
those prepared using CF and CB solvents. In particular, the lamellae structures of the films
on glass substrates seem to be more uniform for films prepared using TL solvent compared

to those prepared using CF and CB solvents.
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Figure 4.11: UV-vis spectra of the spin-coated P3DDT thin films of similar thickness on
glass substrates prepared using CF, TL and CB solvents. Peak positions are indicated by
arrows.

4.3.4 Effect of concentration on film thickness

The dependence of the thickness of spin-coated polymer films on the concentration of the
casting solutionis well-known for standard polymers like polystyrene and has been divided
into three regimes. Very low concentrations, i.e. very dilute solutions lead to low coverage
and inhomogeneous films. Low concentration or semi-dilute solutions lead to homoge-
neous films, the thickness of which varies linearly with concentration. Above a critical
concentration, the viscosity of the solution comes into play due to entanglement of the
polymer chains. In this case the relation between the thickness and the concentration still
remains linear but with an increasing slope [36]. The film thickness has a well-known em-
pirical relationship with different internal physical parameters (such as viscosity of solution
and evaporation-rate, etc. of solvent) and external parameters (such as spinning speed) as

stated in Eq. 3.1. However, investigating the dependence of thickness on concentration
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Figure 4.12: Variation of film-thickness as a function of polymer-concentration for differ-
ent solvents. Dashed lines through the data are the analyzed curves. Inset: corresponding
variation in log-log scale.

can still be of considerable interest in case of semicrystalline polymers like P3DDT where
layering occurs.

The variation of the film thickness (D) with the polymer concentration (c) for different
solvents are plotted in Fig. 4.12. From Eq. 3.1 it is clear that the effect of concentration (c)
of the polymer in the above expression comes only through 7. To take into account the fact
that D — 0 when ¢ — 0, the 1 in Eq. 3.1 needs to be replaced with 7,4, which is a viscosity

change (n — 1) related term and can be expressed as

na ~ no(c/ pm) "%, 4.1)

where 1) is the viscosity of the solvent, p,, is the mass density of the solvent, which con-

verts ¢ from mg/ml to weight % and « is an exponent. Using Eq. 4.1 in Eq. 3.1, D can be
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Figure 4.13: Variation of film thickness (D) as a function of polymer concentration (c) and
solvent parameters dependent modified variable. Inset: corresponding variation in log-log
scale. Dashed lines through the data are the analyzed straight lines.

expressed as

D & Ky S (EAC) O e/ ) @2)

Q

Ac”, 4.3)

where A = K/w™"%°(EX/C,)% %3336 p~e and K, is a modified constant for the volatile
organic solvents.

Eq. 4.3 has been used to analyze the variations of D with ¢ for different solvents and
are shown in Fig. 4.12. The values of « obtained from the analysis are 0.84, 0.95 and 1 for
CF, TL and CB solvents, respectively. To check the validity of Eq. 4.2, the term other than
K of the right hand side of that equation is first calculated for all the films considering the
values of different parameters as listed in Table 4.2 and the values of ¢ and o as mentioned

before and then D is plotted as a function of that term in Fig. 4.13. The data can be well
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Figure 4.14: Variation of the bilayer thickness (d) and the bilayer electron density contrast
(Ap) with number of layer (V) for different films.

represented through a straight line as shown in Fig. 4.13. This confirms not only the validity

of the Eq. 4.2 but also the different values of « for different solvents as obtained before.

4.3.5 Structural analysis

The ordering of polymer in a film can be understood considering the variation of the bilayer
thickness in it and the density contrast between two parts of a bilayer. Small variation and
large contrast indicate better ordering, while large variation and small contrast indicate the
reverse. Thus information of both the parameters is important. In addition the information
about the attachment of the film with the substrate is also important. In this view, the
thickness (d) and the electron density contrast (Ap) for different bilayers starting from the
substrate for all the films are plotted in Fig. 4.14. The value of Ap for N = 0 indicates
the electron density difference between substrate and film at the film-substrate interface.
The value of this Ap for the films deposited from CF and CB solvents is greater than 0.4

e.A=3, while that for the films deposited from TL solvent on H-Si substrates is less than
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Table 4.1: Parameters, such as the average electron density (p,) of film, its deviation (Ap;,,)
near film-substrate interface to form dip/hump (—/+) of thickness (d;,), the average bi-
layer thickness (d) with its standard deviation (o), the maximum electron density contrast
(Ap,,) and the exponential decay length (¢) for the P3DDT thin films prepared from solu-
tions containing either chloroform (CF), chlorobenzene (CB) or toluene (TL) solvents on
H-Si or O-Si substrates by varying the polymer concentration (c) or the spinning speed (w).

Solvent Substrate  Variation Pa Apin din d+oy Apm ¢*
(e.A™3) (e.A73) (nm) (nm) (e.A=3) (nm)

CF H-Si c 0.30+0.02 —0.08+0.03 3.0£0.4 2.60£0.20 0.14 11.4
CB H-Si c 0.30+0.02 —0.084+0.05 2.4£+0.1 2.50£0.30 0.14 4.0
TL H-Si c 0.30+0.02 40.04+0.02 2.0£0.5 2.55+0.35 0.05 -5.0

TL O-Si w 0.30+£0.02 —0.084+0.02 2.1+0.1 2.60£0.10 0.11 7.8
*normally decay from film-substrate interface toward top surface, while ‘—’ means reverse.

0.4 ¢.A=3 but on O-Si substrates is again greater than 0.4 e.A=3. It can be noted that the
difference between substrate electron density and average film electron density is about
0.4 e.A=3. The deviation of electron density near interface (Ap;,) from the average film
electron density (p,) for the four sets of films are tabulated in Table 4.1. The positive and
negative signs indicate hump and dip, respectively. The value of the interfacial thickness
(din), 1.e. the value of d for N = 0, which represents the width of the first hump or dip
are indicated in Table 4.1. A dip followed by a peak indicates that the attachment of the
film with the substrate is through alkyl side chains of the predominantly edge-on oriented
polymer. The absence of a dip indicates no preferential attachment and/or orientation of
the polymer. The value of the width of the dip is found to vary, which is maximum for the
films prepared using CF solvent and minimum for the films on the O-Si substrates prepared
using TL solvent.

The value of Ap after the interfacial region is found to be maximum, which then de-
creases gradually towards the top surface for the film where dip is present at the interface.

The situation is however reverse for the film where hump is present at the interface. Such
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Table 4.2: The mass density (p,,), the viscosity (7)), the evaporation rate (£) and the
dipolarity (SdP) for different solvents, as obtained from online sites.

Solvent Pm (g/ml) Mo (cP) E SdP

Chloroform 1.48 0.54 11.6 0.614
Toluene 0.87 0.55 2.4 0.284
Chlorobenzene 1.11 0.75 1.1 0.537

a variation of Ap can be expressed using the standard exponential decay function [145]

Ap(N) = Apy, exp(—=Nd, /), (4.4)

where Ap,, is the maximum value of Ap, d, is the average d value and ( is the critical
decay length. The values of these parameters are tabulated in Table 4.1. The negative
value of ( essentially indicates exponentially increasing nature of Ap, where Ap,, is the
minimum value. The value of d is found to vary with film-thickness, the standard deviation
(04) of which is included in Table 4.1 along with the average value d,. In general, the
electron density profile of the film from the first peak (after dip or hump near interface) can

be expressed as

1 2
p(2) = pa + QA/Jme‘Z/< cos (da fad) . 4.5)

Small Ap,,-value, large negative (-value and large o4-value for the films prepared using
TL on H-Si substrate are indicative of the poor ordering in the film due to the absence of
any preferential attachment and/or orientation of the polymer near substrate. The value of
Ap,, for the films prepared using CF and CB solvents are relatively high. For the films
prepared using CF solvent, the value of ( is comparatively large and that of o, is small,

suggesting that the ordering in this film is better. On the other hand, although the value
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of Ap,, and ( for the films prepared using TL solvent on the O-Si substrates are small
compared to those for the films prepared using CF solvent, the small value of o, for the
former provides quite good ordering.

The structure of the films can be better understood by combining the information on
ordering, obtained from EDP, with the information on aggregate formation from optical
absorption, which are schematically shown in Fig. 4.15. The attachment and the orien-
tation of the polymer with the substrate strongly depend on the solvent and/or the nature
of substrate. Such differences are generally related to diffusion, adsorption and pinning
effects [146]. The different properties of the solvents, which can give rise to the different
polymer-solvent interaction, are tabulated in Table 4.2. Our results suggest that the diffu-
sion of polymers in the TL solvent is less (may be due to low mass density and dipolarity
values [147, 148]) compared to those in the CF and CB solvents, at least near the substrate,
while the tendency of adsorption on the H-Si substrate seems to be slightly more compared
to that on the O-Si substrate (due to the difference in the hydrophobic/hydrophilic nature).
The effect of adsorption is noticeable only when the diffusion is small, accordingly we
see a pinning effect and poor ordering on the H-Si substrate, and less pinning and better
ordering on the O-Si substrate for films cast from TL solvent. On the other hand, when
the diffusion is relatively large, the pinning is less and the ordering is better on the sub-
strate, independent of its nature (H-Si or O-Si), as observed for the films prepared using
CF and CB solvents. The d-value in the polymer aggregates prepared using CF and CB
solvents has large variation (i.e., less uniform) compared to that prepared using TL sol-
vent on O-Si substrate. However, the variation is systematic for the P3ADDT-CF/H-Si films,
i.e., large d-value (corresponding to the more relaxed or Form-I-like structure) towards the
film-substrate interface, probably due to low viscosity (7)), while smaller d-value (corre-

sponding to the more interpenetrating or Form-II-like structure) towards the top surface,
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Figure 4.15: Model structures and electron density profiles for the P3DDT films. (a) and
(b) represents the c—CF and ¢—CB films, where the ordering of polymer near the substrate
is good and that deteriorates with the height; (c) and (d) represents the ¢c—CL film, where
the ordering of polymer near the substrate is poor and that improves with the height.

probably due to high evaporation rate (£) of CF solvent. On the other hand, although the
evaporation rate is low, the high viscosity of CB hinders the ordering and the formation of
a relaxed structure in the P3DDT-CB/Si films. The moderate values of both the parame-
ters for the TL solvent help to enhance the ordering near the film-air interface overcoming
the pinning effect in the P3DDT-TL/H-Si films. Although the variation of d-value in the
P3DDT-TL/O-Si films is small, the relative fluctuation between lamellae along z-axis is

more (as Ap,,-value is less) compared to that in the P3DDT-CB/Si films.

4.4 Conclusions

Structures of spin-coated P3DDT thin films, prepared using different polymer concentra-
tions and solvents were investigated using XR and UV-vis spectroscopy techniques. Strong
dependence of solvent and substrate surface nature on the ordering or layering of the edge-
on orientated P3DDT in the films, near the substrate and away from it, are observed from

EDP. The ordering of P3DDT, if present near the film-substrate interface, is maximum there
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and decays exponentially along the film-thickness. The maximum value, the exponential
decay length and the d-value and its deviation vary with the solvent. For instance, better or-
dered Form-I-like relaxed structure of higher d-value near the film-substrate interface and
less ordered interpenetrating Form-II-like structure of lower d-value toward the film-air in-
terface are found in the films prepared from CF, which are related to the low viscosity and
high evaporation rate, respectively, of the solvent. Similarly, less ordered mixed d-value
structures are found throughout the films prepared from CB, which are related to the high
viscosity of the solvent, even though its evaporation rate is low. In the films prepared from
TL on weakly hydrophobic H-Si substrates, no ordering is seen near the substrate due to
less diffusion of P3DDT in TL and appreciable pinning on the substrate, while apprecia-
ble ordering near the film-air interface is seen, overcoming the pinning effect, due to the
moderate values of both viscosity and evaporation rate of the solvent. In the films prepared
from TL on weakly hydrophilic O-Si substrate, ordering is found near the substrate due
to less pinning on the substrate even though the diffusion of P3DDT in TL is less. The
hindrance in the formation of continuous film on the O-Si substrate at low speed from CF
and CB is related to the high evaporation rate of CF and high viscosity of CB, while the
continuous film from TL is related to the moderate values of both the parameters for TL.
Such moderate values also help to form films with less variable d-values, resulting in better
ordering of P3DDT in the film prepared from TL on O-Si. However, the relative fluctuation
between aggregates along the film-thickness is slightly more in the film prepared from TL
compared to that prepared from CF. Thus the ordering of edge-on orientated P3DDT due to
m-stacked aggregates (responsible for charge delocalization) and absence of any apprecia-
ble amount of coil-like P3DDT chains (responsible for charge localization) in spin-coated
thin films, especially near the film-substrate interface, can be regulated by varying the sol-

vent, substrate surface nature and spinning speed.
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P3DDT FILMS FROM SOLUTIONS IN

MIXED GOOD AND POOR SOLVENTS

5.1 Introduction

Different approaches have been made to increase the cystallinity and control the morphol-
ogy and microstructure of P3AT films like optimizing the processing parameters, thermal
annealing, solvent vapour treatment, etc. [149] A relatively simple method of preparing
1D aggregates of P3ATs had been proposed by Kiriy et al. [150]. This method suggests
that by adding a poor solvent one can induce ordered main chain collapse of the P3AT
molecules resulting in the formation of 1D aggregates driven by solvophobic interactions.
A poor solvent having lower volatility than the main solvent resides within the evolving
film for a longer time during solvent evaporation, thus aiding in the growth of ordered
aggregates [151]. 2D single crystalline nanosheets of P3HT were prepared by Yu et al.

using slow evaporation of a diluted mixture of solvents [152]. It was shown that the ratio

95
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of the good-to-poor solvents can control the size of the nanostructures. Later on, Chang
et al. showed that a high volatility solvent can also lead to enhanced supramolecular as-
sembly if it interacts with the main solvent through hydrogen bonding [153]. However,
not much has been studied about poly(3-dodecylthiphene) (P3DDT) which has the longest
alkyl side chain among the P3ATs. The longer side chain is responsible for its better solu-
bility, but hinders its crystallizability due to side chain interactions. Because of this reason
P3DDT tends to crystallize into spherulites and not nanowhiskers. Xu et al. reported on
the successful formation of P3DDT nanowhiskers by the addition of anisole, a poor sol-
vent for P3DDT, to a solution of P3DDT in chlorobenzene or carbon disulfide which are
good solvents for the polymer [75]. In this case the crystallites or aggregates were pre-
pared by heating the mixed solution and subsequent cooling and aging the solution, like
others. However, no attempt had been made to study P3DDT films prepared from solutions
of different good-to-poor solvent ratio, without heating the solutions, and subsequently an-
nealing such films at different temperatures. Such a treatment helps us to understand the
definite role of solvent mixing and annealing temperature on the structures of the P3DDT
films and hence enables us to prepare P3DDT films with structures that have possibility to
show better device properties.

In this work, we have tried to understand the exact role of the poor solvent and an-
nealing temperature on the structures of the P3DDT films, using complementary tech-
niques. For that, P3DDT films, which were first prepared from solutions containing dif-
ferent chlorobenzene-to-anisole ratio without heating and then subsequently annealed at
different temperatures, were studied using X-ray diffraction (XRD), grazing incidence X-
ray scattering (GISAXS), atomic force microscopy (AFM) and ultraviolet-visible (UV-vis)
spectroscopy. Enhancement of rod-like conformation of chains in the films with poor sol-

vent, due to coil-to-rod transition, was clearly evident. Such rod-like chains, which are
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Figure 5.1: Evolution of absorption intensity at 620 nm for P3DDT/CS,-anisole (1:14,
0.25 mg/mL) aged at room temperature for different times (data reproduced from J. Phys.
Chem. B 2011, 115, 6412). Red curve through the data is simulated considering stretched
exponential growth function (as shown inside), with critical growth time 7 ~ 1.1 h and
stretched exponent = 0.6. Although there is a large distribution of growth time (as
£ < 1), majority of the growth took place within 4 h.

mostly free or random in the as-cast films, are found to organize to form lamellae or crys-
tallites with thermal annealing. Simple XRD mapping helps us to determine the optimum
annealing temperature where highly edge-on oriented lamellae of maximum amount and/or

size are formed.

5.2 Experiments

Regioregular poly(3-dodecylthiophene) (P3DDT) was purchased from Sigma-Aldrich (av-
erage molecular weight: 60,000; regioregularity > 98.5 %) and used as received. Chloroben-
zene (CB) and anisole (AN) were obtained from Sigma-Aldrich. P3DDT was first dis-
solved in CB and then AN was added to that solution such that the concentration of the
final solution was 0.25 mg/ml. CB and AN were mixed in the volume ratio 1:4, 1:7 and

1:11. Films were prepared by drop-casting such solutions after about 4 h (as major con-
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version took place within that time according to the literature, see Fig. 5.1 [75]) onto
solid substrates and through slow evaporation (by keeping inside petri-dishes). Films de-
posited on Si substrates from three solutions are referred to as 1:4 CB-AN, 1:7 CB-AN
and 1:11 CB-AN. To check the effect of the nature of the Si surface on the film-structure,
films were deposited on differently passivated [OH- and H-] and oriented [(001) and (111)]
Si substrates. OH- and H-passivated Si substrates were prepared through pretreatment as
mentioned in Chapter 3. To compare the effect of mixed solvent with respect to single CB
solvent, films were also prepared on Si substrates from solution of P3DDT in CB solvent.
For optical studies, 1:11 CB-AN films were deposited on clean quartz glass substrates. An-
nealing of the films at different temperatures were done by placing the samples covered in
glass petri-dishes in a box furnace. Annealing at different temperatures was done mostly on
different films. For comparison, a single 1:11 CB-AN film deposited on a glass substrate
was also annealed at different temperatures.

XRD measurements of the films were performed on the Versatile X-ray Diffractometer
(VXRD) setup described in Chapter 3. Initially, conventional XRD measurements (6-26)
were carried out for the as-cast, 60°C and 165°C annealed 1:4 CB-AN, 1:7 CB-AN and
1:11 CB-AN films and also for the films deposited on glass substrates and annealed at dif-
ferent temperatures. Later, rocking () scans around the intense Bragg peak (265) were
carried out for one set of mixed solvent (1:11 CB-AN) films and one set of single solvent
(CB) films, annealed at different temperatures. Subsequently, XRD measurements for dif-
ferent offset angles Af with respect to the peak position (/p) of the rocking curve, were
also carried out for those samples.

GISAXS measurements of the as-cast, 60°C and 165°C annealed 1:4 CB-AN, 1:7 CB-
AN and 1:11 CB-AN films were carried out using the synchrotron source at PO3 beam line,

PETRA 111, the details of which are given in Chapter 3. The sample-to-detector distances
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Figure 5.2: Intensity particle size distribution curves, obtained from the DLS measure-
ments, for the solutions of P3DDT in single (CB) and mixed (CB-AN) solvents, collected
after 4 h of mixing.

for the as-cast and annealed samples were 1005 and 1721 mm, respectively. For data
collection, the incident angle o was kept at 0.4° and 0.25° for the as-cast and annealed
samples, respectively. The direct beam was stopped and the specular reflected beam was
attenuated by two separate point-like beam stops to avoid the saturation of the detector.
The top surface morphology of the as-cast, 130°C and 165°C annealed 1:11 CB-AN
P3DDT films on Si substrates were mapped through AFM (beam deflection AFM, Omi-
cron NanoTechnology) in different length scales (0.2—7 pm). AFM images were collected
in noncontact mode and in UHV (~1071% mbar) conditions. Optical absorption spectra of
the 1:11 CB-AN P3DDT films on quartz substrates, after annealing at different tempera-
tures, were collected using an UV-vis spectrophotometer (Perkin Elmer, Lambda 750). For
comparison, UV-vis spectra of P3DDT solutions, prepared using single (CB) and mixed
(CB-AN) solvents, were also collected. For the estimation of the size and/or conforma-

tion/structure of P3DDT molecules/aggregates, dynamic light scattering (DLS) measure-
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ments (Zetasizer Nano-S, Malvern Instrument) were performed for such solutions.
Intensity particle size distribution curves, obtained from the DLS measurements, for
the solutions of P3DDT in single (CB) and mixed (CB-AN) solvents, collected after 4 h of
mixing, are shown in Fig. 5.2. Single peak is observed in the curve for the single solution,
while two peaks are observed in the curve for the mixed solution. The size obtained from
the single solution is about 27 nm, which can be attributed to the average hydrodynamic
diameter of the P3DDT chains when they are in coil-like configuration. The sizes obtained
for the mixed solution are about 270 and 2000 nm. The first one can be attributed to
the average hydrodynamic diameter of the P3DDT molecules, when chains are in rod-like

configuration, while the second one probably corresponds to the size of the aggregates.

5.3 Results and discussion

5.3.1 Optimizing the ratio of solvents

In this section, we discuss the influence of poor solvent on the structures (i.e., amount, size
and orientation of the crystallites) of P3DDT films without and with thermal annealing, as
observed from the conventional XRD and GISAXS measurements, in order to find out the
optimum good-to-poor solvent ratio. Thermal annealing were carried out at 60 and 165°C,
which are above the two endothermic peaks, observed from DSC thermogram of P3DDT
powder (shown in Figure 5.3), corresponding to the melting of the alkyl side chains and
polythiophene backbones, respectively [76, 154].

XRD data of the 1:4, 1:7 and 1:11 CB-AN samples are shown in Figure 5.4. Peak
around 3.3°, corresponding to the separation (d) between alternate layers of polythiophene

backbones along alkyl side chains is observed in all the curves, indicating the presence
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Figure 5.3: Differential-scanning calorimetry (DSC) thermogram (and its derivative) of the
powder P3DDT showing two sharp endothermic peaks around 53 and 163°C.

of small crystallites of P3DDT molecules with predominantly edge-on orientations. The
position, width and intensity of the peak, however, varies, indicating changes in the d-
spacing, size and amount of crystallites. For the as-cast films the position is almost same
but the intensity increases slightly with the increase in the proportion of the poor solvent.
On annealing the films at 60°C there is almost no change (apart from very slight shift in
the position of the peak towards lower 26) in the XRD curves (not shown here). Annealing
the films at 165°C results in a huge increase in the peak-intensity and a slight shift in the
peak-position towards lower 26. For the 1:11 CB-AN sample, the change in the intensity
is maximum, while that in the position is minimum. Similar nature of XRD patterns (Fig.
5.5) is observed for the films deposited on the Si substrates with different passivations
and orientations [such as OH-Si(111), H-Si(111) or H-Si(001)] and thus needs no separate
discussion.

To get the quantitative information about the crystallinity of the films, each XRD data
around the peak is fitted with a single or double Gaussian peak(s) along with an exponen-

tially decreasing background. Bragg peaks for the as-cast films and the 165°C annealed



CHAPTER 5. P3DDT FILMS FROM MIXED SOLVENTS 102

80

40

o
T

120

Intensity [arb. unit]
3

40

20 [deq]

Figure 5.4: XRD data (red, green and blue) of the as-cast (A) and 165°C annealed (B) 1:4,
1:7and 1:11 CB-AN P3DDT films, showing Bragg peak due to the alternate layers of poly-
thiophene backbones and alkyl side chains. Insets: corresponding variation of crystallite
size (&) and their relative amount ( ) with solvent ratio.

1:4 CB-AN film are well fitted with a single Gaussian peak, while those for the 165°C
annealed 1:7 and 1:11 CB-AN films are fitted with two Gaussian peaks. The width of the

Gaussian peak is used to estimate the crystallite size (§) using standard Scherrer’s formula,

- CA
- Beosfp’
Table 5.1: Parameters such as d-value, size (£) and normalized amount ( f) of the P3DDT

crystallites in the as-cast and annealed films prepared from different ratio of good to poor
solvents.

Sample As-cast 165°C annealed
d-value £ f d-value & & fi fa f
(nm)  (nm) (m)  (nm)  (nm)
1:4 CB-AN 2.66 9 0.6 2.98 11 - 0.2 - 0.2
1:7 CB-AN 2.66 9 0.7 2.96 10 30 02 04 06

1:11 CB-AN 2.65 9 1.0 2.72 9 32 03 07 1.0
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Figure 5.5: XRD data of the as-cast and thermal annealed 1:11 CB-AN P3DDT films
deposited on the differently passivated and orientated Si substrates.

where C' is a dimensionless Scherrer constant which depends on the shape of the crystal-
lites, the (hkl) index of the diffraction peak and the instrumental factor and whose value is
taken to be 0.9, ) is the wavelength of the X-ray, 3 is the full width at half maxima (FWHM
in radian) and 6 is the Bragg angle. The d-values estimated from the XRD peak positions
are tabulated in Table 5.1. The crystallite size and their normalized amount, estimated
from the width and intensity of Gaussian peak(s), are plotted in the insets of Figure 5.4 and
also tabulated in Table 5.1. It is clear from the figure and the table that for the as-cast films,

very small (about 9 nm) crystallites having d-value of 2.66 nm, are formed. The normalized
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Figure 5.6: GISAXS patterns of the as-cast (A, B and C) and 165°C annealed (D, E and F)
1:4, 1:7 and 1:11 CB-AN P3DDT films, showing Bragg arc corresponding to the alternate
layers of polythiophene backbones and alkyl side chains.

amount of crystallites increases with the proportion of poor solvent from 0.6 to 1.0. For the
165°C annealed films the crystallites’ size and/or amount increases appreciably with the
proportion of poor solvent. Relatively large (about 30 nm) crystallites are also formed for
the 1:7 and 1:11 CB-AN films, the amount of which is found to be maximum for the latter.
The d-value is also found to increase with thermal annealing, the change being minimum
for the 1:11 CB-AN films.

GISAXS patterns of the as-cast and 165°C annealed films are shown in Figure 5.6.
Presence of Bragg arc corresponding to the separation between alternate layers of poly-
thiophene backbones along alkyl side chains is clearly visible in all the patterns. The arc
nature suggests that the predominantly edge-on oriented lamellae have some deviations as
well, because otherwise the GISAXS pattern should have shown a Bragg spot instead of an

arc. There is very little variation in the GISAXS patterns of the as-cast films. The nature
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remains almost same for the 60°C annealed films (not shown here), while for the 165°C
annealed films the Bragg arc intensity increases, which is small for 1:4 CB-AN film but
large for 1:11 CB-AN film. To have a better idea about the film structure, GISAXS line
profiles along ¢, and g, directions are generated from vertical cut and horizontal arc, respec-
tively, through the Bragg spot (as shown in Figure 5.6) and are plotted in Figure 5.7. The
GISAXS line profiles along ¢, direction (Figure 5.7 A and C) exactly follow the XRD data
(Figure 5.4), and hence, provide the same information about the crystallites. The GISAXS
line profiles along ¢, direction provide additional information about the orientation of the
crystallites. Considering Gaussian distribution, the angular spread in the orientation of the
crystallites with respect to the perfect edge-on orientation is estimated from the FWHM.
For the as-cast films, the crystallites are found within the angular spread of +20°, with
slightly enhanced probability within +5°. For the 165°C annealed films, the angular spread
decreases, which is minimum for the 1:11 CB-AN film. For this film, the crystallites are
found within the angular spread of £12°, with strongly enhanced probability within £5°.
It is clear from both XRD and GISAXS results that there is a huge difference in the crys-
tallinity between films cast from different solutions for the 165°C annealed films, although
very little difference is observed for the as-cast films. This apparently anomalous behavior
can be explained considering the well known two step process, namely coil-to-rod transfor-
mation of the polymers and subsequent organization of the rods to form crystallites. The
coil-to-rod transformation is enhanced with the increase in the proportion of poor solvent,
while the subsequent organization of the rods to form nearly edge-on oriented lamellae
are enhanced with the increase in the temperature. At room temperature, very few rods
probably organize to form some small (about 9 nm) sized crystallites, which we can detect.
At higher temperatures, the organization is enhanced, thereby increasing the amount and

size of the crystallites. However, the initial number of rods, which act as nuclei, restrict



CHAPTER 5. P3DDT FILMS FROM MIXED SOLVENTS 106

Intensity [arb. unit]

0.2 0.3 -0.1 0.0 0.1
q,IA"] q,[A"]

Figure 5.7: GISAXS line profiles along ¢, (i.e., vertical cut through Bragg spot) and g,
(i.e., horizontal arc through Bragg spot) of the as-cast (A and B) and 165°C annealed (C
and D) 1:4, 1:7 and 1:11 CB-AN P3DDT films.

the amount and size of the crystallites. Accordingly, few small (about 11 nm) crystallites
are found in the 1:4 CB-AN annealed film, while many large (about 32 nm) crystallites are

found in the 1:11 CB-AN annealed film.

5.3.2 Optimizing the annealing temperature

In this section the influence of annealing temperature on the structure (i.e., amount, size and
orientation of the crystallites) of the 1:11 CB-AN (optimum mixing ratio) film, as observed
from detailed XRD study, is elaborated, and compared with the single solvent (CB) film,
to find out the optimum annealing temperature.

XRD maps of the 1:11 CB-AN samples, collected after annealing at different temper-
atures, are shown in Figure 5.8. Strong evolution of the Bragg peak, corresponding to
alternate layers of polythiophene backbones and alkyl side chains, is observed with in-

crease in the annealing temperature. The peak-intensity increases with temperature upto
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Figure 5.8: XRD maps of the 1:11 CB-AN P3DDT films, after annealing at different tem-
peratures, showing evolution of Bragg peak, corresponding to the alternate layers of poly-
thiophene backbones and alkyl side chains, in three modes of presentation.

130°C and then decreases. However, the peak-intensity in directions other than the perfect
edge-on direction (clearly visible from 3D log scale presentation) increases gradually.

To have a better idea about the film structure, XRD profiles along specular (A8 = 0)
and off-specular (Af ~ 0.03°) directions and rocking curves (around 26 ~ 3.4°) for the
as-cast, 130°C and 165°C annealed mixed solvent samples are plotted in Figure 5.9. XRD
profiles and rocking curves for the as-cast, 130°C and 165°C annealed single solvent sam-
ples are also plotted in Figure 5.9 for comparison. Strong difference is observed between
mixed and single solvent as-cast films. The peaks that are present in the XRD curves for
the mixed solvent film, both along specular and off-specular directions are almost absent
or broad for the single solvent film. The nature of change in the structure of the film with
annealing is similar for both films. However, the amount of change is different. Also, the
broad hump is still present around the peak in the single solvent film after annealing.

To get detailed quantitative information about the crystallinity of the films, each XRD

curve around the peak is fitted with a single or double Gaussian peak(s) along with an ex-
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Figure 5.9: XRD profiles (along specular, Af ~ 0 and off-specular, Af ~ 0.03° directions)
and rocking curves (around 26 ~ 3.4°) for the as-cast, 130°C and 165°C annealed P3DDT
films. A, B and C for mixed solvent (1:11 CB-AN) films; D, E and F for single solvent
(CB) films.

ponentially decreasing background, as before. The variation in the size of the crystallites
and its amount with annealing temperature along specular and off-specular directions for
the mixed and single solvent films are shown in Figure 5.10. The increase in the size of the
crystallites with the annealing temperature is clearly visible. For the mixed solvent film,
crystallites of two different sizes are observed. Along specular direction, 6 nm and 15 nm
Table 5.2: Parameters such as relatively large size of crystallites (§) and its normalized

amount (f) along specular (s) and off-specular (os) directions for the as-cast (30°C), 130°C
and 165°C annealed mixed solvent (1:11 CB-AN) and single solvent (CB) P3DDT films.

Annealing Mixed solvent film Single solvent film
temperature &s Js §os Jos &s Js Eos Jos
(nm) (nm) (nm) (nm)
30°C 15 0.4 10 0.2 - - - -
130°C 28 0.9 26 0.5 21 1.0 34 0.3

165°C 44 0.2 34 0.7 26 0.6 36 0.7
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Figure 5.10: Variation of the crystallite-size (£) and its intensity (/) with annealing temper-
ature along specular and off-specular directions for the mixed and single solvent films.

sized crystallites for the as-cast film increase gradually in size to 20 nm and 44 nm, re-
spectively, on annealing, while along off-specular direction, 6 nm sized crystallites for the
as-cast film remain almost same in size and 10 nm sized crystallites increase gradually to 34
nm on annealing. The intensity or amount of such nanocrystallites along specular direction,
which is quite high initially, further increases (or remains almost same) up to 130°C anneal-
ing temperature and then decreases considerably, while that along off-specular direction,
which is quite low initially, increases gradually with annealing temperature. It can be noted
that the XRD and GISAXS results for the different mixed solvent films presented before is
somewhat an average of the results along specular and off-specular directions, as expected.

As for the XRD measurements of the different mixed solvent films, no special alignments
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Figure 5.11: XRD curves of a 1:11 CB-AN P3DDT film on quartz glass, after annealing it
at different temperatures, showing evolution of Bragg peak, corresponding to the alternate
layers of polythiophene backbones and alkyl side chains. Insets: corresponding variation
of crystallite size (&) and their relative amount ( f) with annealing temperature.

have been made, which is required for the estimation along specular direction. Also for the
GISAXS measurements, the Bragg peak at ¢, = 0 has some non-zero ¢, component (as the
incident angle is < 0.4° and the exit angle is > 1.6° for 205 ~ 2°). For the as-cast single
solvent film, no crystallite is observed initially along specular direction, while very low in-
tensity, very small (about 6 nm) crystallites are observed along off-specular direction. On
annealing the film, about 20-25 nm sized crystallites are formed along specular direction,
while about 35 nm sized crystallites are formed additionally along off-specular direction.
The intensity along specular direction is quite high compared to the off-specular direction.
Also the intensity along specular direction is maximum around 130°C, while that along off-
specular direction increases gradually, similar to the mixed solvent film. Relatively large
size of crystallites and their normalized amounts along specular and off-specular directions
for the as-cast, 130°C and 165°C annealed mixed and single solvent P3DDT films are also
tabulated in Table 5.2.

So far we have used different films for annealing at different temperatures to understand
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Figure 5.12: Typical AFM images in two length scales (A, B and C for scan size: 5 pm X
5 pm and D, E and F for scan size: 0.5 pm x 0.5 pm) showing topography of the as-cast
(A and D), 130°C (B and E) and 165°C (C and F) annealed 1:11 CB-AN P3DDT films. z,,
indicates maximum height variation.

the structure. We further cross check the results by annealing a single film at different
temperatures. For that, XRD data of a 1:11 CB-AN film on quartz glass, collected after
annealing it at different temperatures, are plotted in Figure 5.11. The crystallites’ size (&)
and their normalized amount (f), obtained from the peak of each XRD data (as before), are
plotted as a function of annealing temperature in the insets of Figure 5.11. Considerable
increase in the size of the crystallites is observed for annealing above 100°C, the amount of
which increases significantly upto 130°C and then decreases, as before. So, XRD analysis
of all P3DDT films clearly suggests that the optimum annealing temperature is around
130°C.

Typical AFM images of the as-cast, 130°C and 165°C annealed 1:11 CB-AN P3DDT

films, in two length scales, are shown in Figure 5.12. Island-like structures of the P3DDT
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Figure 5.13: UV-vis spectra of the as-cast (30°C) and annealed 1:11 CB-AN P3DDT films
deposited on glass substrates. Peak positions are indicated by arrows.

films are evident from large scale (5 ym x 5 pum) topographic images. The size of islands
is found in the range of 0.6-0.8 pm, which remains almost unaffected on annealing. The
height of the islands, which is about 130 nm for the as cast film, decreases gradually to
about 100 nm for 130°C and to about 80 nm for 165°C annealed films. The island-like
structure is, however, composed of small domain-like structures, which are clearly evident
from small scale (0.5 pm x 0.5 pm) topographic images. The size of the domains is about
50 % 10 nm for the as-cast film, which increase slightly to about 60 £ 10 nm for the 130°C
annealed film and then decreases slightly to about about 45410 nm for the 165°C annealed
film. The height of the compact domains can not be resolved from the images, although the
maximum height variation (z,,) within the scan size, is found to decrease with annealing
temperature.

UV-vis absorption spectra of the 1:11 CB-AN films on quartz glasses, collected after
annealing at different temperatures, are shown in Figure 5.13. Four shoulders/peaks at

about 490 nm, 530 nm, 560 nm and 610 nm are visible in all the curves. The appearance of
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Figure 5.14: UV-vis spectra for the solutions of P3DDT in single (good) and mixed (good-
to-poor) solvents, collected after 4 h of mixing.

well-resolved peaks are mainly due to 7-7 stacking. The absorption peak around 610 nm
originates from the interchain 7-7 transition, while the absorption peaks at 560, 530 and
490 nm are attributed to 0-0, 0-1 and 0-2 transitions of the intrachain exciton. [143] The
peak at about 490 nm can also appear due to intrachain 7-7 transition from planar rod-like
conformation of P3AT chains, which is at about 450 nm for the coil-like conformation of
P3AT chains comprising twisting and bending of thiophene rings. The observed spectral
signatures can also be described using weakly interacting H-aggregates, where the intensity
ratio (A;/A5) of the peaks at 610 and 560 nm can be used to extract the free exciton
bandwidth of the aggregates, which is related to the coupling strength and conjugation
length. [144]

The intense peak at round 490 nm for the as-cast film indicates the presence of non-
interacting chains in rod-like conformation in large amount. Further increase of that peak
for the 60°C annealed film indicates presence of enhanced rod-like chains. The intensity of

that peak, however, decreases gradually after annealing above 100°C, suggesting decrease
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in the amount of free rod-like chains, due to the ordering of the rod-like chains to form
lamellae or H-aggregates, which is evident from the gradual increase in the peak-intensity
at around 560 and 610 nm. For the as-cast film and the films annealed upto 130°C, there
is very little change in the ratio A;/A,, suggesting very little change in the conjugation
length. This indicates that the enhancement of lamellae size is predominantly along the
alkyl side chain direction. For the film annealed at 165°C, there is a little increase in the
ratio and a slight blue shift of the corresponding peaks. Combination of both is probably
indicative of some kind of change in the structure or orientation of the lamellae.

To have a better idea about the effect of poor solvent on the structure of P3DDT
molecules, UV-vis spectra of the solutions of P3DDT in single (CB) and mixed (CB-AN)
solvents, collected after 4 h of mixing, are shown in Fig. 5.14. A single peak near 450
nm is observed in the spectrum of the single solvent solution, indicating the presence of
molecules in coil-like conformation. The peak shifted towards higher wavelength suggest-
ing the presence of molecules in predominantly rod-like conformation. Peaks near 530,
560 and 610 nm are also visible in the spectrum of the mixed solution, similar to that of the
1:11 CB-AN films, suggesting formation of some P3DDT aggregates in the solution within

4 h.

5.3.3 Structural analysis

The structures of the P3DDT films deposited from different good-to-poor solvent ratio
without heating and subsequent annealing at different temperatures, obtained from the anal-
ysis of the complementary data, are shown schematically in Figure 5.15. In general, the
P3DDT films are composed of coil-like chains, rod-like chains and lamellar crystallites.

For the as-cast 1:4 CB-AN film, coil-like chains are more compared to rod-like chains,



CHAPTER 5. P3DDT FILMS FROM MIXED SOLVENTS 115

%Xﬁg

as-cast 1:4 CB-AN P3DDT -> as-cast 1:11 CB-AN P3DDT

.. ! > EXFEIETn
S S Bepii
T i b

165°C annealed 1:11 CB-AN P3DDT  130°C annealed 1:11 CB-AN P3DDT

Figure 5.15: Schematic illustration of the structures of the P3DDT films showing enhance-
ment of rod-like conformations with poor solvent (for as-cast films), enhancement of lamel-
lae structures (due to subsequent ordering of such rods) with annealing temperature (for
1:11 CB-AN films) and particular enhancement of edge-on oriented lamellae near 130°C.

while for the as-cast 1:11 CB-AN film, rod-like chains are more compared to coil-like
chains. Also, few small sized lamellar crystallites are present in both the films. For the
60°C annealed film, the amount of rod-like chains increases, while that of coil-like chains
decreases. For the films annealed above 100°C, the amount of free rod-like chains also
decreases, while the amount and size of the crystallites increases. For the 130°C annealed
1:11 CB-AN film, the amount and/or size of the highly edge-on oriented lamellar crystal-
lites are found to be maximum, while for the 165°C annealed film the orientation of the
crystallites becomes random.

It is known that P3AT crystallization evolves in two steps, namely, coil-to-rod confor-
mational transition, followed by organization of rod-like chains through strong anisotropic
-7 interactions between planar rigid backbones and weak van der Waals interactions be-
tween their pendent alkyl side chains [155-157]. In a good solvent, P3DDT dissolves well
to form a near equilibrium homogeneous system [75]. Such a solution mostly consists of
coil-like polymer chains, which are energetically favorable. Addition of a poor solvent

makes the solution inhomogeneous and disturbs the equilibrium. Polymers, which are in
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contact with the poor solvent, experience a different polymer-solvent interaction, result-
ing in a coil-to-rod conformational transition. Consequently, rod conformation increases
with the increase in the amount of poor solvent. However, a small number of rods orga-
nize to form crystallites in the as-cast films, prepared after aging and normal drying. This
indicates that poor solvent mainly induces the unfavorable coil-to-rod conformational tran-
sition (negative entropy change) and acts very little on the further unfavorable 7-7 stacking
(which also requires negative entropy change). Thermal annealing seems to be responsible
for the -7 stacking. For the present P3DDT polymer, melting of the alkyl side chains takes
place in the temperature range 50-80°C, while that of the polythiophene backbones takes
place in the temperature range 150-170°C (see Fig. 5.3). Thus annealing above the first
temperature range sets the rod-like polymer chains free and helps in the diffusion. Also
the thermal energy essentially helps to overcome the unfavorable 7-7 stacking condition.
Increase in the annealing temperature increases the m-7 stacking. Organization of the 7-
7 stacked layers through alkyl side chains then initiates to lower the energy. Subsequent
cooling predominantly forms edge-on oriented crystallites. Room temperature, on the other
hand can only induce limited 7-7 stacking, hence only small crystallites are observed in the
as-cast films. Alkyl side chains in such crystallites are slightly interpenetrating and strained
(more like Form-II), which on annealing becomes more relaxed (more like Form-I). An-
nealing the film near the second temperature range twists and deforms the rod-like polymer
chains. Such effect increases with the annealing temperature. Accordingly, more deformed
and less edge-on oriented crystallites are formed on subsequent cooling. It is necessary to
mention that the thermal energy not only helps to overcome the unfavorable 7-7 stacking
condition but also to overcome the unfavorable coil-to-rod conformational transition. This
is clearly evident for the P3DDT films prepared from single solvent, crystallites of which

increases with thermal annealing. However, the thermal annealing along with the initial
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poor solvent in the mixed solvent films enhances the overall coil-to-rod conformational
transition and the amount of crystallites. Such enhancement with thermal annealing is es-
sentially restricted within small-size domains that are formed in the as-cast film (since not

much change in the domain size is observed from AFM).

5.4 Conclusions

We have prepared P3DDT films with predominantly edge-on oriented lamellae by a simple
drop-casting method from its solutions in mixtures of a good and a poor solvent, namely,
chlorobenzene and anisole. The degree of crystallinity can be enhanced by increasing the
proportion of poor solvent in the solution. Annealing beyond the melting temperature of
the alkyl side chains and below that of the P3DDT backbone brings about an increase
in directionality of the lamellae, whereas annealing above the melting temperature of the
backbone results in increased crystallinity at the cost of decreased directionality. The XRD
data of films cast on H-passivated hydrophobic silicon and oxide covered hydrophilic sili-
con show similar nature for both as-cast and annealed films. Similar nature is also observed
for films cast on H-passivated Si(001) and Si(111). This means that the P3DDT molecules
adopt an edge-on orientation irrespective of the nature of the substrate and their behaviour
with annealing is also unaffected by the substrate. A combination of XRD and UV-vis
measurements clearly shows that the addition of poor solvent in the solution is primarily
responsible for the coil-to-rod conformational transition, while organization of the rod-
like chains occurs due to subsequent thermal annealing of the film. Annealing beyond the
melting temperature of the alkyl side chains helps to form well ordered edge-on oriented
P3DDT lamellae structures, which degrades when the melting temperature of polythophene

backbone is reached. The optimal annealing temperature for producing well ordered edge-
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on oriented P3DDT lamellae turns out to be around 130°C. So the degree of crystallinity
and directionality of P3DDT films, which is of immense importance in its performance as a
semiconductor, can be regulated by varying the good-to-poor solvent ratio and by choosing

the proper temperature for post-deposition annealing.
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STRUCTURAL MODIFICATION OF P3DDT
FILMS UNDER SOLVENT VAPOR AND

THERMAL ANNEALING

6.1 Introduction

The most common method for preparing smooth and uniform polymer films is spin-coating.
However, this process suffers from a serious drawback as it involves rapid evaporation of
the solvent and does not usually result in an equilibrium structure. The resulting films
may have some residual strain and may contain defects. Thermal annealing is well es-
tablished as an effective way to establish equilibrium and increase the structural order in
polymer films, thereby enhancing their device performance. It increases the mobility of
the polymer chains, thus enabling them to rearrange into a more ordered structure on slow

cooling [158]. However, solvent vapor annealing (SVA) has also emerged as an attractive

119
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Figure 6.1: XR data showing evolution of a P3DDT-CF/OH-Si film cast from 2 mg/ml
CF solution on annealing in CF vapor and subsequent annealing at 130°C. Inset shows
analyzed EDPs.

post-deposition technique to form well ordered structures. This method consists in placing
the polymer film in an environment saturated with a solvent vapor, resulting in partial re-
solubilization of the deposited polymer molecules and their reorganization into structures
of higher degree of order than the as-cast film on drying [159]. It has been shown that by
swelling a P3HT film to a solution-like state in the vapour of a good solvent and by subse-
quent controlled deswelling, the nucleation density can be controlled [160]. This results in
a considerable improvement in device performance [161]. Interestingly, the orientation of
P3AT lamellae on a substrate can also be changed by solvent vapour annealing as shown
by Lu and co-workers [162]. Thus we see that the effects of SVA on spin-coated polymer
films can be very interesting. With this in view, we have performed SVA of spin-coated
P3DDT films in chloroform and toluene environments and investigated the evolution of the

films on subsequent annealing and drying. Studies on the time evolution of the thickness
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Figure 6.2: Typical AFM images in two length scales (a, b and c for scan size: 1 um X
1 pum and d, e and f for scan size: 0.25 pym x 0.25 pm) showing topography of the as-cast
(a and d), solvent vapor annealed (b and e) and 130°C annealed (c and f) P3DDT-CF/OH-Si
films cast from 2 mg/ml CF solution. z,,,, indicates maximum height variation.

and roughness of the films during SVA has been carried out at Photon Factory, Japan. Ad-

ditionally, thermal annealing in presence of a solvent has been observed to produce films

with highly enhanced crystalline order.

6.2 Experiments

Regioregular poly(3-dodecylthiophene) (P3DDT) was purchased from Sigma-Aldrich (av-
erage molecular weight: 60,000, regioregularity > 98.5 %) and used as received. Chlo-
roform (CF, CHCIl;) and toluene (TL, C;Hg) were obtained from Merck. As described in

Chapter 4, solutions of P3DDT were prepared by dissolving the polymer in CF and TL sol-
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Figure 6.3: XR data showing evolution of a P3DDT-CF/OH-Si film cast from 3 mg/ml

CF solution on annealing in CF vapor and subsequent annealing at 130°C. Inset shows
analyzed EDPs.

vents with concentrations of 2 mg/ml and % mg/ml for CF, and 3 mg/ml and 1 mg/ml for
TL. H-Si and OH-Si substrates were prepared by methods described in Chapter 3. Films
were then spin-coated on the substrates for 60 s at 3500 rpm for thin films and at 500 rpm
for thicker films. For performing solvent vapor annealing, the films were placed inside a
covered container and a small beaker containing the solvent was kept beside the film in the
same container. Thermal annealing was done in a vacuum oven. Films were characterized
using XR and ambient AFM techniques. Power Spectral Densities (PSD) have been calcu-
lated from the AFM images to find out the in-plane correlation lengths of the samples. For
in-situ SVA, the film along with a small vessel containing the solvent was kept in a closed

cell with kapton windows to allow entry and exit of the X-ray beams.
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Figure 6.4: Typical AFM images in two length scales (a, b and c for scan size: 1 um X
1 pm and d and e for scan size: 0.25 ym x 0.25 pm) showing topography of the as-cast
(a), solvent vapor annealed (b and d) and 130°C annealed (c and e) P3ADDT-CF/OH-Si films

cast from 3 mg/ml CF solution. z,,,, indicates maximum height variation.

6.3 Results and discussion

6.3.1 Modifications in top and bottom interfaces due to SVA

Fig. 6.1 shows the XR data depicting the evolution of a P3DDT film spin-coated from
a 2 mg/ml CF solution on OH-Si due to SVA in CF vapor for 2 hours and subsequent
annealing in vacuum for 1 hour. Annealing was performed at 130°C as it is the optimum
temperature for producing edge-on oriented lamellae as stated in Chapter 5. It is seen
that SVA produces a slight increase in the roughness of the film which is evident from

the slightly decreased contrast of the Kiessig fringes. The increase in roughness takes
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Figure 6.5: XR data showing evolution of a P3DDT-TL/OH-Si film cast from 3 mg/ml
TL solution on annealing in TL vapor and subsequent annealing at 130°C. Inset shows
analyzed EDPs.

place at both the top and the bottom interfaces, as reflected in the EDP. This increase in
roughness is caused by the partial dissolution of the film in the solvent vapor. The change
in the top surface morphology is better understood from the AFM images of the as-cast
and SVA films as shown in Fig. 6.2. It is seen that the grains present in the as-cast film
increase in size due to the uptake of CF molecules, resulting in the increased roughness.
On drying the film by annealing at 130°C in vacuum the excess solvent molecules are
released from the film, causing a decrease in the thickness and roughness as seen from
the XR data and the analyzed EDP. Once again, the decrease in roughness occurs at both
the top and the bottom interfaces. The modification of the bottom interface implies better
polymer-substrate attachment, whereas the modification of the top interface implies better
uniformity of the film. The top surface morphology is shown in the AFM image where it is

seen that the height fluctuation of the top surface of the 130°C annealed film is much less
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Figure 6.6: Typical AFM images in two length scales (a, b and c for scan size: 1 um X
1 pum and d, e and f for scan size: 0.25 pym x 0.25 pm) showing topography of the as-cast
(a and d), solvent vapor annealed (b and e) and 130°C annealed (c and f) P3DDT-TL/OH-Si
films cast from 3 mg/ml TL solution. z,,,, indicates maximum height variation.

than that of the as-cast and SVA films, which corroborates the findings from the XR data.
However, thinner films of P3ADDT-CF/OH-Si (single layer of P3DDT on the substrate)
show a somewhat different behavior on solvent vapor annealing. The XR data and analyzed
EDPs for a film cast from % mg/ml CF solution (Fig. 6.3) suggest a modification of the
film-substrate interface, whereby the irregularity in the electron density near the substrate
is smoothed out a little on performing SVA. The EDPs, however, do not suggest much
change in the top surface. Nevertheless, AFM images (Fig. 6.4) show that the defects
present in the top surface of the as-cast film are greatly reduced on treating the film with
solvent vapor. The reason for this change not being reflected by the EDP is probably that

the XR data is a statistical average of information obtained from a large area of the sample,



CHAPTER 6. SOLVENT VAPOR AND THERMAL ANNEALING 126

o SVA
130C

0.1 0.2 0.3 0.4
q,[A"]

Figure 6.7: XR data showing evolution of a P3DDT-TL/OH-Si film cast from 1 mg/ml
TL solution on annealing in TL vapor and subsequent annealing at 130°C. Inset shows
analyzed EDPs.

whereas the AFM image gives us information about a microscopic area. Drying the film
by annealing causes further smoothing out of the electron density fluctuation at the film-
substrate interface as seen from the EDP. On the other hand, the AFM images show the
appearance of small clusters on an otherwise smooth surface after drying.

Fig. 6.5 presents the XR data showing the evolution of structure of a P3DDT-TL/O-Si
film cast from a 3 mg/ml TL solution. Fig. 6.6 shows the corresponding AFM images.
From the XR data and analyzed EDPs it is clear that the crystalline order present in the
as-cast film is destroyed due to SVA in TL vapor. The roughness of the two interfaces also
increase due to SVA. The increase in roughness of the top surface is also evident from the
AFM images which show an increased height fluctuation after SVA is performed. Drying
the film results in reduction of thickness due to release of excess solvent molecules from

the film. It is interesting to note that the crystalline order is not recovered even after drying



CHAPTER 6. SOLVENT VAPOR AND THERMAL ANNEALING 127

.6nm

=l

=6.2nm

max

Figure 6.8: Typical AFM images in two length scales (a, b and c for scan size: 1 um X
1 pm and d and e for scan size: 0.25 ym x 0.25 pm) showing topography of the as-cast
(a), solvent vapor annealed (b and d) and 130°C annealed (c and e) PADDT-TL/OH-Si films
cast from 1 mg/ml TL solution. z,,,, indicates maximum height variation.

the film. AFM images of the dried film tell us that the top surface morphology of the
dried film is similar to that of the as-cast film. So the SVA in TL vapor only induces an
order-to-disorder transition and not much modification of the interfaces.

In contrast, the XR data and AFM images of the thinner P3DDT film cast from 1mg/ml
TL solution (Figs. 6.7 and 6.8) indicate that in this case the solvent vapor is primarily
responsible for removing the defects present in the as-cast film, similar to the case of the
thin P3DDT-CF/OH-Si film. The EDPs suggest that there occurs an increase in roughness
of the film-substrate interface due to SVA, which must have been caused by the partial
dissolution of the polymer in TL vapor. AFM images show that the size of the defects in

the film is much smaller after treating it with TL vapor. However, a few small islands are
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seen to appear after treating the film with TL vapor. In the dried film the roughness of
the film-substrate interface is reduced again as seen from the EDP, while the top surface

morphology remains almost as it was after SVA.
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Figure 6.9: Line profiles obtained from AFM images (along the lines shown in the AFM
images in Figs. 6.2, 6.4, 6.6 and 6.8) of as-cast, SVA and 130°C annealed films. Graphs
have been vertically shifted for clarity.



CHAPTER 6. SOLVENT VAPOR AND THERMAL ANNEALING 129

The information gathered from the AFM images can be better understood by consid-
ering the line profiles plotted in Fig. 6.9. It is clearly seen that the height fluctuations in
2 mg/ml CF and 3 mg/ml TL samples increase on annealing in the respective solvent va-
pors and decrease again on drying the films. On the other hand, the height variations in %
mg/ml CF and 1 mg/ml TL samples decrease on performing SVA and remain almost intact
after drying. Thus, we find that the solvent vapor and thermal annealing process can be
effectively used to form films with better uniformity.

In order to quantify the observations from the AFM images, power spectral density
(PSD) analysis has been performed. The PSD profiles, obtained from the AFM images,
plotted against the spatial frequency £, have been shown in Fig. 6.12. It is seen that in
P3DDT films cast from 2 mg/ml CF solution and 3 mg/ml TL solution the PSD does not
vary much in the lower frequency region and decreases roughly linearly with frequency in
the higher frequency region. The values of £ which denote the points of transition from the
low frequency to the high frequency behaviour are marked in the figures 6.10a and 6.10c
and mentioned in Table 6.1. The value of £ at this shoulder gives us a correlation length
¢ which reflects the average grain size of the film. It is to be noted that this size is not the
same as the crystallite size calculated in Chapter 5 because here the grains are composed
of both crystalline and amorphous regions which cannot be distinguished by the AFM. The
position of the shoulder shifts to lower frequencies with post-deposition treatments in case
of the 2 mg/ml CF sample, and hence the correlation length increases. In case of the 3
mg/ml TL sample, however, the position, and hence the correlation length, remains almost
unaltered with post-deposition treatments. On the other hand, thinner P3DDT films, cast
from g mg/ml CF solution and 1 mg/ml TL solution, show striking differences in their
PSD profiles after SVA and thermal annealing treatments. All the profiles display a hump-

like nature whose central positions have been marked in the figures 6.10b and 6.10d, and
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Figure 6.10: PSD profiles calculated from AFM images of as-cast, SVA and 130°C an-
nealed films. Graphs have been vertically shifted for clarity.

also mentioned in Table 6.1. The correlation lengths obtained from the values of £ at these

positions are also tabulated in Table 6.1. From figures 6.4 and 6.8 it is clear that the decrease

in correlation length is related to a decrease in size, and hence an increase in number, of
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Table 6.1: Correlation lengths calculated from PSD profiles.

Sample Concentration log(k) 13
[mg/ml] [log(nm™1)] [nm]

As-cast -1.30 20
CF 2 SVA -1.38 24
130°C -1.44 28

9 As-cast -1.65 45

CF - SVA -0.94 9
3 130°C -1.46 29
As-cast -1.15 14

TL 3 SVA -1.10 13
130°C -1.15 14
As-cast -1.70 50

TL 1 SVA -1.25 18
130°C -1.25 18

the defects. For the % mg/ml CF sample this correlation length decreases considerably
on performing SVA and increases again a little on subsequent thermal annealing. It is to
be noted that after thermal annealing the surface morphology consists of both defects and
grains. For the 1 mg/ml TL sample too, the correlation length decreases on performing
SVA, but remains unchanged even after thermal annealing. The surface of this film mostly
contains defects and the grains that appear on SVA and thermal annealing are quite far apart

from each other.

6.3.2 Thermal annealing in presence of solvent vapor

Since we have found that 130°C is the optimum annealing temperature for producing highly
edge-on oriented P3DDT lamellae, and that exposing a P3DDT film to a solvent vapor
helps in reducing the defects present in the as-cast film, we anticipate that introducing a

solvent vapor while keeping the film at 130°C might result in a considerable increase in the
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Figure 6.11: XR data showing enhancement of edge-on orientation on SVA at 130°C. Inset
shows analyzed EDPs.

edge-on orientation of the molecules, and remove the defects in the film at the same time.
In order to study the effect of thermal annealing in presence of a solvent vapor on a P3DDT
film prepared from TL solution, we have performed the annealing in a closed chamber in
which we kept a vessel containing TL. After initial evacuation the film was allowed to
swell in the solvent vapor and heating was carried out simultaneously. Later, the chamber
was evacuated again, thus drying the film. XR plots clearly show that this method results
in a huge increase in the edge-on orientation in relatively thicker films of P3DDT prepared
by spin-coating at 500 rpm (Fig. 6.11). This is evident both from the highly enhanced
Bragg peak at ~ 0.22 A~! and the analyzed EDPs which show an increased contrast in
electron density between the thiophene containing layers and the alkyl chain layers after

the process.
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Figure 6.12: Swelling dynamics of P3DDT films: In-situ XR data showing time evolution
of a (a) P3ADDT-CF/H-Si and (b) P3ADDT-TL/H-Si film on annealing in CF and TL vapors,
respectively, and subsequent removal of the solvent. (c) and (d) show the time evolution of
the thickness during SVA in CF and TL vapors, respectively.

6.3.3 In-situ study of the evolution of P3DDT films during SVA

Investigations about the time evolution of the thickness and roughness of the P3DDT films
during SVA in CF and TL vapors have been carried out with the help of in-situ XR.

Fig. 6.12a shows the time evolution of the XR profile of a P3ADDT-CF/H-Si film due to
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SVA in CF vapor. It is seen that in about 2 hours the film becomes mostly dissolved which
is clear from the huge increase in thickness and roughness. SVA results not only in swelling
of the film, but also in an order-to-disorder transition as is evident from the disappearance
of the hump near 0.22 A~! due to layering. Similar studies on a PADDT-TL/H-Si film using
TL vapor show that the order to disorder transition takes place in this case too (Fig. 6.12b).
It is also observed that the films start drying up as soon as the solvent is removed, which is
clear from the decrease in thickness and roughness evident from XR patterns, but complete
drying is not possible without vacuum annealing. This explains the absence of any remark-
able change in the XR patterns of the films described in Section 6.3.1 after SVA. However,
the amount of change in thickness and roughness observed after SVA during in-situ XR
studies is much more than that observed in Section 6.3.1. This difference is possibly due
to the fact that the cell used for in-situ studies was smaller than the closed container used
in the previous experiments, and hence the vapor pressure was higher in the cell, causing
greater amount of change in the same time interval. The change of thickness with time for
SVA in CF is plotted in Fig. 6.12¢ and that for SVA in TL in Fig. 6.12d. It is seen that the
thickness varies exponentially with time with a characteristic time of 47 minutes in case
of CF and 31 minutes in case of TL. In both the cases the final thickness is about twice
the initial thickness of the films. The difference in the swelling dynamics of the films can
either be due to the difference in the initial thickness or due to the different casting solvents

used.

6.4 Conclusions

In this chapter we have tried to understand the response of spin-cast P3DDT films of differ-

ent thicknesses to solvent vapor and thermal annealing by using XR and AFM techniques.
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It is seen that treating a thin P3DDT film spin-cast from CF solution with CF vapor and sub-
sequently annealing it in vacuum improves the uniformity of the film-air and film-substrate
interfaces. On the other hand, SVA in TL vapor and subsequent drying of a P3DDT film
cast from TL having well ordered edge-on oriented lamellae result in reduction of the crys-
talline order of the film. Annealing very thin P3DDT films having a single layer of polymer
on the substrate in both CF and TL vapors and subsequent thermal annealing in vacuum
result in reduction in the size of the defects in the film-air interface and smoothing out of
the electron density fluctuation in the film-substrate interface. Thermal annealing in the
presence of a solvent vapor amounts to a huge increase in the edge-on orientation of the
film. Thus, it can be concluded that annealing in solvent vapor alone does not improve
the edge-on orientation of the polymer and that thermal annealing along with it is essential
for this purpose. In-situ XR studies of SVA in CF and TL vapors show an exponential
increase in thickness with time whereby the film attains a final thickness about twice the

initial thickness.
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EPILOGUE

7.1 General conclusions

In this section we briefly state the main findings from our studies and mention the infer-
ences that can be drawn from them. The studies on the semicrystalline polymer P3DDT
can be classified into the following categories—(i) structural aspects of P3DDT films due
to deposition conditions and (ii) evolution of structure due to post-deposition treatments.

In what follows we discuss these two points in short.

7.1.1 Structural aspects of P3DDT films due to deposition conditions

P3DDT films have been prepared by two different methods, namely, spin-coating and drop-
casting. Spin-coating produces more uniform films, while drop-casting produces films with
greater crystalline order, but at the cost of lower uniformity. Using XR technique we have
shown that the out-of-plane morphology of spin-cast P3ADDT films depend strongly on

the properties of the solvent used, the nature of the substrate surface and the spin-coating

136
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speed. In short, lower viscosity and lower evaporation rate of the casting solvent result
in better crystalline order of the edge-on oriented lamellae, while higher viscosity and
higher evaporation rate lead to depressed crystalline order. The interplay between these two
parameters decides the morphology of the film near the substrate and away from it. If the
evaporation rate is high the lamellae near the film-air interface have more interpenetrating
and less ordered chains. The solubility of the polymer in a given solvent and the substrate
surface also play crucial roles in determining the structure of the film. A solvent in which
the diffusion of the polymer is low does not offer much freedom to the polymer chains
and hence, the pinning effect of the substrate comes into play. For such a combination
of solvent and substrate the ordering is weak near the substrate, as in case of toluene and
H-Si substrate. The same solvent is capable of producing well ordered lamellae near the
substrate if the pinning effect of the substrate is negligible, as we have seen in case of
toluene and O-Si substrate.

P3DDT films from solutions in mixed good and poor solvents were formed by drop-
casting and slow evaporation of the solvents. XRD, X-ray rocking curves and GISAXS
measurements lead us to the conclusion that the addition of a poor solvent is primarily
responsible for a coil-to-rod transition and that a greater proportion of poor solvent induces
the formation of a greater amount of free rod-like chains in the solution. The solutions
also contain a few 7-stacked aggregates of these rod-like chains. The amount of these
aggregates does not depend much on the proportion of the poor solvent. Thermal annealing
brings about further 7-stacking and as films cast from solutions with higher proportion of
poor solvent contain greater amount of free rods, these films contain greater amount of
aggregates on annealing. It is also seen that the amount and size of the aggregates do not

depend on the nature of the substrate used.
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7.1.2 Evolution of structure due to post-deposition treatments

Two types of post-deposition treatments have been performed, namely, thermal annealing
and solvent vapor annealing (SVA). It is observed that for spin-coated P3DDT films SVA
followed by thermal annealing in vacuum can be used effectively for removing the defects
present in the as-cast films and improving the uniformity of the film-air and film-substrate
interfaces. However, SVA might lead to a partial loss of crystalline order of the edge-on
oriented lamellae. On the other hand, thermal annealing in the presence of a solvent vapor
is seen to result in a substantial increase in the crystalline order. During SVA the final
thickness achieved by a film due to the uptake of solvent molecules, i.e., when the film
becomes mostly dissolved, is about twice the thickness of the as-cast film.

Thermal annealing of drop-cast films formed from mixed solvents leads to the forma-
tion of m-stacked aggregates from the free rod-like chains. Annealing above the melting
temperature of the alkyl chains and below that of the polymer backbone sets the polymer
chains free and thus, on slow cooling these chains can arrange themselves into well or-
dered edge-on oriented lamellae. In contrast, annealing above the melting temperature of
the backbone leads to twisting and bending of the rod-like chains and, on cooling, produces
less edge-on oriented lamellae, although the total amount of crystallites increases. It can
be inferred that the optimum annealing temperature for producing considerable amount of

crystallites with edge-on oriented lamellae is around 130°C.

7.2 Scope for future studies

Although we have encountered several interesting features of semiconducting polymer

films in this thesis, a lot more can be done using such polymers. In fact, we have stressed
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only on the structural aspects of the films. Obtaining a correlation between the structure and
properties of these films will be an interesting option for future research. Using these films
in the active layer of field-effect transistors should give us an insight into the dependence
of charge carrier mobility on the deposition conditions like solvent, solution concentration
and spin-speed, as well as on post-deposition treatments like thermal and solvent vapor
annealing.

Attempting to align the polymer nanofibers along a particular direction can be another
possible line of progress. A probable way to achieve that can be to deposit P3AT nanofibers,
prepared by the mixed solvents method, under the influence of an electric field. The ori-
entation of the nanofibers can be observed using AFM imaging. A large number of fibers
oriented in the same direction is expected to give rise to a large mobility in that direction
by providing uninterrupted pathways for the charge carriers.

Yet another possibility is to explore the effect of addition of metal nanoparticles on
these polymers. Addition of Au nanoparticles have been shown to have considerable in-
fluence on the conductivity and photoluminescence properties of P3AT films [163, 164]. It
will be interesting to study the influence of Au nanoparticles when they are incorporated
into nanofibers of P3ATs. We anticipate that if the Au nanoparticles can be made to attach
to the P3AT nanofibers, the fibers may exhibit an increased charge carrier mobility.

We hope that following these lines of investigations will help us exploit the potential of
semiconducting polymers to a greater extent and lead to the development of more efficient

devices using such polymers.
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