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Synopsis

Introduction:

Self-assembled growth of thin films is an essential part of modern
device fabrication. It is desirable to have an ability to control morphology of
micro / nanostructures to meet functional requirements of the devices
designed using such structures. Understanding of growth kinetics, therefore,
1s very crucial in advancing the modern technology. Nevertheless, there are
lots of challenging fundamental issues related to growth of these structures,
which need to be explored further and therefore, receiving significant
attentions form the many researchers during last few decades.'* In
deposition processes, atoms or molecules impinge randomly on the substrate
that supplies thermal energy to the adsorbed species. The supplied thermal
energy is sufficient enough to allow adsorbed species to diffuse across the
terraces on the substrate and subsequently arrange or organize themselves
into different surface structures stabilized by attractive interactions.
Continued deposition can produce complicated submonolayer patterns and
multilayer morphologies in the form of mounds, wire, ribbons, films etc. The
main atomic processes during the growth include a variety of distinct
diffusion processes including diffusion on a flat terrace, attachment to an
existing island, detachment from the island edges and interlayer diffusion.>>
7 The relative rates of occurrence of these processes primarily are controlled
by the deposition rate and substrate temperature (Ty,,). Substrate temperature
activates kinetic processes by dictating the migration rate. Sometimes,
diffusion processes at island edges are also inhibited because of additional
barrier (Ehrlich - Schwoebel (ES) barrier).” Therefore, limited

viii
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diffusion to downward and interlayer mass transport results kinetically rough
surfaces than smooth films.® Strain effects also often dominate the quasi-
equilibrated morphology of growing films. As a result of such restricted
diffusions, formation of 3D mounds (multilayer stack of 2D islands),
unidirectional growth forming wires, ribbons or ribbon like long terraces are
observed. This thesis work includes the studies of growth of Perylene and
Naphthalene derivatives grown on SiO, substrates. Ag growth on Si(111)-
(7%7) substrates has been considered as a system that also form flat-top
mounds as observed in case of growth of perylene derivative. This is to
compare the two systems which form similar surface morphology. SiO, layer
is most commonly used gate oxide layer for microelectronics. Therefore, we

have used this as our substrate of interest for this thesis work.

Perylene and Naphthalene derivatives are known to exhibit interesting
electrical and optical properties. In most of these compounds, the perylene or
naphthalene units act as electron-acceptors. Remarkably, the perylene unit
by itself is also known as one of the earliest donors used in the preparation of
highly conducting organic solids. Therefore, these molecules show promises
to be competitive candidates to existing devices based on inorganic

. 9, 10
semiconductors.”

However, the growth of such molecular thin films is
very complicated due to their poor van der Waal interactions between
molecules and therefore, issues like epitaxy, strain, which are well defined in
case of morganic growth, are not defined properly. As a result, growth of
these molecules form different kind of surface morphologies such as
mounds, wires, ribbons or ribbons like growth of flat terraces. In this thesis,
we have chosen two derivatives of perylenediiamide derivatives (TC-
PTCDI-Cg and PTCDI-Ph), which form flat-top mounds and ribbon like long
terraces on SiO, substrates, respectively. 4 - (4-n, n-dimethylaminopheny

4-DMAPE
N

lethynyl) — n - (2-propynyl) - 1, 8 napthalimide ( I) form nano-
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ribbon like unidirectional structures. In order to understand the growth of
flat-top organic mounds, we have also studied the growth of Ag on Si(111)-
(7x7) surfaces which grow flat-top mounds. Though, growth mechanism and
kinetics of the growth of TC-PTCDI-Cg and Ag on Silicon surfaces are

different, they form similar surface morphologies.

We have explored self-assembled growth of three different kinds of
surface morphologies controlled by diffusion of the molecules. First case is
the formation of 3D mounds, which are essentially multilayers stacks of 2D
islands. TC-PTCDI-Cy; molecules are grown on SiO, substrates at 75°
substrate temperature. These molecules grow 2 molecular layers as layer-by-
layer and then form flat top 3D mounds. We have studied the growth from
sub-monolayer to a thick film growth. Growth kinetics of forming 2D layer
to 3D mound formation is explored. Height dependent step edge (ES) barrier
1s very common for the growth of organic semiconductor thin film growth.
As a result, downward mass transport becomes restricted with coverages.
This leads to form flat-top mounds of TC-PTCDI-Cs. In case of TC-PTCDI-
Cs, we have observed stationary to non-stationary growth transition in the
growth kinetics that corresponds to evolution form 2D wetting layer to 3D

flat-top mounds formation.''"

In order to understand the insight of the flat-top mound growth in
inorganic system, in-spite of different growth mechanism, we have chosen to
study the growth kinetics of Ag on Si(111)-(7x7) surfaces. Ag forms flat top
mounds with two atomic layers preferences at the initial stages of the
growth.' These mounds eventually grow laterally maintaining height
preferences and coalesce to form percolated mounds with even (two, four ...
etc) atomic layers preferences.'” This growth mechanism has been reported
as electronic growth as the prefer heights essentially depends on the

formation of quantum well states (QWSs) within the metal films grown on
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semiconductors surfaces.'*'*'” As a result, it is expected from the theoretical

17-19
However, no

prediction that electronic growth can form smooth films.
smooth films observed for the Ag grown on Si(111)-(7%7) surfaces at room
temperature within our wide range of explored coverages. The detail growth
mechanisms are studied from one monolayer to a thick film growth. Though,
growth mechanisms of forming flat-top mounds are different for organic
(TC-PTCDI-Cg) and inorganic (Ag/Si(111)-(7%7)) systems but they form
similar kind of surface morphologies. We have found out the lateral and

vertical growth rates of the mounds are comparable for both the system and

follow a linear behavior with similar slope.

In the second part of thesis work, we have studied the growth of
unidirectional structures like ribbons and flat long ribbon like terraces of
organic materials. Two different molecules were selected for the growth
based on their structure and chemical composition. PTCDI-Ph grows as

+DMAPENT forms ribbons. Both the

ribbon like long flat terraces, however,
molecules were synthesized and cleaned before thermal evaporation to grow
films. N,N’-di-phenyl perylenetetracarboxylicdiimide (PTCDI-Ph) on SiO,
substrates. Room temperature growth does not show any ordering of the
films. However, unidirectional film growth forming long ribbon like terraces
is observed for the films grown at elevated substrate temperatures (T, =
80°C, 90°C, 120°C, 140°C). Higher substrate temperature essentially
activates the surface diffusion that increases with temperature. Therefore,
mass transport to form the terraces can be controlled by controlling substrate
temperature. We have calculated the surface diffusion activation energy for
PTCDI-Ph molecules from the Arrhenius plot. The activation energy along
the length (Ep=0.21eV) is relatively smaller than that of along the width

(Ep=0.34eV). This explains the unidirectional growth of the structures. From

x-ray reflectivity measurements, we have calculated the interlayer spacing of

Xi
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the films, which clearly revealed that the molecular tilt angle with surface

normal within the film.

In the last part of the thesis we studied the growth of *PMAPENI
molecules on Si0O, surfaces. These molecules can be stacked with n—n and
CH-r interactions along one direction and therefore form organic ribbons.
However, interactions on the other direction are not so strong to continue
growth after a constant width. The lengths of the wires are increased at one
end with the substrate temperatures keeping other end grounded at
substrates. The maximum length that we observed is about 8 um. However,
the diameters of the wires were essentially constant during the growth. As a
result, masses were transferred to the edges of the wires with increasing
substrate temperatures. We have calculated the surface diffusion activation
energy (Ep=0.21¢V) for these molecules from Arrhenius plot.”® These
ribbons show huge persistent current observed over 14 hours duration. The
origin of the persistent photo current is because of the formation of deep
level surface states during growth.”'*® These states capture huge number of
free electrons in presence of light and slowly release the electrons.”
Therefore, the molecules shows promise to be very good candidate for

optoelectronic applications.”>™’

In conclusion, we have extensively studied the growth of mounds and
ribbon like structures formation for perelyne and naphthalene derivatives on
Si0, surfaces with different substrate temperatures. Essentially, we found
out that the growth of such structures depends on the diffusion of the
molecules. The growth temperature broadly controls the diffusion and this
parameter has been varied to study the growth kinetics for organic systems.
Packing within the films and therefore, the growth front morphologies
depend on the molecular properties as well as the growth temperature.

However, for Ag, it depends on the quantum well state formation within the

xii
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layer as per electronic growth mode. We also have studied the structural,
electrical and optical properties of some of the self-assembled structures in
this thesis. Ribbon structure of *PM**NI molecules showed huge
photocurrent, which persist up to 14 hours. These structures show promises

to be good candidate for optoelectronic devices.

The complete thesis work has been organized into seven chapters as

described below:

Chapter 1 presents the brief introduction of the development of 1D,
2D and 3D surface structures formation. In addition, fundamental issues
related to the growth of mounds and ribbons like structures are discussed.

Possible applications and importance of the growth of these structures are
highlighted.

Chapter 2 provides brief description of facility development and the
experimental techniques used in this thesis work along with their working
principles. The basic in-house facilities development such as Knudsen cell
for the evaporation of the organic molecules to grow films and the

photoelectric property measurement system are presented.

Chapter 3 presents the results of growth of TC-PTCDI-Cg molecules
on Si0O, substrates. Detail investigations of growth from sub-monolayer to a
thick film (0.75ML, 1.5ML, 3.2ML and 8.5ML) growth are described. Here,
monolayer (ML) is defined as the amount of materials to grow a complete
layer. Atomic force microscopy (AFM) and X-ray reflectivity (XRR) studies
revealed the detail growth kinetics of mound formation. The observed
thickness of wetting layer has been found to be 2ML. Structural
characterization of the mounds are determined by X-ray diffraction (XRD)

and discussed.

xiii
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Chapter 4 presents the growth of Ag on Si(111)-(7%7) reconstructed
surfaces for the different coverages. In addition, statistical characterization
of surface morphology for the samples is presented. Different scaling

exponents for electronic growth of Ag has also been reported.

Chapter 5 presents the results of the growth of PTCDI-Ph grown on
Si0, substrate. We reported the formation of ribbon like flat-terraces. The
mechanism of such structure formation is also proposed. Results obtained

form optical and electrical characterization are presented.

Chapter 6 presents the results of growth study of a *"***NI on SiO,
surfaces that form ribbon like structures. We have calculated activation
energy of diffusion using Arrhenius plot. The results of various optical and
electrical characterizations of these ribbons are reported. The optical band
gap (2.53eV) of this material is calculated from the UV-absorption study
which satisfy theoretical value obtained from density functional theory
(DFT) calculation. The luminescence property of the material studied

elaborately and reported in this chapter.

Chapter 7 presents the summary and important conclusions of these
works. In addition, highlights the new findings and results related to the
formation of flat top mound and ribbon like structures are reported. Open

questions and the different directions of future studies are addressed.

Xiv
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Introduction

In this thesis, we have substantially studied the growth kinetics of
different kinds of surface structures formation of organic and inorganic
materials. Here we focus on organic molecules with semiconducting
properties and mechanisms of growth with kinetics of the growth of films are
discussed. A review of basic concepts of organic semiconductors and the
semiconductors investigated in this work are given. We also summarize the
main processes involved in thin film growth from the vapor deposition and

the influence of the growth parameters.

1.1 Organic Semiconductors

Organic semiconductors are materials based on molecules containing
carbon compounds. They only become conductors of electric current when
excess charge carriers are either produced by the internal photo effect or are
injected by applied voltages. Their semiconducting properties are attributed
to the conjugated m-electron systems in their skeletal structures which is a
consequence of sp? hybridization of the carbon atoms: the p, and py orbital
are forming together with the s orbital the o bonds and are localized between

the carbon bonding atoms. The p, orbitals of adjacent atoms, however,
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overlap perpendicular to the plane of the sp® orbitals and form an additional
bond, the © bond as illustrated in Fig.1.1. Due to the weak contribution of the
n electrons to bonding of the molecule, the conjugated m-electron system
exhibits electronic excitation energies in the range of only a few eV and is
therefore responsible for the optoelectronic properties of organic

semiconductors.' In contrast to inorganic semiconductors, where the band

(a) (b) (c)

Fig. 1.1: (a)The o bond of Benzene, (b) P,-orbital of each carbon atom, and (c)
The resulting electron cloud of ¥ electrons above and below the plane of the
benzene ring.?

gap extends between valence and conduction band, is the gap in organic
semiconductors determined by the difference between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO). This band gap can be varied to a certain extent by synthesizing
diverse molecules which differ in size, atomic arrangement and functional
groups in order to tune their electronic properties.*°

Basically, organic semiconducting molecules can be classified into
two main groups: polymers and oligomers. Polymers are long flexible
molecules which are characterized by the formation of unbounded repetitive
molecular units. Oligomers or small weight organic molecules consist of a
finite number of monomer units thus leading to a well defined mass (in
contrast to polymers). Both, polymers and oligomers show similar electronic
and optical properties with typical energy band gaps between 1.5 eV to 2.6

eV. The major difference is found in the thin film deposition techniques and
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in the resulting structural properties. Polymers can be easily processed from
solution which decreases the production costs dramatically. Oligomers,
however, are very often insoluble and thermal evaporation are required to
grow the films. Nevertheless, oligomers have the crucial advantage over
polymers that they allow the preparation of very well ordered films of high
purity and crystalline order, which are fundamental prerequisites to enhance

charge carrier mobility.** *?

1.2 Fundamental of Thin Film Growth
1.2.1 Inorganic Thin Film Growth

When a film is grown on substrate by various methods, the film may be
amorphous, polycrystalline or single crystalline depending upon substrates,
substrate temperature, materials of the film and method of deposition. There
are three types of conventional growth modes in epitaxial growth of
inorganic film depending on surface free energies of the over layer and
substrate and their lattice misfit. These established growth modes are (a)
Frank-van der Merwe (FM) or layer by layer growth*®(b) Volmer-Weber*
(VW) or island growth and (c) Stranski-Krastanov™ (SK) or layer-plus-
island growth. The schematic presentation of these growth mechanism are

shown in Fig 1.2 (a), (b) and (c) respectively.
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Fig 1.2: Schematic illustration of the three different growth modes: (a) layer-by-

layer or Frank-van der Merwe growth, (b) island or Vollmer-Weber growth, (c)

layer-plus-island or Stranski-Krastanov growth.

In the early stage of film growth, there are many of physical processes
related to the growth the atoms/molecules on substrate surface. These
process are (a) atom or molecule deposition, (b) deposited molecule diffuse
on flat surfaces of the substrate, (c) dimer formation with deposited species,
(d) attached or (e) detached of the species to an existing island, (f) diffusion
from the island, (g) downward hopping from top of the island, (h) nucleation
on top of the island and finally (i) desorption. All these process are
illustrated in Fig. 1.3. Out of the all mentioned processes, interplay of some
processes generates different type of growth. The relative rates of occurrence
of these processes primarily are controlled by the deposition rate and
substrate temperature (Tyy). Substrate temperature activates Kinetic process
by enabling the migration rate of diffusion. Even in the case of diffusion
controlled growth, the step edge and its potential energy distribution play an

important role. The step edge barrier (Ehrlich-Schwobel barrier)*®*’

plays an
very important role to determine the molecular diffusion between
intermolecular steps. As a result, mounds, wire, ribbons formation is

observed.
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Fig. 1.3 Schematic diagram of the different process occurring during film growth

Growth of some (i.e. Ag, Pb etc.) metal films on semiconductors
surfaces, however, does not follow the standard growth mode described
above. The growth modes for these systems have been described as an
electronic growth where preferential layers (N-atomic layers) dependent
thickness is observed.'® ** Some theoretical attempts have been made to
understand the N-dependent stability of metal films in terms of the energies
of the quantum well (QW) states.”® * The QW states are usually analyzed
using a picture of standing waves within a potential well, in which energy-
dependent phase shift upon reflection at the interface is included. For s-p
metals the QW energy levels are often described by the quantization

condition (the phase accumulation model in Fig.1.4)
Zkz(En)NdO + P1 (En) + P2 (En) = 2nm

where k, is the component of the wave vector perpendicular to the film
surface, k,(E,) is determined by the band dispersion along the normal to the
film surface, dq is the interlayer spacing, N is the number of atomic layers in
the film and n is the quantum number (an integer). ¢1(E,) and ¢,(E,) are the

energy-dependent phase shifts of the electronic wave function upon refection
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Vacuum
_
hooon i HAg(
d Agis-p electronwave 11 11 film
I

Si(111) substrate

Fig. 1.4: Schematic diagram illustrating the analogy of the multiple-electron
phase accumulation model with an electron interferometer for the Ag/Si(111)-
(7x7) system. Multiple reflections of Ag s-p electrons at the interfaces are
indicated by dashed arrows. Evanescent states outside the Ag films, due to
interface reflectivities lower than 100%, are indicated by short arrows

at the two boundaries of the film.?* ?® This model considers the QWSs of
electrons trapped inside the Ag film between the barriers at the Ag/Si(111)
and Ag/vacuum interfaces. Upon reflection of Ag s-p electrons at the
interfaces, phase changes ¢:(E,) and ¢,(E,) are introduced, while 2k,(E,)Nd,
Is the phase change accumulated upon traversing the Ag film. Total phase
changes decide the standing wave formation and stabilize the thickness of
the film. In this thesis, we have explored this growth mode in Ag on Si(111)-

(7x7) surfaces.

1.2.2 Organic Thin Film Growth

The growth modes discussed in the previous section are essentially
applied for inorganic materials, in general. However, there are intrinsic
properties of organic materials which make these growth scenarios more
complex.”* Organic molecules are extended and anisotropic objects giving
rise to internal degrees of freedom. As a result, the molecular arrangement
within the films can make more complex arrangements and form different

types of surfaces morphologies. Moreover, the interaction potential between
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molecules and molecule-substrate is anisotropic. The interaction between
organic molecules is dictated by van-der Waals interactions with
contributions of other non-covalent interactions (H-bonding, =—= and dipolar
interactions) in presence of certain functional groups. As a results, often the
growth can form different types of structures such as 3D mounds, wires,

ribbons or unidirectional terraces.?’

A mound is a 3D island which is multilayer stack of 2D layer. Due to
the instability of the organic molecular stacking this type of structure
formations is observed. The formation of mounds on a surface can be
attributed to many different growth processes which can be local or non-
local in nature. The formation of mounds as a result of limited diffusion due
to step edge barrier(Es) is very common for organic thin film growth.”® %
Fig. 1.5 shows the schematic of a typical ES barrier. This does not allow
atoms/molecules to diffuse over the edge of the step on the surface, which
creates an overall uphill current of the diffusive particle flux. This effect is
characterized as local growth effect because it involves particles on the

surface.

To investigate the film growth, the kinetic processes should be
considered on the molecular scale, among of which interlayer mass transport
determines the film morphology.”” > *' During the step down process,
molecule has encountered ES barrier appended to the surface diffusion
activation energy. In the case of efficient step down interlayer transport,
nucleation of second layer take place after the full coalescence of layer
underneath, resulting in layer-by-layer growth. In contrast, inefficient
interlayer mass transport results in a 3D mound formation and increases the

roughness of the film.

TH-1132_08612114



8 | Chapter I

In order to form flat top organic mounds, step down as well as step up
interlayer mass transport process are to be considered.* Fig. 1.5 shows the

energetic diagram of molecular diffusion on the surface.

Fig. 1.5. Side view of a surface with monatomic height step and hypothetical
potential map of an adatom on the surface. Ep is the surface diffusion activation
energy, Es is the ES barrier energy and Es is the additional energy due to step.

For a molecule descending from one terrace to next terrace (step down
process) encountered an energy barrier Ep+Es; where Ep is surface diffusion
activation energy and Es" is ES barrier. On the other hand for a molecule
ascending from one terrace to next terrace (step up process), the molecule
encounters an energy barrier of Ep+Es+Es, where ES is additional step edge
binding energy. Fig. 1.6 shows the different kind of surface morphology
formation.® With efficient descending process, layer-by-layer growth was
observed as shown in Fig. 1.6(a). In case of inefficient descending process
there is pyramid like mound formation shown in Fig. 1.6(b). Fig. 1.6(c)
shows the shape of the mounds due to interlayer mass transport. However
when an ascending process is enabled then flat top mound formation is
observed as shown in Fig 1.6(d).*? Therefore by controlling the diffusion and
ES barrier, which are essentially the material properties, the mound type
island formation is possible.’® 33 The height dependent step edge (ES)
barrier is very common for the growth of organic semiconductor thin film

growth.
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Fig. 1.6 : Different types of layer formation due to ES barrier variation.

On the other hand local surface slope (m) is an important parameter to
define the surface morphology. When a molecule is deposited, then it
diffuses towards the edge of a descending or ascending step. Here in the Fig
1.7 we have shown the different step edge diffusion due to different local
slope. As the step barrier reflects the molecule upward, an upward current is
initiated and form a mound type surface structures. This uphill current which
is proportional to the height difference i.e. ] ~Vh, where j is diffusion current
and Vh is height gradient. While the molecules are diffusing upward the
local surface slope of the surface structure are changing. Here diffusion
length (lp) is another important parameter that control the effective diffusion
of the molecules. Thereby, it controls the surface morphology. Here Ip is
defined as the average length that a molecule can diffuse. When local slope
Is small then the average terrace width (I) is large. In this case, molecules
with diffusion length (Ip<I) will have less probability to diffuse up. However,
if the local slope is more in that case Ip>I then the step up process increases.

Here Ip directly depends upon the substrate temperature (Tsy,). Therefore
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Tsup also plays an important role to define surface morphology. Combining

these two process together decides the formation of mounds.*

For Big m — @

Fig. 1.7 : Schematic diagram of uphill current due to (a) small slope and (b) large
slope respectively

On the other hand, formation of ribbon is another important example of
diffusion control structure formation. Ribbons are one dimensional structure
with diameter ranging from few nm to 200nm and length up to several
microns. With respect to other structures, they present several advantages
comparable to bulk counterpart,® ***' like large surface to volume ratio, a
direct carrier conduction path, a large variety of potential novel properties
available through control of size and structure and high compatibility with
standard industrial device fabrication technology. Generally self-assembly is
driven by intermolecular non-covalent interaction such as hydrogen bonding,
lon-ion interaction, n—n interaction with van-der Waals forces. Depending
upon these interactions different types of 1D structure are formed.®
Neverthless, favourable diffusion along a particular direction can also form

1D structures.
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1.3 Organic Molecules

Here in this thesis we have chosen some of the n type organic
semiconductor which has high thermal stability that makes it possible to
evaporate them thermally under vacuum in a chamber. This in turn,
guarantees a good control over their chemical and physical properties. We
have chosen two derivatives of Perylene and one derivative from
Naphthalene. The selection of the materials is because of their interesting
electrical and optical properties. The Perylene core is itself a donor which is

used in the preparation of organic devices for a long time.® *

1.3.1 TC-PTCDI-Cg

N,N’-bis(octayl)perylene-1,6,7,12-tetrachloro-3,4,9,10-bi (dicarboxi
mide) (TC-PTCDI-Cg) belongs to the perylene group compound. The
chemical structure of the molecule is shown in Fig. 1.8 which is about 30.1A

long including the chain attached with perylene core and 8.9A in width.

Fig. 1.8: Schematic diagram and dimension of TC-PTCDI-Cg molecules
It forms flat top mound type surface morphology on SiO, substrate at

elevated temperature. The derivative is showing good thermal and
electrical stability.
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1.3.2 PTCDI-Ph

N, N’-di-phenyl perylene tetracarboxylic diimide (PTCDI-Ph) is
another perylene derivative. The chemical structure and the dimension of the
molecule is shown in Fig 1.9. The length of the molecule is 19.91A.

Fig. 1.9: Schematic diagram of the PTCDI-Ph molecule. The length of the
molecule is mentioned.

It is a very good compound for the application of opto-electronic devices.
After depositing a long flat top terrace with good crystallinity is formed.

1.3.3 4DMAPENI

4 - (4-n, n-dimethylaminophenylethynyl) - n - (2-propynyl) - 1, 8
napthalimide (*°™*"“NI) is the n type organic semiconductor in the
Napthalene family. The structure of the molecule and the dimensions are
shown in Fig. 1.10. The length of the molecule is 16.48A.

o0 O
nOZ0O

Fig. 1.10: Schematic diagram of the “P™*"ENI molecule. The length of the
molecule is mentioned.
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These molecules can be stacked with each other not only just via n—=
interaction but also CH-IT interaction. As a result long ribbon type

structure may form.
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Experimental techniques and
data analysis

In this present chapter we focus on the experimental methods for
preparation of organic and inorganic films as well as the techniques

employed to characterized and measure film properties.

The am is to grow organic and inorganic self assembled structures and
to study the growth mechanism, structural, electrical and optical properties.
The growth techniques for different materials are different. This not only
depends on the sublimation temperature of the materials but also depends on
the material properties. We have used high vacuum (~10" mbar) chamber for
the growth of organic molecules. However, ultra high vacuum (~10™° mbar)
chamber was used to grow Ag films. To minimize impurities that severely
affects the growth of Ag.

Most extensively used technique to study the surface morphology was
scanning probe microscopy (SPM) and to access structura information we
used X-ray scattering. To study the optical properties, UV-Vis spectroscopy,
Photoluminescence (PL) and Time resolved spectroscopy (TRPL) were used.

In this chapter, the techniques will be briefly discussed.
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21 Growth Techniques of self-assembled Organic
Structures

In this section, the different techniques for the deposition of Organic
Semiconductor and Ag are discussed.

2.1.1 Substrate Preparation

Before we start the growth of self-assembled structures, it isimportant
to make sure that the substrate surfaces onto which the films are to be grown,
is clean. We have used two different kinds of substrates. For the growth of
organic structures, we have used Si(100) with native layer of SIO, substrates.
For the growth of Ag, we used atomically cleaned Si(111)-(7x7) surface.
SO, surfaces were first cleaned ultrasonically by Di-water for 20 min. After
that acetone and methanol were used to clean ultrasonically separately for 10
min. Finaly these were cleaned by Di-water followed by drying with dry-
nitrogen gas. The cleaned SIO, substrates are then degassed inside the
vacuum chamber at 600°C overnight and cooled down to deposition
temperature. Si(111) with SIO, surfaces are also cleaned with similar
procedure. After degassing the substrate overnight, it was flashed to 12500C
for few seconds to remove oxide layers and prepare a atomically clean
reconstructed surfaces. These surfaces were used to grow Ag film in the
UHYV chamber.

2.1.2 Thin Film Growth Techniques

Thermal evaporation system has been used to grow organic molecules.
This system works under high vacuum (HV) condition with base pressure
3x10" mbar. A custom-made growth chamber has been designed which is
showninFig.2.1.
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Fig. 2.1: Thermal evaporation system along with substrate heating arrangement

This chamber contains three Knudsen Cells to grow organic molecules.
The Knudsen cells were designed, fabricated and installed. A sample
manipulator is mounted from the top of the chamber with option of 360°
azimuthally motorized rotation of the substrate. The substrate can be heated
up to 800°C. The chamber aso contains a quartz microbalance (QM) to
monitor the thickness of the films during growth. Five Knudsen cells can be

accommodated in the growth chamber.

For many applications, the incorporation of foreign atoms or molecules
into a growing film is undesirable. To avoid the incorporation of residual
gases into the growing film ultra-high vacuum pressures (UHV, better than
10" mbar) may be necessary. The molecular beam epitaxy (MBE)*™ has
proven to supply epitaxially grown films of high purity. MBE is based on
the thermal evaporation of the source material typicaly in UHV
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conditions.” %> ® The compound is thereby evaporated from a special ovenin
a more or less directed beam which guarantees a uniform thickness of the
deposit. By controlling the sublimation temperature very low deposition
rates can be obtained. The high purity aong with the low deposition rates
allow for the growth of films with good crystallinity. The uses of the MBE
technique together with in-situ film diagnostic methods during and
immediately after growth have provided many new insights into growth
processes.

A custom-made compact MBE system aong with the capability to
transfer the MBE-grown samples to a UHV transfer chamber as well asto a
commercial UHV STM, designed by us in collaboration with and assembled
by Omicron Vacuum physik GmbH, has been installed. A UHV variable
temperature scanning tunneling microscope (VTSTM from Omicron) has
been coupled with the MBE system at a later date. This system is shown in
Fig. 2.2.

Fig. 2.2: An Omicron MBE system along with VTSTM and RHEED.
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The MBE system has five Knudsen cells, a low power electron beam
evaporator, a quartz crystal microbalance (QCM) and aresidual gas analyzer
(RGA). There is also a reflection high energy electron diffraction (RHEED)
equipment fitted to the MBE unit for monitoring surface reconstruction and
growth. For sample cleaning it has direct heating as well as Ar® ion
sputtering facilities. The sample manipulator has a Z-trandation (vertical)
and the azimuthal angle can be varied over 360°. It also has a resistive
heating facility so that the substrate temperature can be raised up to 900°C.
The substrate temperature and the rate of deposition control epitaxial growth
of different materials. Out of the five Knudsen cells, three are capable to heat
up to 1500°C and other two are capable to heat up to 1000°C. The
temperature range achievable in the VTSTM is 50 K-500 K. The best base
pressure achieved in the MBE chamber is 3x10'mbar and that in the
VTSTM chamber 2x10 " mbar mbar. This combined MBE-VTSTM system

and itsinitial performance have been described in ref.’

In this thesis, MBE was used to grow Ag mounds on Si(111)-(7%7)
surfaces. As the metals are very reactive and easily get contaminated, UHV
condition is required during the growth. Nevertheless, to prepare atomically
cleaned reconstructed substrate surfaces it is necessary to have UHV
condition. However, organic molecules were grown on SO, surfaces, which
Is essentially amorphous. Therefore, UHV condition is not necessarily
required to grow organic molecules. Though, it is possible to incorporate
organic crucible into UHV chamber. We have used separate HV chamber to

grow organic molecules except two kinds of molecules.
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2.1.3 Evaporation of organic molecules

The organic deposition technique we used is based on the evaporation
of the source material under HV conditions. To achieve an efficient
deposition of the evaporant with a uniform thickness of the deposit, special
evaporation cells have been developed which deliver a somewhat directed

beam.

In a so-called Knudsen cell, as is shown in Fig. 2.3(a), the organic
molecules are sublimated from a ceramic crucible with a small opening. The
temperature of the evaporant can be controlled to obtain the desired vapor
pressure.®® We designed a simple Knudsen cell. The support materials

(a) Crucible Tl (b)

Tungstein
filament

Crucible

7
f
|

Thermocouple
conector

e -

Power CTonnector

ssembled
Knudsen cell

Fig. 23 (8) Schematic diagram of Knudsen cell aong with DN4OCF flange,
thermocouple and electrical connection, (b) Various components of the in-house
developed Knudsen cell and itstotal structure. Molecules come out from the small

hole in the upper portion.

(ceramic, tungsten, molybdenum etc) of the evaporation cell were chosen in

such a way as they had negligible vapor and dissociation pressures at the
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operating temperatures (up to~500°C) to avoid contamination of the deposit.
The width of the organic molecular beam emitted from this cell was
sufficiently broad to guarantee a homogeneous film thickness on a substrate
with a lateral length scale of 2 cm. The substrate was positioned in such a
way that the surface was normal to the direction of the molecular beam.
Resi stance-heated tungsten wires wound around a ceramic cylinder served as
a heater and the evaporation temperature (as measured by thermocouples
mounted close to the crucible) was controlled by temperature controller
(Eurotherm 2408) with an absolute precision of + 5°C. Typica el ements
made with Al,O; materials for Knudsen cell are shown in Fig. 2.3(b). These
parts are mounted onto a DN 40CF flange, which is mounted with the
vacuum chamber. Fig. 2.4 shows the performance of these cells. The cells
take about 45 minutes to reach at the set temperature 250°C and 430°C as
shown in Fig. 2.4(a) and (b) for Tea = 250°C and 430°C respectively.

300 . 500 .
~ 275](a)  Set Temp 250°C _450](b) Set Temp 430°C
é—i ;gg- .-“'N-—- Q 400 o |
— 1 2 ] 1
£ 2001 o 5 3501 o
= 200- o [ = 300 - o* |
N 175'_‘ .. | 250' 1
& 150 o . = V1] .
o ] . ! = 200 .
=9 125 ] b 1 Y 1 1
E 100 + .r. | 2,150 & I
S 51 ¢ ! £ 1009 :
P~ 504 \ ﬁ 50]s .
251 L ! L 0? LI B B | + L L
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Time(min)

Time(min)

Fig. 2.4: Ramping rate (a) for 250°C and (b) 430°C of the Knudsen shell. At the
desired temperature the heating rate is almost constant.
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2.2 Characterization Techniques

Deposited films were characterized using several scientific tools. In this
section we describe the instruments for structural, optica and electrical
characterizations that are used in this thesis work. Some in-house devel oped

instruments are al so discussed.

2.2.1 Structural Characterizations

A. Scanning Tunneling Microscopy (STM)

In the early 1980's scanning tunneling microscopy (STM) was
developed with the first real-space images of the surfaces of silicon. Now a
day STM is used in a wide variety of disciplines, including fundamental
surface science, routine surface roughness analysis and 3D surface imaging.
For this invention Gerhard Binning and Heinrich Rohrer were awarded the

Nobel prize in physicsin 1986.
The components for the STM operation are:

Atomically sharp tip: The tips are mainly made from metal (e.g. W, Pt-
Ir, Au) wires. The preparation procedures are first ex situ mechanical
grinding or cleavage or electrochemical etching then insitu annealing, field

emission/evaporation and even soft crash of the tip by touching a sample.

Scanner: It is a piezoelectric scanner which is used as electromechanical
transducer. It can convert electric signal of 1ImV to 1kV into mechanical

motion in the range from an A to few um.

Feedback electronics: This circuit is connected with the instruments to

control the sampleto tip gap.

Computer: Thisisrequired to control the tip position and acquire data.
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A coarse positioning system is required with scanner which brings the tip
within the tunneling distance of the sample and to retract it back to sufficient

distance (afew mm).

The basic operation'® * is that when STM tip is placed in a closest
distance (5-10A) then the wave functions of the closest tip atom and surface
atom overlap. If we apply V voltage within the tip and sample then current is
tunneling from the sharp tip to the sample. The tunneling current is defined

as

1/2

| — M e(_A(pB d)

d

Where d is the effective tunneling gap, D(V) is the electron density of
states. A is a constant and @g is the effective barrier height of the junction.”
Schematic diagram of the basic operation and the tunneling is shown in the
Fig. 2.5 (a b).

-
-
-
-

Barrier

Fig. 2.5:(a) Schematic diagram of the STM operation (b) Energy diagram of the
tunneling contact of the STM tip and the metallic sample. Er; and Ef, are the
Fermi levels of the surface and the tip, ¢; and ¢, are the work functions of the
surface and the tip, ¢z is the effective barrier height, d is the effective tunneling
gap and V is the bias voltage. The diagram illustrates the situation when STM

probes the empty states of the surface.”
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Depending upon the sign of bias voltage and the tip to sample spacing the
resultant tunneling current varies and effectively changes the STM image. If
the separation between the tip and the sample changes by 10% (on the order
of 1A) , the tunneling current changes by a order of magnitude or if the
current is kept const to within 2%, the gap width remains constant to within
0.01A. As per the lateral resolution, 90% of the tunneling current flows
through the gap between the last atom of the tip and the atom of the surface.
So the STM can image the surface of the sample with the sub angstrom
precision vertically and atomic resolution laterally. Depending upon the bias
of the tip electron or hole can tunnel from the tip to sample. At negative tip
bias the empty state STM image is obtained.STM is designed to scan the
sample in two modes: (i) constant height or (ii) constant current mode as
shown in the Fig. 2.6.

Constant Current Constant Height
Tunnel/ir_l‘% Curent Tunneling Curent
9,
Tip Tip
Pathof Tip~ ke .

Sample

Sample

Fig. 2.6: Schematic diagram of Constant current mode and constant height mode
of STM operation™

In constant height mode the tip travels in a horizontal plane above the
sample and the tunneling current varies depending upon the topography and

the local surface electronic properties of the sample.

In constant current mode STM a feedback is used to keep the tunneling
current constant by adjusting the height of the scanner a each
measurement point. When the system detects an increase in tunneling
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current it adjusts the voltage applied to the piezoelectric scanner to
increase the distance between the tip and the sample.

B. Atomic Force Microscopy (AFM)

The STM generaly operates for conducting surface but there is no such
type of restriction for AFM operation.™® ™ 1> The AFM probes the surface
of a sample with a sharp tip, a couple of microns long and often less than
100A in diameter. The tip is at the end point of the cantilever that is ~100-
200 um long. The force between the tip and the sample surface causes the
cantilever bend, or deflect. A detector measure the deflection as the tip
scanned over the surface. The measured deflection allows a computer to
generate a map of the surface topography. The force is acting in this region
is generally van der Waals type force of the magnitude ~ 10° N. Depending
upon the operation and the tip to sample distance there are two types of

operation: (i) Contact and (ii) Non-Contact mode.

In contact mode the tip is so close to the sample surface that it feels the
repulsive force due to the overlap between the electron clouds of atoms of
the tip and the surface. In this operation the distance between the tip and the
surface is less than a few angstroms. The force distance curve is shown in
the Fig. 2.7. At the right side of the curve the atoms are separated by alarge
distance. As the atoms are brought together they at first weakly attract each
other. This attraction is increased until the atoms are so close together that
their electron cloud begins to repel. This repulsion slowly decreases the
attraction and inter-atomic separation continues to decrease. The force tends
to zero when the distance is couple of angstroms. When the total van der
Waals force becomes positive the atoms are in contact. The slope of the van

der Waals curve is very steep in repulsive or contact region. Thisforce
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Fig. 2.7: The qualitative dependence of the van der Waals force on inter-atomic
distance.”

can balance any force that attempts to push the atom closer together. In this
operation, the height of the piezoelectric scanner is constant. When the tip is
moving throughout the sample, the deflection of the cantilever is monitored
using a laser focused at the top of the cantilever. The reflected light is
detected by a highly sensitive quadrant photodiode. The obtained laser signal
Is redirected into a well constructed feedback loop to adjust the vertical
scanner displacement, which keeps the cantilever deflection constant. So the
surface topography can be recorded by monitoring the motion of the
piezoelectric scanner. The basic operation® is shown in the Fig. 2.8.
Depending upon the operation there are two types of modes: constant height

and constant force modes.

In constant height mode the specia variation of the cantilever is used
directly to generate the topographic image because height of the scanner is
fixed.
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Photodiode

Fig. 2.8: Schematic diagram of the AFM operation.™

In constant force mode the deflection of the cantilever is used as an
input to a feedback circuit that moves the scanner up and down in the
vertical direction, responding to the topography by keeping the deflection
constant. In this case image is generated from the scanner motion. Here total

force applied to the sample is constant.

In non contact mode the detected signal originates from the amplitude
variation of the cantilever which is vibrating near the surface of the sample.
In this operation mode the tip is generally 50-150 A above the sample. This
spacing is indicated on the van der Waals curve of the Fig. 2.8. In non
contact mode the cantilever is vibrating near the resonant frequency (100-
400 kHz) with the amplitude of few ten to hundred angstrom, the system
monitors the resonant frequency or vibrational amplitude of the cantilever
and keeps it constant with the aid of a feedback system that moves the
scanner up and down. Keeping the resonant frequency or amplitude constant,
the average tip to sample distance is kept constant. The operation is shown in
theFig. 2.9.

TH-1132_08612114



30 | Chapter II

Laser Source
Detector

Output Signal

—————
——————
———————
-----
______
-
e

Input Signal

-
-
-

Sample Surface

Fig. 2.9: Schematic diagram of the AFM operation in non contact mode.™
C. X-ray Scattering
(i) X-ray Diffraction

X- ray diffraction (XRD) is the most widely used non—destructive
technique for general crystalline material characterization. The XRD patterns
provide information on crystal phase, lattice parameter, strain and preferred
growth direction. In XRD a collimated beam of x—rays, typicaly with
wavelength A=0.5-2.0A, isincident on a specimen and is diffracted by the

crystalline phases in the specimen according to 'Bragg's law’,

2dsin0 = ni

where d is the spacing between atomic planes in the crystalline phase, 6
Is the angle of incidence of the x—ay beam with the atomic plane, n
represents the order of diffraction (we consider only the first order
diffraction, n =1)."° The intensity of the diffracted x—rays is measured as a
function of the diffraction angle 20 and the specimen's orientation. In the
present study, the Seemann—Bohlin geometry is used,’” where the incident
x—rays impinge on a fixed specimen at a small angle 1-5° and the diffracted
x—rays are recorded by a detector that moves along the focusing circle. This
method provides good sensitivity for thin films, due to para-focusing and the

large diffracting volume. Owing to the huge data bank available from JCPDS
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Powder Diffraction Files covering practically every phase of every known
materia, crystal phase of the sample is identified from the peak positions of
the diffractogram. Homogeneous or uniform elastic strain in the (hki)
direction can aso be calculated from the shift in the diffraction peak
positions, and the d, Spacing of the unstrained crystal. X—ray diffraction
patters of the nanostructurs were obtained using a commercial XRD set-up
(TTRAX I1l, RIGAKU 2500) using a Cu Ka; (A=1.5406A) radiation with
nickel filter. All the data are taken at room temperature in thin film mode of
the XRD at a grazing angle of 4°. Here in the Fig. 2.10 we show the

commercia photocopy of the XRD instrument.

Fig. 2.10: 18kW X-Ray Diffractometer (TTRAX 111, RIGAKU 2500), I T Guwahati

(i1) X ray reflectivity
Almost a century after the discovery of X-ray scattering by materials it
has been proved to be one of the most useful techniques to study crystal
structure, surfaces and interfaces of thin film. In this thesis specular X-ray
reflectivity (XRR) has been used to study the molecular arrangement with
the film as well as structural information.’®# It is very useful in the case of
(i) the determination of film thickness with precision of 0.1 nm, (ii) electron

density profile throughout the film and (iii) determination of the roughness
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of the surface and interface with precison of 0.1 nm. When a
electromagnetic wave falls on the interface of two different media then some
amount of radiation may be reflected, some amount may be refracted or
some amount may be both reflected and refracted depending upon the
incident angle and refractive coefficient of the media. X-ray reflectivity is
limited to small angle of incidence where it is possible to consider electron
density as continuous. The elastic scattering of X-rays with matter can be
well described by an index of refraction which characterized the change of
direction of the X-ray beam when traversing from the interface of the two

materials with different e ectron densities.

For X-raystherefractive index nis given by

n=1-6+if
/12
Where ) = 2-ToPe
A
B =

Here ro is the classical electron radius (2.818x10™°A), p. is the electron
density of the medium, g is the linear absorption coefficient for the incident

photons in the medium. %

For total externa reflection to occur, the incident angle, 6, must be
smaller than the so called critical angle 6, such that 8, < 6, = +/28. Thisis
a very useful phenomenon since under this condition only an evanescent
wave propagates below the surface and hence surface sensitivity is

considerably enhanced.

The reflection and transmission of X-ray can then be treated as a
classical problem of reflection of an electromagnetic wave at an interface.

The Fresnel relationship for aflat surface yields,
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R (QZ) =

a +\/qz2 — 4~
with the wave vector transfer q = (0,0,9= 4zSin6I1).

For a medium consisting of dabs of different electron densities and
thickness which is shown in Fig. 2.11(a), the reflected intensity can be
calculated by applying the boundary condition of the electric and magnetic
fields at each interface. This leads to the dynamical theory which takes
multiple reflections into account. The dynamical theory is described in detail
in the monographs. A recursive formalism was presented the first time by
Parratt* ** and reflected intensity is given by

2ik,i+12;
Gj+1 1t Xjpem et

|77'|2 —2ik, Z;
Xj =—>=e WRzj4j

2ik, 117
|t]| 14711 X e 217
. .. kyj—kzj+1
With Fresnel coefficients T =L
JiJj+ .
kZ]+kZ,]+1

However, real surfaces and interfaces have a certain roughness which

can be accounted for by the modified Fresnel coefficient given by

- —2ki kg, 0
Treal = Tideal - € iz%fz ’

where ¢ is the roughness of the interface.
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Fig. 2.11: Schematic representation of (a) the recursive formalism by Parrat and

(b) the accessible g-area with specular and rocking scan.

The reflectivity in above equation does present periodic oscillations in
reciprocal space with Aq,; = 2rm/D;. The oscillations are the result of
constructive interferences between the reflected waves at the interfaces and

their period gives the thickness D;, of the respective layer.

If afilm has a periodic structure in the out-of-plane direction the path
difference between the reflected waves from two neighboring scattering
planes give rise to Bragg reflections according to Bragg condition, nA =

deilm sin HBT‘agg :

A schematic representation of the specular reflectivity geometry is
shown in Fig. 2.12. The incident and reflected beams are in one plane and its

normal is perpendicular to the normal of substrate surface.
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Side View Top View

Fig. 2.12: Schematic diagram of (a) specular and (b-d) grazing incidence XRD
geometry.(a) For specular geometry 6;=6; and the normal of the plane spanned by
ki and k;. (b) Below the critical angle 6c the incoming-ray beam form an
evanescent wave which is exponentially damped along the surface normal and
which has a component along the interface which give rise to scattering in-plane.

(c) and (d) represent aside view and top view of GIDX geometry.
(ili) Grazingincidence X-ray diffraction

As mentioned aready above, for 8;, < 6, the X-ray reflection is
accompanied by an evanescent wave field which propagates along the
interface between the two media. The amplitude of this evanescent wave is
exponentially damped along the inward surfaces normal with a decay length

A (typically in the range of few nm)

Et~eik||f||e(2/')

Therefore, GIDX is a surface sensitive diffraction method and by varying the

angle of incidence the probed depth of the material can be adjusted. A
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schematic representation of grazing incidence geometry is shown in Fig.
2.12(b), Fig. (c) and (d) show a side and top view of GIDX geometry
respectively. Since the evanescent wave is propagating laterally, scattering

planes in the surface plane can give rise to Bragg reflections.”
D. Field-Emission Scanning Electron Microscopy

The field emission scanning electron microscopy(FESEM) is one of
the most widely used instruments for material research to observe small
structure (~1nm).?® ?” Principle of electron microscope is the same as optical
microscope but instead of using visible light, it uses energetic electrons.
However, resolution of optical microscope is limited by its wavelength
compared to accelerated electrons which have very short wavelength.®® The
electron can have very small wavelength A Which can be changed according

to applied voltage. The wavelength AeCan be written as:

h h 1.22

Ae =

= = = nm
mV  [2gmV [V

Fig. 2.13: Field Emission Scanning Electron Microscopy (Sigma, Zeiss, Germany)

Here in the Fig. 2.13, we show the photograph of FESEM (Sigma,
Zeiss, Germany) which is used in the present work. In FESEM the electron
Is emitted from a sharp tungsten needle (diameter 10-100nm) by a strong
electric field. The acceleration voltage between cathode and anode is ~ 0.5-
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30 kV. As the instrument is operating in high vacuum (less than 10" mbar)
so there is no scattering along the column which helps preventing discharge
inside the instrument. Electron emitters from field emission gun were used
for FESEM. These types of electron emitters can produce up to 1000 times
than the emission of atungsten filament. After the electrons exit the electron
gun, they are collimated by electromagnetic condenser lenses, focused by
objective lenses. These electrons strike the sample surface and produce
secondary electrons. A secondary electron detector is placed near the sample
and it will give morphological image of the sample. FESEM is also equipped
with a specia objective lens that projects the magnetic field under the lens.
A very high resolution is obtained by changing the specimen to sample
distance. A secondary electron detector is connected above the objective in-
lens (in-lens detector), which differentiates the image with conventiona

image. A very high resolution image is obtained using in-lens detector.

E. Transmission Electron Microscopy

The transmission electron microscopy (TEM) is based on the
diffraction of electrons when they pass through a very thin sample. The
principle of the transmission electron microscope is amost the same as an
optical microscope, using magnetic lenses instead of glass lenses and
electrons instead of photons.?® * An electron beam from an electron gun is
focused by a condenser lens onto a small spot (~ 2-3um) on the sample and
after passing through the sample is focused by the objective lens to project
the magnified image into the screen. A very essential element is the aperture
located at the back focal plane of the objective lens which determines the

image contrast and resolution limit of the microscope.®® *

In the simplest view, electron diffraction from a crystalline lattice can

be described as a kinematical scattering process that meets the wave
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interference conditions given in the Bragg equation. As in the case of x-ray
diffraction, the electron diffraction patterns are spot patterns form single
crystal films, ring patterns from fine-grain randomly oriented crystallites,
and superimposed ring and spot-patterns from larger grain polycrystalline

films containing some preferred orientation (textured films).

Our equipment is a 200 keV (FEI Tecnai G*F20) high resolution
transmission electron microscope (HRTEM) with point-to-point resolution
of 0.19 nm and lattice resolution of 0.14 nm. A camera consisting of a
yttrium-aluminium-garnet (YAG) scintillator that is fiber-optically coupled
to an image intensifier, connected to a high-resolution television tube
camera, provides a tota magnification of 30 million (microscope
magnification~1.5x10° and the camera magnification: 20). This magnifying
system outputs a video stream that is acquired in a computer with a frame-

grabber. An option of using the filmsis also available.

Due to a limited penetration depth of electrons in solids, the sample
should be very thin: the acceptable thickness is about 100-1000A. To
facilitate sample preparation, an ultrasonic disc-cutter, a dimpler, a precision
ion-polishing system (all from GATAN, USA), a grinder/polisher unit and
wire saw are available. With high-resolution TEM atomic structure can be
obtained directly. We have used plan view TEM and high resolution TEM
(HRTEM) and selective area electron diffraction (SAED) pattern for the

work presented in thisthesis.

2.2.2 Spectroscopic M easur ements

In this section we will discuss briefly the instruments used for the

spectroscopic measurement of the sample.
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A. UV-Vis Spectroscopy

UV-Vis absorption is the measurement of the attenuation of a beam of
light after it passes through a sample or after reflection from a sample
surface. As the electronic band structure of any materia is determined by
the optical property of the material. Therefore this technique is very useful
to study the absorption or transmission of light by the samples. The UV-Vis
spectroscopy is very useful to explore the electronic properties of any
material.*® In this case, the substrate should be transparent as this equipment
works at transmission geometry. When we excite the sample with light with
different wavelengths, the materials absorb the light corresponding to the
energy of band gap or any state intermediate to the band gap. It will show
peak at the point of absorption. Fig. 2.14 shows the photograph of the UV-
Vis instrument. For my analysis | have deposited the material on corning

glass substrate.

Fig. 2.14: Photograph of the Ultraviolet-visible spectroscopy.

B. Photoluminescence Spectroscopy(PL)

Luminescence refers to the emission of light by a material through any
process other than black body radiation. The term photoluminescence (PL)

means any emission of light that results from optical stimulation.®
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Photoluminescence is a nondestructive process for the determination of the
luminescence property of a materia, i.e. following the excitation when the
excited states relax. It also can be applied for the determination of the trap
level if the trap centers are radiative.®® The spectral distribution of the sample
depends on the eectronic transition probability within the different energy
level. When we excite any material with energy comparable to band gap or
more than that then electrons are transferred to higher energy state. When
these electrons return to their equilibrium state, the excess energy is released.
The electrons and holes can either recombine non-radiatively by emitting
phonons (or transferring energy to other particle) or radiatively emitting
photons. The energy of the emitted photon is equal to the difference between
two electronic states involved in this transition. This spectroscopy measure
the photon counts. An excellent review on PL of crystalline semiconductor is
described by G. D. Gilliand.**

Fig. 2.15. Photograph of steady state photoluminescence spectrometer.
(Thermo Spectronic, AMINCO, Bowman, Series 2)

There is a Xenon lamp inside the instrument. The light is mono-
chromated by a mono-chromator. The mono-chromated light is focused by a
lens system to the substrate point. The geometry of the measurement is
reflection geometry. Output light is collected by a detector. Using the
software interface we can change the dlit width of incident light as well as

the detector dit. In my work, in some cases | have used the Xenon lamp
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source, in some cases 480nm Laser source for exciting the sample. For
anayzing, the peaks are fitted by Gaussian line shape function using Peak

Fit software.
C. Time-Resolved Photoluminescence Spectr oscopy

This spectroscopy technique is used to study the exciton dynamics in
semiconductor. The basic principle is to use photon from a short pulse laser
source to excite the electrons and holes in one instance, which forms
excitons. As the excited electrons and holes recombine, this spectroscopy
allows one to measure the lifetime of the excitons, i.e. time since it created
and time when it annihilated. Knowledge of lifetime of the emitted photons
Is essential to understand the origin of PL from different samples. Basically
it measures the number of photons of fixed wavelength with time. These
emitted photons are analyzed by spectrometer and detected by a micro-
channel-plate photomultiplier tube (MCP-PMT) detector. Multi Channel
Analyzer (MCA) boards in a computer analyze the output pulse voltages into
various channels which correspond to different time. By this process,
instrument analyzes the received photon at different time. The number of
output pulse is directly proportional to incident photon. Fig. 2.16 shows the
photograph of TRPL spectroscopy (Life Spec |1, Edinburg Inst., UK) used in
my study. Here we use nanosecond pulsed pump laser (EPL series, Edinburg
Inst., UK) of wavelength 480 nm to measure the PL decay. This instrument
has a time resolution of ~ 50ps. The TRPL spectra represent the decay
behavior of number of channel available in the sample. The decay equation
Isexpressed as

t t t
I1(t) =1, exp (— T—) + I, exp (— a) + I3 exp (—a) + o+
L
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Where I(t) isthe PL count, I4,l,,.... are decay channel amplitude, 7y, 7,,...are

the decay time constant and | accounts for the background noise.

Fig. 2.16: Photograph of time resolve spectroscopy (Life Spec |1, Edinburg Inst., UK)

2.3 Designing and development of photocurrent and photoresponse

measur ement setup

To study the electrical, photo electrical and photo-detection property of
organic sample we designed photocurrent and photoresponse setup. The
photograph of the setup is shown in the Fig. 2.16 and the schematic diagram
of the operation is shown in the diagram 2.17.

Fig. 2.16: Photograph of the photocurrent and photoresponse measurement setup.
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Fig. 2.17: Schematic diagram of in-house devel oped Photocurrent measurement setup

The setup consists of a light source, electrical contact, two probe
probe-station,  Keithley = sourcemeter  with  computer interface.
Monochromated UV-Vis light from 150W Xenon lamp is used for exciting
the sample. The monochromated light is tightly focused to the small area of
the sample using a combination of convex lens and a concave mirror.
Sampleis placed on probe station (EPS 500, Ecopia, South Korea) verticaly.
The electrical connection was made by silver contact aong with two
tungsten microprobes of diameter 1.5um. The monochromated light is tightly
focused in between the Ag contacts. For wavelength dependent photocurrent
measurement we fixed the bias voltage and by changing the wavelength just
note down the current value. The photo current is measured using
picoammeter (Keithley 6487, USA) and the instrument supplies the
necessary bias voltage. All the measurements were done a room

temperature.

2.4 Statistical analysis of rough surfaces

When atoms or molecules are deposited on the substrate surfaces, they
make the surface rough as it is always a random deposition. In order to
understand the evolution of the surface during growth it is essentia to

understand the characteristics of rough surface profile. Mathematicaly a

TH-1132_08612114



44 | Chapter II

rough surface is described by the surface height profile h(x,t), where h
denotes the surface height with respect to the substrate at a portion x on the

surface at timet.

In this section, we describe the various statistics used to characterize
rough surface. We will aso describe how the heights are correlated which

enables oneto calculate different scaling exponents.
(i) Average height

The average surface height is the arithmetic average of surface heights.
Analyticaly it can be expressed as

R(O)=(h(x, t))

Where h(x,t) isthe height of a point x and timet, () signifies the average over

large no of points. In order to nullify any artificial effect in calculation the

average surface height it is better to make h(t) = 0 by choosing suitable

reference height. If the deposition rate is constant, then the average height

increases linearly withtimei.e. h(t) = t.
(i) Interface Width

Interface width is the most important parameter to specify the
roughness of any surface. It is defined as the standard deviation w of the
surface height. In other way it is defined as root mean sgquare roughness of

any surface. The mathematical formis

w(t)=V{[h(r,)]*)

Where h(r,t) isthe height at particular position at particular timet. Larger the

value of w signifies larger roughness. In other way it is defined as

w(t)~th
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This is the power law dependence of interface width and £ is defined as
growth exponent according to the dynamic scaling theory. This is an

important parameter which is essential to specify the thin film growth.
(iif) Autocorrelation function

The above mentioned two parameters specify the vertical property of a
surface. So in order to know the correlation in longitudinal direction an

important parameter is defined as
R(r,t)=w=%([h(x, t)h(x + 1,1)])

Where each h signifies the heights in two consecutive points separated

by adistancer.
(iv) Lateral correlation length

The latera correlation length ¢ is defined as the value of r, where

R(r,t) decrease to 1/e of its original value.
RE¢, t)=e™!

If the distance between two surface points is within &, the heights at
these two points can be considered as correlated. If the distance is more than
these, two surface points are independent of each other. The time dependent

behavior of the lateral correlation length is obeying power law as

§O)~t”

Where 1/z is defined as dynamic exponent. In other way the lateral
correlation function (&) is defined as the length beyond which surface heights
are not significantly correlated. For mound type surface it is essentially the
size of the mound. The physical significance of these parametersis shown by

the schematic surface profilein Fig. 3.1.
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Fig. 3.1: Schematic diagram of a rough surface. The significance of average

height, lateral correlation length (&) and interface width (w) is shown here.
(v) Height-height correlation function

The simplest way to calculate the height-height correlation function for
an isotropic surface as the mean sguare of height difference between two

surface positions separated by a distance r for coverage of the molecule (0) is

G(r, @)= hi(r, 6)-hi(0, 6)]°)

Where each h signifies the heights of two consecutive points separated
by a distance r and averaged over pairs of points i and j.** For small r,
height-height correlation function is defined as G(r)~[m(@)r]** with r << &,
where ¢ is defined as lateral correlation length, o is the roughness exponent
and mis the local slope of the surface profile. The growth of the molecules
with local slope m(8) independent of the coverage is said to be stationary.®
3" On the other hand, for non-stationary growth m(®) increases with time and
an up-shift of G(r) is observed.

2.4.1 Calculation of correlation functions from AFM images

In order to calculate G(r, 6) we use AFM images. The AFM images are

essentially a three dimensional matrix containing X, y and z. In our
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calculation it consists of 512x512 data points, each point containing
consecutive height value. Here in the Fig. 3.2(a) we show a typical AFM
image of Ag film. The line scan profile of the surface is shown in Fig. 3.2(b).
By extracting the matrix from the image and using MATLAB programming
we calculate height-height correlation function. The height-height correlation

function is defined along the fast scan direction (assumed to be x direction)

as38
1 Ny Ny—p
G(T‘) = m; nZl [h(p + n, l) —3 h(n, l)]z

Where, Ny & N, = No of data pointsin X &Y direction respectively

p= Distance within which surface scan is obtained.

h = Height at particular points.

=8
L
"§34 T T v
T2 10 100
=0 T r[nm]

0 20 40 60 80 100 120

Distance(nm)

Fig. 3.2: (a)Typical AFM image of Ag film grown on Si substrate (b) line scan profile
of the AFM image (c) square root of height-height correlation function plot of the

AFM images. The different scaling exponents are shown here.
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Here in the Fig. 3.2(c) we show atypical plot of square root of height-
height correlation function. Form the slope of the linear portion we got
roughness exponent. We calculate the lateral correlation length (&) from first
deep position after the linear portion and interface width (w) by the value of
y where GY%(&/2).3#
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Chapter II1

Growth of TC-PTCDI-Cs films on
Si0: surface

3.1 Introduction

There has been increased emphasis in electronic devices based on
organic semiconductor molecules. The performance of organic devices
depends not only on molecule itself but aso on the arrangement of
molecules in the films. There are many open questions and challenges
related to the understanding of the growth mechanisms and physical
principles of molecular ordering in the organic films. Therefore, the study of
growth of organic molecules on different substrate surfaces has attracted lot
of attention of many investigators in last few years.® In contrast to
Inorganic systems, whose growth mechanisms have been solidly established
and successfully exploited to control the growth, organic thin film growth is
definitely more complex due to the anisotropy and their weaker van der
Waadls interaction potentials. In such systems, fundamental concepts
typically employed for inorganic materials such as strain or epitaxy are not
defined well. Several models have been proposed to understand the growth
mechanism, however, it remains poorly understood and requires detall

investigations from molecular level to athick film growth.
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The evolution of surface morphology during the growth has been
subject of extensive theoretical as well as experimental studies during last
few decades.”*® These studies relate the thin film growth mechanism to a set
of scaling exponents describing the dependence of the surface roughness on
film thickness and their lateral length scale."**® While there has been alot of
research on the process of kinetic roughening leading to different surface
morphology,'’ there has been much recent experiments and theoretical
interests in a different mode of surface growth for organic materials thin
films involving the formation of ‘mounds which are pyramid like or flat top
structures.* The precise experimental conditions that determine whether the
growth morphology would be kinetically rough or dominated by mounds are
presently not understood properly. Recently some experimental studies have
contributed to enhance the molecul ar-scale understanding of organic growth.
A usually rapid growth of vertical roughness and lateral correlations has
been observed for DIP (diindenoperylene) thin films grown on SiO,.” Zhang
et al. show evidences for a thickness dependence of the interlayer mass
transport caused by molecular reorientations during the first stages of the
growth as the origin for the morphological evolution with thickness.™
Hlawacek et a. have concluded a gradual increase of Ehrlich-Schwdbel (ES)
barrier with thickness as the origin of a strong trend toward mound
formation, which was ultimately attributed to changes in the molecular tilt."
Formation of 3D steep-edged island on top of initia wetting layer of
thickness of one or few monolayers has also been observed on organic thin
film growth and explained by different effective step edge binding energy of
strained layer and unstrained layer.*

In this chapter we discuss the growth kinetics of 2D layer-by-layer to
3D flat top mound formation of N,N'-bis(octayl) perylene-1,6,7,12-
tetrachloro-3,4:9,10-bis-(dicarboximide) (TC-PTCDI-Cg) on SiO, substrates.
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These mounds are essentially 2D multilayer structures. We have observed
that the initial stage of the growth is layer-by-layer up to two molecular
layers and then 3D flat top mounds start forming. The morphology evolution
during this transition has been represented with the roughness scaling
exponents (o), which was calculated from the height-height correlation
function of the surface profiles. The value of a was calculated for this two
stages of the growth and found to be 0.68+0.02 corresponding to layer-by-
layer growth and 0.85+0.05 for the flat top mound growth. This suggests a
transition of growth kinetics, which is essentiadly due to the dynamic
behavior of local surface slopes (m) associated with layer dependent ES

barrier.

3.2 Experimental

We have deposited TC-PTCDI-Cg on Si(100) surfaces with native oxide
layer by physical vapor deposition in ultra-high-vacuum (base pressure ~
10™*° mbar). The chemica structure of this molecule is shown in Fig. 1.8.
The molecule is about 30.1 A long including the chains connected with the
perylene core, where as it is about 8.9 A aong the width of the molecule,
The substrates were cleaned ultrasonically with acetone, ethanol and water
and then dried with nitrogen gas. Subsequently, the samples were annealed
under vacuum above 500°C for 12 hours and slowly cooled to the growth
temperature. As-received molecules were purified by gradient sublimation
before use. The film coverage and the growth rate were controlled by means
of a calibrated quartz crystal monitor (QCM). A monolayer (ML) is defined
as the thickness of the layer when a complete one layer is formed. We have
used two different substrate temperatures during the growth: room
temperature (Tgp= RT) and an elevated temperature (Tqp = 75°C). The

deposition rate was about 2.5A/min. The surface morphology was measured
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using contact mode AFM (atomic force microscopy) (Digital Instruments
NanoScope |1l SPM) ex-situ. Repeated scans with a small force set point
were carried out in order to avoid damage of the molecular film by tip
sample interaction. X-ray reflectivity (XRR) and grazing incidence x-ray
diffraction (GIXD) measurements were performed ex-situ at the synchrotron
source Angstromquelle Karlsrtuhe (ANKA) of the Karlsruhe Institute of
Technology (KIT) with awavelength of 2 = 1.24 A,

3.3 Results and Discussions
3.3.1RT Growth of TC-PTCDI-Cson SIO, substrate

A. AFM Results

Fig.3.1 shows the AFM image of TC-PTCDI-C;g films grown on SO,
substrates while substrate was kept at RT. .

Fig. 3.1: Contact mode AFM image of TC-PTCDI-Cg film grown at room
temperature (Scan area 2umx2um).

A rough film with small grain boundaries is observed. This essentially
means a poor molecular order within the film and therefore, no molecular

terraces are observed.
B. X-ray reflectivity Results

From the morphology of TC-PTCDI-Cg films as observed in AFM

images, it is difficult to understand the molecular arrangement within the
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films. In that regards, x-ray reflectivity measurement is a very sensitive
technique to understand the molecular arrangements as well as total
thickness of the films. Therefore, we have carried out XRR measurements on
the film using synchrotron x-radiation of wavelength A=1.24A. Fig. 3.2 (a)
shows the normalized XRR intensity with vertical component of scattering

vector (g,). No Bragg peaks was observed in the XRR data. The data were

TR
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Fig. 3.2: (a) X-ray specular reflectivity spectra of TC-PTCDI-Cg film grown at
RT on SO, substrate. The red curve corresponds to the fitted intensity using
Parratt formalism. The electron density profile is shown in the inset of the graph.
The average thickness of the film calculated from the electron density profile is
360A. (b) The Patterson function plot of the RT sample calculated from the XRR
data. The average thickness of the film calculated is 360A..

collected covering higher g, Fig. 3.2(a) only shows the data at the lower Q..
Keissig fringes are observed as seen from the figure. These fringes arise due
the total thickness of the films. We have used Parratt formalism to fit XRR
data. The solid line in Fig. 3.2(a) is the fitted result. The electron density
profile used to fit XRR data is shown in the inset of Fig. 3.2(a). The average
thickness of the films estimated from the fitting is 360 A. In order to verify
our result measured from the Parratt formalism, we have calculated the
Patterson function which is shown in Fig. 3.2(b). It is defined as the Fourier
transform of the reflectivity normalized by Fresnel reflectivity. The Fresnel
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Reflectivity is defined as the total reflectivity from substrate. The broad peak
observed in the Patterson function plot represents the average thickness of
the film. The average thickness of the film calculated from the peak position
of the Patterson function plot is ~ 360A, which confirms the thickness
obtained from XRR fitting.

3.3.2 Growth of TC-PTCDI-Cs on SO, substrate at 75°C substrate

temperature

A. AFM Results

Atomic force microscopy (AFM) measurements were carried out on
different stages of growth to study the morphology evolution. Fig. 3.3 shows
some representative contact mode AFM images of TC-PTCDI-Cg thin films
evaporated on SiO, substrate while the substrate temperature was maintained
at 75°C. Growth of first monolayer is shown in Fig. 3.3(a) for coverage 0.75
ML. Formation of percolated molecular terraces are observed and some
uncovered parts of the substrate are still visible. The roughness of the surface
morphology calculated from the whole image is about 11.5 + 0.3 A. This
represents the average height of surface fluctuations. A typica line scan is
shown below the AFM image. This is representing the height fluctuation
aong the line drawn over the image. The roughness observed here is
considerably smaller than the size of the molecule and this discloses that the
molecules are tilted with respect to surface normal. The tilted arrangement of
perylene cores has been considered in the analogy with the structures of
PTCDI-C; films® # For the case of 1.5 ML films, growth of the first
molecular layer is completed which was incomplete in the case of 0.75 ML
sample. Some terraces are started forming on top of the first layer as shown
in Fig. 3.3(b).
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Fig. 3.3: Contact mode AFM image of TC-PTCDI-Cg film grown at 75°C on
SO, substrate with four different coverages (a) 0.75 ML, (b) 1.5 ML, (c) 3.2 ML
and (d) 8.5 ML. The line scan profile of each of the sample is shown in down of
each image. The scan area are for (&) 1x1um, (b, c) 2x2um and (d) 5x5um. The
mound formation is shown in the inset of (d) which is the zoom region marked as
A. Hereall the scalesin line scan profile arein nm.

With further growth, these terraces increase in size and height
developing into mounds with aflat top as shown in Fig. 3.3(c) and (d) for 3.2
ML and 8.5 ML coverage, respectively. It can be seen that these mounds
have a layered structure. Molecular steps are visible in a closer view for the
mound marked as “A” in the inset of Fig. 3.3(d). Height scans along the line
drawn on for every AFM images are shown below the corresponding AFM
images to understand the height variation of the mounds. One can readily
observe that mounds coalesce and course with coverage and form bigger

moundsin size.

TH-1132_08612114



60 | Chapter III

B. X-ray reflectivity Results
(i) Out of plane Structure

X-ray specular reflectivity (XRR) measurements were performed in
order to determine the average height of the interlayer spacing for thick
mounds and thickness of underlying layer. XRR measurements were
performed ex-situ for all four samples. Fig. 3.4 shows the x-ray reflectivity
datataken from 0.75 ML and 1.5 ML samples. Electron density profile has

10° 4@ 081 - Organic

ok
<

Reflectivity(R)

10 3 O 0.75 ML
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Fig. 3.4: X ray reflectivity spectra of TC-PTCDI-Ph film grown on SiO; at 75°C
temperature with two different coverage 0.75 ML and 1.5 ML. The red line
corresponds to the fitted curve of the XRR spectra using Parratt formalism. The
electron density profile is shown in the inset of the graph.

been obtained from afit of the XRR intensity by Parratt formalism, which is
shown in the inset. From the electron density profile it can be estimated that
the average thickness of the organic film for 0.75 ML sampleis 11.8 A. This
Is consistent with the result obtained from the AFM measurement. However,
a closer look at the line scan of this sample showed in Fig. 3.3(a) revealed
that height of individual terraces is larger than 11.8 A. The height observed
by the XRR anaysis is essentidly the roughness of the sample. The

TH-1132_08612114



Growth of TC-PTCDI-CS films on SiO2 surface | 61

growth of this layer is completed at coverage of 1.5 ML. Fig. 3.3(b) shows
the representative image of 1.5 ML sample. The thickness of this complete
layer is 18.3 A, which is obtained from XRR fitting. Molecular terraces
grown on top of this layer, as shown in the Fig. 3.3(b), do not contribute
significantly to specular XRR data and are being considered as roughness of

the sample.

Specular XRR data taken from the 3.2 ML and 8.5 ML samples are
shown in Fig. 3.5. Up to fourth order Bragg peaks are observed for both the
samples. The second order Bragg peak for 3.2 ML sampleis not observed.

Reﬂ_ecti_vity(R)

o
<,

p—
=}
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Fig. 3.5: X ray reflectivity spectra of TC-PTCDI-Cg sample grown at 75°C with
two different coverage 3.2ML and 8.5 ML. Intense forth order Bragg peak is
observed. The Rocking scan profile of the first order Bragg peak for 8.4ML
coverage shown in the inset of the graph.

This peak is less intense peak and is suffering of poor statistics in
reflectivity data. Rocking curve obtained from the 8.5 ML samples at the
first order Bragg peak position (inset of Fig. 3.5) showed an average
mosaicity of 0.009° that reveal ed the excellent molecular alignment along the
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surface normal direction. Bragg peaks appearing on the reflectivity data stem
from the layered structure of the mounds and are associated with a spacing
of d = 18.8 A between the adjacent molecular layers i.e. average layer
height. XRR data at lower g, (below first order Bragg peak) is fitted using
Parratt formalism for 8.5 ML sample. Fig. 3.6 shows the XRR fitting and the
electron density profile obtained from XRR fitting. This is shown in the
inset. The thickness obtained from thisfitting is 36.7 A. Thisis essentially

Reflectivity(R)

0.05 0.10 0.15 0.20 0.25

Fig. 3.6: X-ray reflectivity spectra up to 1% order Bragg pesk of 8.5 ML coverage
sample. The red curve signifies the fitting line using Parratt formalism. The
electron density profile due to fitting is shown in the inset of the graph.

the thickness of the layer. The contributions of mounds to the specular
reflectivity are not significant at lower g,. However, they contribute at higher
0. and therefore we observed Bragg peaks. Moreover, mounds cannot be
considered as roughness because contribution from the rough surface to the
reflectivity is meaningful for small variation of layer thickness with root-
mean-square (rms) thickness deviation (¢) < A/2x sin(0), where A is the X ray
wavelength and 0 is the grazing angle.” % If we consider the critical angle
(0) of the film, which is 0.36 degrees, the calculated ¢ would be around 3

nm. However, the average sizes of the mounds are about 10 times higher
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than this value. Thus we can assume that the only layer contributes to
reflectivity at lower @,. The thickness of this layer obtained from the XRR
fitting is 36.7 A. This layer essentialy contains two molecular layers as
thickness of the first layer obtained from 1.5 ML sample is 18.3 A. It is
difficult to obtain a model to fit XRR intensity at lower g, for the sample 3.2
ML. This is partially because some flat mounds with lower thickness

contribute to XRR and modulate the intensity.

In order to calculate the thickness of the layer for this sample, we
calculated Patterson functions P(z) form both the sample for entire range of
measured g,'s which are shown in Fig. 3.7. The peaks observed with a period
18.8A matches the position of thefirst order Bragg pesk.

45 —0—8.5 ML
5 —=3.2 ML
§ 18.8A
N 30 -
v (]
=% : l
36.7A
15 4 ------ >
I. ) ' |
0 35 70 105 140
Z(A)

Fig. 3.7: The Patterson function plot of XRR spectra of the sample 3.2 ML and 8.5 ML.
The width of the oscillation is 18.8A which comes from the Bragg peak and under-laying
layer thickness is 36.7A

These peaks are evident along the entire film profile, indicating that the
periodicity exists throughout g, direction. Patterson function also shows the

second weak peak around 36.7A position. This peak corresponds to the layer
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thickness, which well agrees with the thickness observed from the
reflectivity fitting for 8.5 ML sample. As the Kiessig fringes observed in the
reflectivity data obtained from the 3.2 ML sample are not very strong, the
calculated Patterson function does not show strong layer peak. However, we
can see a shallow modulation around 36.7 A which corresponds to the
thickness of the layer. From combined analysis of reflectivity fitting together
with Patterson function caculation one can conclude that TC-PTCDI-Cg
molecules initially grow layer-by-layer on the SiO, surface of two molecular

layers and then start forming flat top mounds on further growth.

(ii) In-Plane structure
In order to understand in-plane molecular arrangements, high-resolution

AFM images were obtained on top of the mounds. Fig. 3.8(a) shows an AFM

Intensity [arb.units]

(100) (010)

Fig. 3.8: (a) High resolution AFM spectra on the top of a mound of TC-PTCDI-Cg
sample. The molecular arrangement is shown here. (b) The FFT image of the high
resolution AFM image from where the unit cell dimension determined. (c) In
plane XRD spectra of the TC-PTCDI-Cg film grown on SiO, substrate. The
different planes of the spectra are specified here.
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image showing molecular arrangement on surface of 8.5 ML sample. This
clearly revealed molecular periodicity at the top of the mounds. Fast Fourier
Transform (FFT) image of this AFM image is shown in Fig. 3.8(b). The
bright spots reflect in-plane molecular periodicity. Based on the symmetry of
the bright spots, rectangular unit cell is marked in the FFT image by solid
lines. The lattice constants obtained from the FFT image are a = 11.2+0.2 A
and b = 6.5+0.3 A in real space.

In order to determine with accuracy the in-plane molecular ordering, x-
ray diffraction measurements were carried out at grazing incidence
geometry, which is shown in Fig. 3.8(c). Error bars were calculated
considering statistical errors by including multiple images. Considering a
and b are the in-plane lattice constants, we have identified the in-plane x-ray
diffraction peaks. The results are shown in Fig.5(c) with lattice constant a =
10.9 +0.2 A and b = 6.2 0.3 A which are consistent with AFM results

within the error bar.
C. Statistical Analysis of surface mor phology

In order to gain insight into the dynamic behavior of the detailed growth
processes, we determine the roughness scaling exponents and local surface
dope. These quantities are determined from height-height correlation
function, G(r, 8) which is defined as mean square of height difference
between two surface positions separated by a distance r for the coverage (6)
of the molecule as G(r, 8)= <[hi(r, 6)-h(0, 9)] > where hi(r, ) and hi(r, 6)
are the heights of the surface at the locations separated by a distance r and
the brackets signify an average over pairs of pointsi and j.*** For the small
r, height-height correlation function G(r,)~[m(&)r]* with r <<¢&, where, &
Is the lateral correlation length scale, « is the roughness scaling exponent

and m(6) is the local slope of the surface profile for small length scale®
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Lateral correlation length (&) is the measure of the length beyond which
surface heights are not significantly correlated. For the mounded surfaces,
this is essentialy the size of the mounds.?* Growth of the molecule with
local slope m(6) independent of the coverage is said to be stationary. In such
cases, height-height correlation function coincides for r <<£. This signifies
the layer-by-layer growth. On the other hand, if the local slope m(6)
increases with time, an up-shift of G(r) is observed as film thickness
increases.* ' This signifies non-stationary growth by mound formation.
Examples of G(r) calculated from the AFM images for different coverage
are plotted in Fig. 3.9. In order to avoid sampling induced effect in the G(r),
care has been taken to include many AFM images in the averaging of G(r)
data. In our analysis we have checked that 6 to 10 AFM images from each
sample were enough to give statistically reliable data to obtain G(r) plot. Fig.
3.9 show GY¥(r) Vs. r plots for al the coverage. Following the method
discussed before and mentioned in ref**° | we define the surface roughness
amplitude W (shown by arrow marked in Fig. 3.9) as the value of G¥4(r) at
the first local maximum, w = G¥4(&2) where & marked by an upward arrow
is the position of r at the first local minimum of GY4(r). This definition of
roughness amplitude is preferred over the large r limit of G (r) because
artifacts at large length scales can affect AFM data. The roughness exponent
a was determined from afit to the linear part of the log-log plot of GY4(r) vs
r. We have observed that the value of « for the first two samples (0.75 ML
and 1.50 ML) is 0.68+0.05 and 0.85+0.02 for the samples with coverage 3.2
ML and 85 ML. In addition, we also noted that G%(r) coincides for
r<<¢& with constant local slope for first two samples whereas the samples
with higher coverage show an up-shift in GY(r) for r<<&. In this case the
local slope aso increases with increasing coverage maintaining the

roughness exponent constant. This clearly indicates stationary growth for the

TH-1132_08612114



Growth of TC-PTCDI-CS films on SiO2 surface | 67

first two samples and non-stationary growth for higher coverage. The

caculated o (0.68+0.05) for stationary growth is consistent with the

h7, 10

commonly reported values for organic growt

Fig. 3.9: Square root of height-height correlation function calculated from AFM
images of different coverage of TC-PTCDI-Cg film grown at 75°C on SiO;

substrate. Roughness exponent is calculated from the slope of the linear portion.

This value aso agrees well with kinetic roughening in the observed Kardar-
Parisi-Zhang (KPZ) universdity class for which o =~ 2/3.° The changes in
local surface slope indicate a transition from stationary to non-stationary
growth. The value of « for mounds should be unity, asymptotically.
However, observed values are always less than unity. In our case, we have
observed a value of 0.85. This value agrees with the reported values

observed in the case of inorganic mounds formation.?” *

The variations of roughness amplitude (w) and in-plane length scale (&)
as function of coverage (6) were studied to understand the details dynamics
of the growth. The interface width and lateral correlation length is calculated
using the previously described method from GY4(r) for different samples and

plot as afunction of coverage shown in Fig. 3.10 (a, b).
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(b)

) l L) l L] l L I ] I L] I L)
3 4 5 6 7 8 9
Coverage(0)[ML]

AT PR SIS B SRR |

Fig. 3.10: Log-log variation of (a) interface width and (b) lateral correlation
function (&) with coverage. As there are two different type of growth they are

separated by dash line.

However, they do not show any power law behavior within the
coverage range that we explore in this work. This could be because of the
two different growth kinetics observed within the explored range of the
coverage. Therefore, it is difficult to correlate this growth mechanism with
the reported growth mechanism based on the dynamic scaling theory without
the values of growth and dynamic exponent. The observed two o’ s signifies
a trangition in growth kinetics. This could be due to instability in the films
due to coalesce of mounds. The variation of W with &, interestingly, shows
linear behavior in the regime of mound growth as shown in Fig. 3.11. The
slope of linear variation is 0.02, which essentially revealed the higher lateral

growth rate than the vertical growth of the mounds.
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Fig. 3.11: Variation of interface width (w) with lateral correlation function (&). By
fitting the points we get slope of this curve 0.02.

3.4 Conclusions

Detail understanding of the growth of TC-PTCDI-Cg has been
possible combining AFM and XRR results. We have observed a structural
transition consisting in a strong variation of local surface slope from layer to
the 3D mound formation. Thickness of the layer is calculated from XRR
measurement. This layer consists of two molecular layers with layer spacing
18.3 A, which is close to the layer spacing for the thick multilayer mounds
(18.8A). The error bar for calculating thickness from XRR is typically less
than 1 A. Growth transition from layer-by-layer to mounds formation is
reflected in a transition from stationary to non-stationary growth confirmed
by the variation of local surface slope and roughness exponents. The
thickness calculated from XRR of the incomplete first layer observed in 0.75
ML sample is much less than the thickness of the complete layer observed in
the 1.5 ML sample. This is essentialy due to the fact that in case of
incomplete layer an average height was assumed in XRR fitting where
height fluctuations were considered as roughness. Therefore, thickness
observed from the XRR fitting is not the actual thickness of the terraces that

started forming but the roughness of the surface. Morphological changes
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during the first stages of the growth implying molecular re-orientation which
has recently been observed for other molecules on SIO, as well, for instance,
for FicCuPc, quaterrylene and parasexiphenyl. This is probably more
common scenario to what is generally assumed and most likely due to the
maximization energy per unit area in the organic-substrate interface. The
formation of flat top mounds, as observed here, has been explained in terms
of layer dependent Ehrlich-Schwobel barrier that restrict the downward
molecular diffusion current at the step edge and form a stack of 2D layers. In

such cases, the instability is due to coalesce of mounds.
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Chapter IV

Growth of flat top Ag mounds on
Si(111)-(7%7) reconstructed
surfaces

4.1 Introduction

In order to understand the deep insight of flat-top mound formation, we
have chosen to study the growth of Ag on Si(111)-(7%7) surfaces. Thisis a
model example of flat top mound formation for inorganic materials whose
growth mechanism does not follow any of the classic growth modes for
mound formation that depends on the restricted diffusion driven by the
diffusion activation energy and step edge barriers of the systems. On the
other hand, TC-PTCDI-Cg form flat-top mounds on SO, substrates as
described in the last chapter. However, this growth is driven by the diffusion
of the molecules. These two systems with different growth mechanism form
similar type of surface structures and therefore, we studied this system in
order to find out any similarity in this structures formation. In this chapter,
we discussed the growth of Ag mounds on Si(111)-(7x7) surfaces and was

correlating with the results obtained in case of TC-PTCDI-Cg mounds growth.

Study of growth of Ag films on Si surfaces has been of great interest
for the decades in view of their technological applications.* As a result, the

Ag/Si(111) system is one of the most extensively studied because
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it is a non-reactive metal-semiconductor system.® The growth morphology
of Ag film depends upon the deposition rate and growth temperature.”® On
the other hand, the studies of low dimensional structures have attracted
considerable interest because spatial confinement of electrons in thin films
results in discrete quantum well states (QWS's).” ® In the semiconductor
layer systems, these effects are well known and have aready been used in
electronic devices. However, the observation of quantization effects in meta
layers has been restricted to only a few systems. In this respect Ag films
have attracted a great interest due to nearly free electron characteristics of s-
p bands over a large region of Brillouin Zone (BZ). The room temperature
growth of Ag films and the low temperature growth followed by room
temperature annealing produce 3D flat top mounds with strongly preferred
height of two atomic layers on a wetting layer.” ® With further growth, these
mounds increase the number density with no change in height of the mounds
and at the same time grow laterally. Eventually they coalesce to form
percolated mound structures. Nevertheless, the percolated structures also
follow the even atomic layer preference such as 2, 4, 6 ... etc.’ This growth
mechanism definitely does not belong to the growth modes normally
observed and termed a “electronic growth” of metal over layer on
semiconducting substrates.’® Essentially, Ag free electrons are confined
within the two interfaces of the films. As a result of this confinement, the
electrons produce quantum well states by forming electron standing wave
within the interfaces and stabilize the thickness of the films by constructive
interference.” ® ™ As an example, acritical thickness of the films I's proposed
beyond which atomically flat films can be grown on GaAs(111) surfaces.™
However, no thickness windows for the growth of Ag on Si(111)-(7x7)

surfaces is observed for this system.”**

In this chapter, we discuss the
detailed statistical analysis of the surface morphology of Ag films and its

evolution with coverages to understand the growth mechanism and correlate
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the lateral and vertical growth of the mounds with the results we obtained in
case of TC-PTCDI-Cg mound growth. Though the Ag films form percolated
network like flat-top mounds, whereas, TC-PTCDI-Cg form individual
mounds without any percolation, line profile at any instant of growth for
both the system reveas similar type of mounds. In our analysis of rough
surfaces, we have analyzed essentialy the line profiles at three dimensions
on the surface. In the process of analysis, we have predicted different scaling
exponents of the electronic growth. A linear diffusion process has been
identified which works in parallel with the electronic growth. We have

explored awide range of coverage of Ag of 1 ML to 80 ML.

4.2 Experimental

4.2.1 Clean surfaces of silicon

It is extremely important to prepare an atomically clean surface of the
silicon substrate on which an epilayer is to be grown. Common impurities
like O and C on the surface should be brought down below the detection
limit. This is usually checked by Auger electron spectroscopy (AES).
However, we have used reflection high energy electron diffraction (RHEED)
to detect characteristic diffraction patterns of clean surfaces followed by in-
situ STM measurements and ensure that the substrate surface is clean before
the deposition begins. The sample is degassed at 600°C for about 12 hoursin
the MBE chamber. Following this it is flashed at ~1200°C for about 2-3
minutes by direct heating. In this process the native oxide on the Si surface
desorbs and a clean silicon surface is produced. During this heating, the
pressure in the chamber should not increase above 1x10° mbar. Clean
silicon surfaces are reconstructed. Surface reconstruction is the
rearrangement of the surface atoms due to the termination of the bulk

structure at the solid-vacuum interface.
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4.2.2 Si(111) surfacereconstruction

During the preparation of atomically clean surface in ultra high vacuum
condition, the oxide layer on top of the Si substrate was removed. Due to the
absence of neighbouring atom on one side, the force acting on the surface of
S atom is modified. As a result due to minimum energy configuration
surface is changed with respect to bulk structure. Here in the Fig. 4.1 we
show the Si(111)-(7x7) reconstructed surface according to dimer-adatom-
stacking-fault (DAS) model. This model was proposed by Takayanagi et al.
in 1985." (7x7) is the more stable configuration among all (2n+1) x (2n+1)

where n=1,2,3... reconstructions are observed in Si(111) surface.

Unfaulted _ Faulted
[011]

Fig. 4.1: Schematic diagram of Si(111)-(7x7) reconstructed surface according to
DAS model

In this figure we show the top view of the reconstructed surface unit cell
where different layer atoms are defined by different sizes and different color
ball. In the lower part we show the side view of the surface. This model
consists of 12 adatoms on the top surface which are divided by two
triangular shape sub unit cell. One of which is called faulted and another is
called un-faulted half within which one has stacking fault. There are nine
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dimers per unit cell and one deep corner hole. Each adatom saturates three
dangling bond of underlying atom. In the above picture the adatoms in the
half unit cell with stacking fault are shown brighter than the adatoms in the
other haf without stacking fault.® In Fig. 4.2 two STM images of
reconstructed surface are shown in positive and negative bias voltage. In
positive bias electron tunnel into the unoccupied states of the sample and in
this case both of the half are similar. We can distinguish two parts of the unit
cell in negative bias condition when electron tunnel from the filled state of
the sample into the tip. In the Fig. 4.2 () STM image is in positive sample
bias condition and (b) in negative bias condition. In the second case we can

see clearly the two half unit cell which are marked in the image.

Fig. 4.2: STM image of Si(111)(7%7) reconstructed surface obtained at different
bias voltage.(a) Sample bias: 1.7 Volt, Tunneling current: 0.5nA, (b) Sample bias
-1.9 volt; tunneling current 0.2nA. One unit cell is marked in (a) and two unit cell
are marked in (b). Two parts of the unit cell are different, one is called Faulted
half and another half is un-faulted half whichis very clear in the —ve biasimage.

4.2.3 Growth of Agon Si

In spite of large lattice mismatch (25%) Ag can grow epitaxially on
silicon substrate’™* This is possible by coincident site lattice matching.
Because there is 0.42% lattice mismatch between 3ag and 4a, (ag=5.43A,
an=4.09A).1" % 2! Coincident site lattice matching alone does not give rise

to epitaxial growth. A favorable bonding configuration of substrates and
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over-layer atoms are required which exist in case Ag on Si(111)-(7%7)

surfaces.

The Ag growth and scanning tunneling microscopy (STM)
measurements were performed in a custom made molecular beam epitaxy
(MBE) chamber coupled with an ultra high vacuum (UHV) variable
temperature scanning tunneling microscopy (VTSTM, Omicron). The base
pressure in the growth chamber was 1x10™° mbar. A n-type Si(111) wafer
(orientation = 0.5°) with resistivity of 10-20 Q cm was used as a substrate
material. Atomically clean reconstructed Si(111)-(7x7) surface were
prepared by the method described earlier. Ag atom were then evaporated
from Knudsen cell made of pyrolytic boron nitride (PBN) and deposited on
Si(111)-(7x7) reconstructed surface a RT a deposition rate 2
monolayer/min. We have deposited 1, 1.4, 1.6, 1.8, 2, 4, 5,10, 30, 40, 80 ML
Ag on Si(111)-(7x7) reconstructed surface. Here we define 1 monolayer
(ML) of Ag is equivalent to the nominal surface atomic density of Ag(111),
1.5%10™ atoms/cm® The chamber pressure increases to 5x10™° mbar at the
time of deposition. Following deposition the samples were transferred to

VTSTM chamber for morphology characterization.

4.3 Results and Discussions

4.3.1 Morphological Analysis

In order to understand the morphology evolution of Ag on Si(111)-
(7x7) surfaces, we have used scanning tunneling microscopy (STM). The
basic operation procedure of STM is discussed in the chapter Il. Here in the
Fig. 4.3 we have shown the STM images of Ag films for different Ag

coverages.
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Fig. 4.3: STM images of (ak) Ag/Si(111)-(7x7) surfaces, showing the surface
morphology for 1, 1.4, 1.6, 1.8, 2, 4, 5, 10, 30, 40, 80 ML coverage of Ag. All the
images are in 500x500 nm? area. (I) shows a typical line profile taken from the
linedrawn in (c and €) showing flat top mound formation.

Plateau like Ag mound formation on the top of wetting layer is observed
for the samples with Ag coverage of 1ML to 1.8 ML (Fig (a-d)). These
mounds are growing laterally with coverage keeping height of the structures
constant. We have grown samples with severa other coverages (2-80ML)
which are shown in Fig. 4.3(e-k). It is observed that small islands increase
their number density and lateral extension with coverage with no change in
height, eventually forming a percolated network of same preferred height.
After that these islands grow laterally as well as vertically in both directions.
This type of growth is called percolated network type growth. A strong
preferred height of two atomic layer is observed for the sample up to 1.8ML

(below percolation). For thicker samples, percolated structures showed a
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tendency to grow with preference of N-layer height where N is even number
(N=2, 4, 6... etc).This preferential height growth mode is called "electronic
growth" mode where electronic confinement within the metal semiconductor
interface and vacuum interface played an important role by producing
electron standing waves. Due to the formation of standing wave with
constructive interference, it stabilizes the film thickness.” ® The formation of
percolated network type mounds are observed for the samples with
coverages 2-30 ML which are shown in Fig.4.3 (e-i). The strong height
preference with even atomic layer is observed in this range of coverages.
However, monatomic layered hexagonally shaped islands formation is
observed on top of the percolated mounds are observed for the samples with
coverage beyond 30 ML. As a result, preferential height growth was no
longer observed after wards. The typical STM images in this range are
shown in Fig. 4.3(j-k). From the STM images presented in the Fig. 4.3(a1),
it is observed the formation of the flat-top mounds. Two typical line scans
showing height profiles are shown in Fig. 4.3(1) taken along the lines drawn
in Fig.4.3 (c) and (e). They clearly represent the formation of flat-top
mounds which is comparable with the line scan taken from the sample TC-
PTCDI-Cg presented in the Chapter - I11.

4.3.2 Statistical analysis of surface mor phology

In order to understand the dynamic behavior of the growth of Ag on
Si(111)-(7x7) surfaces, we have analyzed the surface fluctuation and
determined different scaling exponents which represent the characteristics of
the surface morphologies. The technical detail of the analysis method is
described in the Chapter 1. These quantities are determined from height-
height correlation function, G(r,8) which is defined as mean square of height
difference between two surface positions separated by a distance r for
coverage of the atom (6) as G(r,0)=([h(r,0)-h(0,0)]?) where h(r,d) and
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h(0,6) are the heights of the surface at the locations separated by a distance r
and the brackets signify an average over pairs of points.?? As the growth
rate of Ag is kept constant throughout the experiments, we have considered
the dynamic behavior of the growth in terms of 6 instead of time t. For the
small r, height-height correlation function G(r,0)=/m(0)r]** with r<<&@®)
where £(@) is the characteristic in-plane length scale, « is the roughness
scaling exponent and m(0) is the local slope of the surface profile for small

length scale.®® %

m(6) is calculated from the fitting of linear portion of log-
log plot of G(r,6) vsr using above equation. The separation between the
mounds is another essential parameter to characterize the mounded surfaces.
Thisis caled wavelength (). Lateral correlation length, @), is the measure
of the length beyond which surface heights are not significantly correlated.
For the mounded surfaces, this is essentialy the size of the mounds.?” The
wavelength 4 and lateral correlation length & are not necessarily equal. They
only must satisfy the relation & < 1 because mounds are separated by at |east
their size. Only if the mounds grow next to each other would imply  that

e=1 %

Here we calculate G(r,0) from STM images of different coverage. In
order to avoid sampling induced effect in G(r,60), care has been taken to
include many AFM images in the averaging G(r,6). In our case we check 8-
10 images for a particular coverage, which is good for statistical reliable
data. Here we plot GY(r) Vs r which is shown in Fig. 4.4. Looking at the
morphologies of the STM images shown in Fig.4.3, we can divide the
growth into three different regions. (a) individua mound growth with two
atomic layer height (1-1.8 ML coverages), (b) percolated mound growth (2 —
30 ML) and (c) percolated mounds with hexagonal island at top (40-80 ML).
To monitor the evolution of surfaces with coverages, we calculated

interfaces width (w). To monitor the roughening process qualitatively, we
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measure the interface width (w) as a function of coverage(6). Following the
method described in ref? *° | we define the surface roughness amplitude
w(6) [shown by the arrow mark in Fig. 4.4(b)] as the value of GY4(r,0) at
first loca maxima, w(@)=G"*(&/2) where & marked by an upward arrow is
the position of r at the first loca minima of GY(r). This definition of
roughness amplitude is preferred over the large r limit of G(r) because
artifacts at larger length scale can affect STM data. The roughness exponent
is calculated by fitting the linear portion of the log-log plot of GY4(r) Vsr.
We have observed three value of roughness exponent («). Below percolation
a i1s 0.67 £ 0.04, in the percolated region it is 0.77 = 0.07 and in hexagonal
island region is 0.83 £ 0.03 asshown in Fig. 4.4 (a, b, ¢).

G"*(r) [nm]

—= 40ML
-e—80ML

T
rinm]

Fig. 4.4: Square root of height-height correlation function calculated from STM
images of (a) 1to 1.8 ML Ag coverages, (b) 2 to 30 ML Ag coverages, (c) 40 and
80 ML Ag coverages. Roughness exponent (a) is calculated from the power fitting
of the linear portion.
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The interface width (W) increases as power law of 0, as w(@)~0” . Asthe
rate of flux of the deposition is kept constant along the growth, we used
w(@)~0 7 instead of w(t)~t / , where t is the time. The exponent g
characterizes the dynamics of the growth and it is called growth exponents.
On the other hand lateral correlation length &(9), increases with 6 as a power
law as &@)~ 0% where Uz is caled the dynamic exponent. The log-log
variation of w calculated from square root of height-height correlation
function is shown in Fig. 4.5(a). The value of growth exponent calculated
from the slope is 0.33 £ 0.03. The dynamic exponent (1/z) was calculated
from the slope of the log-log plot of lateral correlation length which is shown
in Fig. 4.5(b). The value of 1/z is0.27 + 0.05.

1(a)

14 B=0.33+ 0.0

0.1

W(6)[nm]

1(b)

100 3 1/2=0.27+ 0.05

1 10
Coverage(0)[ML]

g[nm]

Fig. 4.5: Log-log variation of (@) interface width (w) and (b) lateral correlation
length (&) with coverages (6). Growth exponent () and dynamic exponent (1/2)
are calculated from the slope of the aand b curve, respectively.
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In order to find out the relation of growth rates along vertical and lateral

direction of mounds we have plotted w Vs & which is shown in Fig. 4.6.

20 30 40 50 60 70 80
&(0)[nm]

Fig. 4.6: Log-log variation of interface width (w) with lateral correlation length
(&). Solid curve represents the least-square fit to the data points with power
eguation.

From the equations of w versus dand & versus 6, as described above, one can
derive that w = C&”Y2. From the fitting we have calculated the ratio of the
exponent £ /(1/z) = 0.99 £ 0.11 and C=0.014+ 0.008 which is a constant.
Here the value of exponent is ~ 1. This essentially means the linear
relationship between w and & with slope (dw/dé) as 0.02. In our case, the
ratio of = 0.33 £ 0.03 and 1/z = 0.27 = 0.05, is 1.22 £ 0.10 which is
comparable with the fitted value within the error bar. Therefore, one can
consider amost the linear behavior with slope = 0.02. This slope indicates
the competition between smoothing due to the lateral growth and roughening
due to vertical growth. Smaller value of the slope indicates faster lateral
growth than vertical growth, which essentially enables the wetting layer film
growth. Therefore, one can expect to have smooth film growth with faster
lateral growth. As predicted in the electronic growth mode, the formation of
discrete quantum well states can lead to novel effects including preferred
heights and critical thickness of metal films beyond which the film will be
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atomically flat.® ® 3% |n case of Ag grown on Si(111)-(7x7) surfaces, we
have not observed any such critical thickness. Faster lateral growth, as
observed, can support the formation of smooth films. However, there is an
instability in the growth that does not alow forming smooth films and a
roughening in the growth mechanism is observed. A two-step growth
mechanism has been popular in which films are grown at low temperature
followed by room temperature annealing.®* * At low temperature, a non-
equilibrium structure is formed and this drives the system into a metastable
state with height preference. However, it will not be accessible fully if
unwanted kinetic processes are enabled. Though, room temperature growth
of Ag films shows height preference as a consequence of “electronic
growth” in which quantum well states can determine the film morphology
but kinetic processes cannot be suppressed completely. As a result, we
observed roughening in the growth in terms of flat top mounds at the lower
coverages and percolated mounds at higher coverages with magic heights.
This morphology is, essentially, due to the competition between guantum
well state formation and kinetic growth processes.

From the theoretical treatments of non-equilibrium film growth,
following the nonlinear growth equation the predicated scaling exponents are
0=2/3 and f=1/5.> However for linear growth equation predicted value of
the scaling exponents are a= 1 and #=1/4.** On the other hand in presence
of Schwoebel barrier self affine scaling will break down because it prevents
particle to diffuse downward.>” ® In such case also we can see the mound
type surface with stationary slope. The predicted scaling exponents for
Schwoebel barrier is a=1 and f=1/4. * None of these theoreticall models
support the exponents that we observed for electronic growth mode. In order
to identify this roughening mechanism, we calculated local slope m(6). If

m(0) is independent of the coverage [i.e., m(t) isindependent of time], then it
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Is said to be stationary. In such cases, height-height correlation function
coincides for r <<¢. On the other hand, for non-stationary growth the local
slope m(0) increases with time and an up-shift of G(r,0) is observed as film

thickness increases.”® ?® This represents mound growth. Fig. 4.7 shows the
plot m(8) versus coverage (0). We have observed m(6) = ,/KIn(6/6,.)
dependency with anomalous scaling behavior up to the coverage of 30 ML.

Here, K is constant and 0 . is transition coverage to the scaling regime.

0.15 -
0.10 — 5 e)
= i
0.05 -
0.00 | ! | ! | ' |
0 10 20 30
Coverage(6)[ML]

Fig. 4.7: Plot of local slope m(6) as a function of coverage(d). The solid curve is
least square fit to the data points with m(6) = /KIn(8/6,)

This dependency was observed for the preferential height growth region
only. The value of 6 . obtained from the fit is 0.76 ML. This indicates that
our smallest coverage sample (IML) is aready into the scaling regime. This
dependency says that there is local surface diffusion, which causes the
instability in the electronic growth and makes the growth non-stationary with
increasing local surface slope with coverage® ?* * In our case, all the
samples were grown while substrates were kept at room temperature.
Therefore, the growth kinetics at room temperature introduces instability in
the electronic growth. This could be the reason for roughening of the films.
However, only diffusion model simply cannot explain the growth exponents
that we observed. Electronic growth mechanism is also very significant to

describe the growth front morphology. Therefore, the roughening behavior
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belongs to a different universality class involving quantum well states

formation along with local surface diffusion.

4.4 Conclusions

In this chapter we have discussed the growth of flat-top Ag mounds on
Si(111)-(7x7) surfaces as an example of flat-top mound growth with
electronic growth mechanism. In the last chapter we have discussed the
growth of TC-PTCDI-Cg mounds where growth mechanism was essentially
decided by the limited diffusion of the molecules by activation energy as
well as by step edge barrier (ES barrier). In order to compare mound
formation dictated by different growth mechanism, we have calculated and
compared the growth rate of the mounds along the lateral and vertical
directions. Interestingly, we have found the change of roughness width with
lateral correlation length is same (0.02) for both the cases. This essentially
indicates that the higher lateral growth rate than vertical growth. As a result,
both the materials has high tendency to form smooth films. However, a
roughening mechanism that can be suppressed completely in the kinetic
growth region, make the film rough and therefore, formation of flat-top

mounds are observed in both the cases.

In the process of analyzing Ag films, we have calculated the different
scaling exponents for the electronic growth mode for the first time. The
observed roughness scaling exponents for three different regions are 0.67
0.04, 0.77 £ 0.06 and 0.83 = 0.03. The values of growth and dynamic
exponents are 0.33 £ 0.03 and 0.27 £ 0.05 respectively. Though, there are
three different growth regions were assumed for the calculation of roughness
exponents, however, we have observed single growth and dynamic

exponents for the complete range of coverages. Average roughness
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exponents observed for TC-PTCDI-Cg mound growth are 0.68 + 0.05 and
0.85 + 0.02 which are comparable with the exponents obtained in case of Ag
mounds. This would be very interesting to understand the similarity of
mound formation for these two systems. This may require detail model
calculations for flat top mound formations, which need to be explored and
left it for future study. A simple model calculation for flat top mound
formation is reported in ref*’. However, they have not calculated the detailed
growth parameters.
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Chapter V

PTCDI-Ph on SiO; Surfaces:
growth of long molecular
terraces

5.1 Introduction

n-conjugate organic molecules play an important role in modern science
due to their unique electrical and opto-electrical property. Moreover these
molecules are the building block of low-cost, high performance organic
devices'™ such as field effect transistor®, solar-cells™®, light harvesting
arrays™ ™ and light emitting diodes™**. Out of all n-conjugated organic
semiconductors, Perylene tetracarboxylic diimides (PTCDI) and their
derivatives have attracted more attention in the recent years for their
extraordinary thermal and photochemical stabilities™ *° It also has been used
as optical switch®’, photoreceptors, chemical sensors,™ etc. Due to weak n—n
interaction between molecules, the packing of molecules within the active
channel of the devices has been very important in order to enhance the
charge carrier mobility. Therefore the precise control on the morphology and

other properties are the main challenging issues in the film growth and the
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self-assembled growth of these molecules are widely being used to control

the growth.™ %

Perylene and its derivatives, are found to be good n-type organic
semiconductor for optoelectronic device applications . One can aso tune
their HOMO-LUMO gap by attaching different functional groups with the
core.? On the other hand, diffusion of the molecules play very important
role in self-assembly. Substrate temperature dictates the diffusion. As a
result, substrate temperature has been a key parameter in self-assembled

growth.

In this chapter, we have discussed the self-assembled growth of
perylene-diimide derivative, N, N’-di-phenyl perylene tetracarboxylic
diimide (PTCDI-Ph) long terraces on SO, substrate. The growth kinetics of
the terraces are also discussed. Structural, electrical and optical properties of

the films grown at different substrate temperatures are studied.

5.2 Experimental

PTCDI-Ph molecules were synthesized and cleaned before using them
for deposition. The chemical structure and the dimension of the molecule are
shown in the Fig. 1.9. PTCDI-Ph films were grown using thermal
evaporation technique under high vacuum condition (10° mbar). The basic
operation and the description of the instrument used for growth is
discussed in chapter Il in the section 2.1.2. PTCDI-Ph molecules were grown
on SiO, surface with different substrate temperature such as RT, 80°C, 90°C,
120°C. The substrates were cleaned using methanol, acetone and di-ionized
water following the standard procedure of cleaning semiconducting
substrates which is already described in Chapter |1 section 2.1.1. Sublimation

temperature for this molecule is 430°C. Molecular flux was kept constant
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during deposition for all samples and deposition time was 10 min and the
thickness of the film is about 500A..

5.3 Results and Discussions

5.3.1 Studies of surface mor phology

To study the morphology evolution of PTCDI-Ph films with substrate
temperature, we have used ex-situ AFM measurements. Fig. 5.1(a) shows
AFM micrographs for the sample grown at room temperature (RT). Small
random grains formation is indicating very poor molecular alignment within
the films. However, flat top long molecular terrace type structure formation
is observed in case of samples grown at elevated substrate temperature. The
AFM images shown in Fig. 5.1 (b-€) are showing the evolution of surface

morphology of PTCDI-Ph films with substrate temperature. These structures

| SE %\'@90‘7@[@‘9’
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Fig. 5.1: AFM topography image of PTCDI-Ph film grown on SiO, substrate at

(@ RT, (b) 80°C, (c) 90°C, (d) 120°C and (€) 140°C. Size of al the images are
5><5;,Lm2.

grow randomly onto the substrate. The size of these terraces increases with
the substrate temperature. This can be easily seen from the AFM images.
Fig. 5.2(a) is showing an AFM image of closer view of an individual terrace.
Single molecular steps are clearly visible. A line scan aong the terraces
shown in Fig. 5.2(b) is showing the average molecular steps of about 17.4A
high. This is also confirmed from the histogram plot of a section of AFM
image shown in Fig. 5.2(d). Other derivatives of PTCDI also found to form

molecular steps.# It is noticeable from Fig. 5.1 (b-e) that the molecular
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Fig. 5.2: (a) AFM image of the terrace (b) Line scan profile of the different layers
of flat top ribbon. It is clear that each layer is grown by monomolecular layer.(c)
AFM image of the underneath layer (d) Histogram profile of the underneath
surface of the ribbon type terrace. It signifies the monomolecular step layer isin
the underneath surface

terraces are growing along the length as well as aong the width of the
terraces as substrate temperature increases. As the coverages for all the
samples were kept constant, therefore, it is likely that there is mass transport
to grow the terraces. There could be two different components of the mass
transport. First component could be due to the diffusion of the deposited
molecules. As the number density of the terraces decreases with substrate
temperature, it is obvious that small terraces contribute to grow larger
terraces. Thisisonly possible if small terraces break into parts and diffuse to
attach to the larger terraces. Therefore, second components of diffusion can
come from the diffusion of these terraces. The Arrhenius plot of variation of
length and width with substrate temperature is shown in Fig. 5.3 (a)
and (b) respectively. We have caculated the activation energy of the
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Fig. 5.3: (a) Schematic diagram of the formation of layers in PTCDI-Ph film, (b)
Arrheneous plot of the nanostructure with respect to length and (c) with respect to
width. The obtained value of the surface diffusion activation energy is along
length is 0.21eV and along width is 0.34eV.

growth of these terraces from the linear fit of Arrhenius plot. The activation
energy calculated for the growth of length (E) and width (Ey) of the
terraces are found to be 0.21 eV and 0.34 eV, respectively. The calculated
activation energy includes the contribution coming from the diffusion of the
molecules on the films during the growth as well as the diffusion of the small
terraces which break into parts and diffuse. Higher activation energy along
the width represents the less favorable growth. For the measurement of
length and width of the terraces, we have used ImageJ software.”® We have
considered only the clearly visible terraces without any overlap with other
terraces. A large number such terraces were considered from several AFM
images to confirm statistically significant data. The growth of such long
terraces are observed earlier.** However, they have not studied details of the

growth.
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In order to study the vertical growth of the terraces with substrate
temperature, we have calculated roughness width (w) form the sample grown
in different substrate temperature. W’s were calculated from the height-
height correlation function (G(r,0)). The details of the methodology for
calculating G(r, 0) is given in the Chapter 1l in the section 2.4.1. A large
number of (8-10 in this case) AFM images were considered in the
calculation of G (r, 0) to have statistically reliable data. Fig. 5.4 shows the

G”zl(r)[g-tml]

1E-3 -

L] L] L] IIIIIII L] L IIIII'II
0.01 0.1 1

Distance(r)[pum]|

Fig. 5.4 : Square root of height-height correlation function plot of PTCDI-Ph film
grown at different substrate temperature. The value of roughness exponents is

calculated from the slope of the linear portion

plot of GY4(r) vs r. The roughness exponent () is calculated from the slope
of the linear portion of G(r). The average value of a is 0.65 + 0.04. The
variation of roughness width (w) with substrate temperature is shown in Fig.
5.5. Interestingly, we have found a power law behavior as w~T". The value
of the exponent isy =0.64 £ 0.11.
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Fig. 5.5: Log-log plot of interface width as a function of growth temperature. It

shows the power law behavior as W~T%*

5.3.2 Structural Characterizations

In order to gain insight into the film structures at different substrate
temperatures and elucidate the molecular arrangement within the film, we
have carried out x-ray reflectivity (XRR) measurements. We have used Cu-
Ko X-ray radiation with wavelength 1.54A. Fig. 5.6 shows representative
XRR data taken from the three samples grown at 80°C, 90°C and 120°C
substrate temperature. We have observed upto third order Bragg peaks,
indicating layered structure with the well order vertical arrangement of the
molecules within the films. However, XRR taken form sample grown at RT
does not show any Bragg peaks (data not shown). This essentially means no
vertical arrangement of the molecules within the films. From the position of
the Bragg peaks, we have calculated the average lattice spacing d ~ 17.3A.
This result confirms the layer spacing calculated from the AFM resultsin the

previous section.
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Fig. 5.6: X-Ray reflectivity spectra of PTCDI-Ph film grown on SiO, surface
corresponding to substrate temperature 80°C, 90°C, 120°C and 140°C. The Bragg
peak position is shifting in right direction with increment of substrate temperature.

Combining the XRR results with AFM results, a possible growth
models is proposed. To achieve the layer spacing of 17.3A with the molecule
of 19.9A length, it is possible that the molecules are tilted with respect to the
vertical direction of the substrate. The calculated angle is about 30°. Here we
consider that Ph group connected with the PTCDI core does not change the
physical structure of the molecules while forming films by maintaining the
actual angle of the group with the core. Along the length of the terraces,
molecular cores are stacked by mn-m interaction. However, molecules are
connected side-wise along the width of the terraces which is essentially
weaker. As aresult, molecular interaction along the length of the terracesis
stronger than that of along the width. Therefore, long terraces are formed.
Higher substrate temperature increases the diffusion of the molecules and
possibly the diffusion of small terraces, which coalesce with the bigger
terraces. In Fig. 5.7(a, b) we have shown schematically how the molecules

are packed within the terrace.
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Mono-molecular
Terrace

Fig. 5.7: Schematic diagram of (@) showing possible molecular packing within the
terrace and (b) growth direction aong the length (1) and width (w)is shown as per
the molecular packing.

5.3.3 Optical Characterizations

In this section, we discuss the optical properties of PTCDI-Ph
molecular structure grown on SIO, substrate. Essentially we have studied

absorption and luminescence properties.

A. Absorption property

In order to understand the absorption property, we have measured the
absorption spectra of the film.”> A commercial spectrometer (Shimadzu 3010
PC) was used to measure the UV-Vis-NIR absorption spectra of the samples
at room temperature. The detail of the instruments is given in chapter II.
Herein the Fig. 5.8, we show the typical absorption spectraof PTCDI-Ph.
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Fig. 5.8: UV-Vis absorption spectroscopy of PTCDI-Ph film.

The absorption spectrum is very similar to the material in solution
phase. The main absorption peaks arises at wavelength 476nm and 504nm.
These absorption corresponds to 7-m* transition." *>*° Chen et.al. shows that
the peaks in the absorption spectra of PTCDI-Ph in DMF solution are at 524,
488 and 457nm.** The first two peak positions changed slightly in thin film
growth but the peak at 457 nm is not observed in the thin film case. Two
other less intense peaks centered at 553 nm and 588 nm appear in the thin

film. These peaks may arise due to n-xt transition.

B. Photoluminescence properties

The luminescence property of the samples was measurement by Steady-
state photoluminescence (PL) (Thermo Spectronic, AB2) using a Xenon
lamp source at different excitation wavelengths. The room temperature
steady state PL spectra are shown in the Fig. 5.9. Two distinct peaks are
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Fig. 5.9: PL spectra of PTCDI-Ph film grown at RT, 80°C, 90°C, 120°C and
140°C. For RT sample two peaks arises at 608 nm and 673 nm, and for all other
samplesfirst peak is at 608 nm and second one at ~643 nm.

observed at the wavelength of 608 nm and 673 nm with the excitation
wavelength of 475 nm for the sample grown a RT. However, the second
peak was not observed for the samples grown at elevated substrate

temperature. Furthermore, we have observed another peak at 643 nm
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wavelength position. The peak positions were calculated from the Gaussion
peak fitting as shown in Fig. 5.9. The ratio of the intensities of these two
peaks is calculated and variation of it with respect to substrate temperature is
shown in Fig. 5.10. It is clear that the intensity of second peak is decreasing

d st
2" /1" Peak
b it =
~J oo =]
1 1 1 1

Relative Intensity
=
(=)
1
L

=
n
l L

20 40 60 80 100 120 140

Temperature('C)

Fig. 5.10: PL intensity variation of the 2™ peak /1% peak with respect to different
substrate temperature. With increment of substrate temperature the intensity

decreases rapidly.

with substrate temperature. It confirms that the contribution of the state
corresponds to 1.93eV observed at 643 nm is decreasing with the substrate
temperature. This peak could be representing defect states.

C. Time-Resolved Photoluminescence properties

The steady state PL spectra confirms the presence of two states in the
PTCDI-Ph grown film. For further confirmation of the density of the two
states, we investigated the lifetime of the excited state and nature of the
transition using Time-Resolved Photoluminescence (TRPL) . We studied the
PL decay dynamics of the observed band at 640 nm which is shown in Fig.

5.11. We have used 475 nm laser pulse for the excitation using a commercial
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fluorimeter (Edinburgh, Life Spec I1,) with time resolution better than 50 ps.
The decay kinetics of the states at 642 nm is best recovered

-O-RT

—— Bi-exponential fit

1,=0.28ns, 1,=2.03ns

PL Intensity(arb. unit)

6 7 9
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Fig. 5.11: PL decay dynamic spectra of PTCDI-Ph film grown on SO, substrate
at room temperature and four elevated temperature. For RT sample decay channel
is calculated for 673 nm emission and for all other case 642 nm. Here al the

components are fitted by bi-exponential function which is shown by thered line.

by bi-exponential decay function I1=Ig+A.e""'+A, €™, where 1, and 1, are

the decay time constant. Here 640 nm was chosen to have access of
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component of both 608 nm and 643 nm peaks. Therefore, the decay kinetics
shows the decay of both the states. Here 1; and t, signify the decay of 643
nm and 608 nm states respectively. For RT sample the decay channel is
calculated for the emission 673 nm. The first component of the decay time
constant is for RT, 80°C, 90°C, 120°C and 140°C are 0.282 + 0.025 ns, 0.352
+ 0.036 ns, 0.488 + 0.021 ns, 0.621 + 0.021 ns and 0.663 + 0.012 ns,
respectively. Interestingly it is found that with the increment of the substrate
temperature, the highest contributory component of decay constant (t;) is
increasing. This signifies that the density of the state corresponding to
640nm emission is decreasing with the increment of substrate temperature.
This confirms the result obtained from XRR measurements that the
molecular packing improves with substrate temperature. As a result, defect
density decreases. Therefore peak originated at 643 nm could be represential
defects states. For the case of PTCDA film such behavior of defect states

are observed.”

5.3.4 Photor esponse of M olecular Terraces

In order to understand the Photoresponse to 1-V measurements on their
terraces, we have deposited Ag contacts on the films. The typical channel
length for this measurement is about 300 um with contact width is about 1
mm. |-V measurements were carried out both under white light and dark
condition. In the Fig. 5.12 we have shown the dark and photocurrent
characteristic of thermally grown PTCDI-Ph film. The dark current is
seperately shown in the inset of each figure to compare with photocurrent.
From the nature of the curve it is clear that up to ~2 volt in both of the cases
(Dark and Photo), the current is very small. There is a mismatch of energy of
the LUMO state of the PTCDI-Ph (-4.16 €V) and Fermi energy of Ag (-4.52

eV). Asaresult, thereisaformation of extrabarrier at then junction due to
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band bending. The small current observed up to 2 volt is possibly due to this
barrier. We have observed increased dark and photocurrent with substrate
temperature. This may be due to the decrease of defect states with increase

In substrate temperature.
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Fig. 5.12: 1-V characteristic of PTCDI-Ph grown at RT, 80°C, 90°C, 120°C,
140°C. Each of the inset of the graph shows the enlarged view of dark 1-V
characteristics. Dark and photocurrent increases with the increasing substrate

temperature.

A typical photo current spectra of the sample measured at 4V bias
condition is shown in the Fig. 5.13. Broad peaks with intense peak edge at
480 nm arise inthe spectra. Thisbroad peak arisesdueto the band edge
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Fig. 5.13: Photocurrent spectra of PTCDI-Ph film grown on SIO..

absorption followed by generation of photo carriers (electron-hole pair). The
multiple peaks observed in the whole spectra, may arise due to trap or defect
state. With the illumination of 150W xenon lamp and intensity of
0.5mW/cm? the photo current increases about 20 times more with respect to
dark current. It is clear that the spectra cover the whole visible range. This
property of the material can be used to design photo-detector in the visible

range.

The photoresponse of the PTCDI-Ph film measured under the excitation
of 475nm light isshown in Fig. 5.14. The observed response and reset time
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Fig. 5.14: Photoresponse property of PTCDI-Ph film grown on SiO; at five

different substrate temperatures

of the photoresponse is very fast, as shown in the Fig. 5.15. The maximum
photocurrent is increasing with the substrate temperature. This is due to the
fact that defect states, which absorb photo carriers, are decreasing at higher
temperature as also observed for TCNQ and TTE.*  Similar fast
photoresponse was observed for ZnPc/Py-PDI bi-layer cell** and TCNQ,
TTF film.* In our case the maximum photocurrent was obtained as 2.5mA
for RT and 3.62 pA, 4.08 pA, 4.58 uA and 5.14 pA for 80°C, 90°C, 120°C
and 140°C respectively. This type of materias with fast photoresponse are

suitable for designing optical switch.®

5.4 Conclusions

In this chapter, we have studied a comprehensive study of growth
kinetics of PTCDI-Ph molecules on SiO, substrates. We have calculated the
diffusion activation energy for the growth of PTCDI-Ph terraces along the
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length and width of the terraces. Activation energy along the length is 0.21
eV, where as it is 0.34 eV aong the width. This observation confirms that
molecular interaction along the length of the terraces is stronger than that of
along the width. The structural characterization was carried out by means of
XRR measurements combining with AFM results. We have found the
molecular tilt arrangement, which is about 30° with surface normal, within
the film. XRR results aso confirm the improvement of molecular
arrangement with substrate temperature. That essentially means the defect
states due to molecular packing are reduced. Optical characterizations were
carried out on the terraces. PL and TRPL measurements confirm the
existence of defect states with substrate temperature. This effectively
supports the observation from XRR measurements. These molecular terraces
show potential for the applications in optical switch. This is because of fast
photo response properties of the terraces. Nevertheless, photocurrent spectra
covers whole visible range showing great possibility to use this structures as

visible range photodetectors.
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Chapter VI

Self-assembled growth to
organic ribbons

6.1 Introduction

In this chapter, we have discussed the study of growth of organic ribbon
like structures grown on SIO, substrates. Here we used 4 - (4-n, n-
dimethylaminophenylethynyl) - n - (2-propynyl) - 1, 8 napthalimide
(*PMAPEN) molecules to grow these structures. “PMAPENI molecules can be
stacked with n—m and CH-= interactions along one direction. As results, long
ribbon like structures formation is observed. Detalls growth mechanism is

discussed. Optical and electrical properties of the ribbons are also discussed.

6.2 Experimental Details

The *PMAPENI molecules were synthesized and subsequently cleaned
before we use them for the growth of ribbons by therma evaporation
techniques. The structure of the molecule and the dimensions are shown in
Fig. 1.10. The length of the molecule is 16.48A. The typical base pressure of
the evaporation chamber is~ 10" mbar. We have used Si(100) substrate with

native oxide layer. The substrates were cleaned using methanol, acetone and
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di-ionized water following the standard procedure of cleaning
semiconducting substrates which is described in chapter 11 section 2.1.1. To
study the kinetics of the growth, we have used different substrate
temperatures such as room temperature (RT), 60°C, 80°C and 100°C. The
sublimation temperature of this molecule is found to be 250°C. We have
maintained the constant deposition flux of the molecules for all the samples.
Morphology and the structure of the grown films is studied using field
emission scanning electron microscopy (FESEM, Sigma, Zeiss, Oberkochen,
Germany) and transmission electron microscopy(TEM) with selected area
electron diffraction (SAED), UV-VIS-NIR absorptions measurements at
room temperature were carried out using commercial Sspectrometer
(Shimadzu 3010PC). A micro Raman spectrometer with 488 nm Ar’ laser
(Jobin Yvon, Lab Ram HR800) was used to collect photoluminescence (PL)
of the organic structures. Photoluminescence excitation was measured by
steady state PL (Thermo Spectronic, AB2) using Xenon Lamp at different
excitation wavelengths. A microprobe station was used to study the electrical
and opto-electrical properties of the samples. Contacts were made using Ag
deposition. Photoresponse was measured using a picometer (Model 6487,
Kethley, Aurora Road, Cleveland, Ohio) under the illumination of
monochromatic UV light intensity of approximately 0.5mW/cm? in ON and
OFF conditions. Light was tightly focused on to the sample to make sure that
it illuminates the active region of sample between the two contacts. The

spectral range of excitation was 350-850 nm.

6.3 Results and Discussions

6.3.1 Study of mor phology

“OPMAPENI molecules were grown on SiO, substrate using thermal

evaporation technique while substrates were kept at different temperatures
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such as RT, 60°C, 80°C and 100°C during the growth. Fig. 6.1 shows the

representative SEM images of the above samples. We have observed the

T

Temperature, (b) 60°C, (c) 80°C and (d) 100°C. All of the cases it forms ribbon
type structure.

formation of ribbon like structures, as it is clear from the SEM images.
Apparently, the molecules grow a wetting layer on the substrates. The
ribbons were formed on top of the wetting layer. However, we can easily see
that the length of the ribbons increases with substrate temperature and
therefore, the mass transport occurs from the films to the ribbons once the
ribbons start forming. The dark areas in the films are essentially the regions
from where mass was transported to the nearby ribbons. Fig. 6.2 shows a
simple possible growth model to explain how the ribbons were formed. The
length of the ribbons was increased with substrate temperature. Due to the
increase in substrate temperature, the diffusion of the molecules on the films
increases. These molecules could be coming from the effusion cells during
the growth or the diffusion of the mass to the ribbons from the films. As a
result, the length of the wires increases with substrate temperature. We have

measured the evolution of length and width of the ribbons.
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Fig. 6.2 : Schematic diagram showing the growth of organic ribbons.

Fig. 6.3 shows the variation of the length with substrate temperature. It
Is clear that length

Length(pum)

U e e B B L L L B B
20 30 40 50 60 70 80 90 100110

Substrate Temperature("C)
Fig. 6.3: Length variation of the organic ribbon with different substrate

temperature. With the increment of substrate temperature the length of the ribbon
isincreasing.
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increases as the substrate temperature increases. We have increased the
substrate temperature up to 100°C. This is due to the fact that the desorption
of the molecules from the substrate during growth increases and we cannot
grow the films beyond 100°C substrate temperature. We have observed the
growth of about 8 um long ribbons at 100°C substrate temperature.
However, more interestingly the ribbons did not grow along the width,

whichisshownin Fig. 6.4. Asaresult, the ribbons were grown only along

L] I L]
20 30 40 50 60 70 80 90 100 110
Substrate Temp(°C)

Fig. 6.4: Diameter variation of the ribbon grown at different substrate

temperature. The average diameter observed is0.12 um.

the length with substrate temperature keeping the width fixed. It is clear
from the SEM results that the ribbons are connected with the substrate at one
edge. Therefore, the molecules landed onto already formed ribbons can
diffuse aong the length of the ribbons and the length grows. On the other
hand, molecules from the wetting layer can also diffuse to grow length of the
ribbons. In order to calculate the activation energy of these diffusion
processes, we have used Arrhenius plot of the length (I;) of the ribbons with
respect to temperature as In(l;) vs 1/T and calculated the activation energy
from the slope as shown in Fig. 6.5. The calculated activation energy for the
diffusion of the molecules along the length of the ribbons as well as for the

diffusion of the molecules from the wetting layer is 0.21 eV. This valuesis
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closer the to activation energy found for the diffusion of the organic

molecules.! Depending upon the bonding nature if we cal culate the bonding

-14 -

-15

0.0026

Fig. 6.5: Arrhenius plot of the organic molecule. The activation energy of the

T
0.0028

0.0:)30_1I 0.0;}32
UT(K"

0.0034

moleculeis 0.21eV calculated from the slope of the curve.

strength of the molecule in two direction then we can see that in one
direction, the bonding strength is more in comparable to other direction. In

the Fig 6.6 we show schematically how the molecules are packed in both

directions.

' Growth Direction

Fig 6.6: Schematic diagram of the molecular packing.

In Fig. 6.7(a) shows the TEM image of the ribbons. Selected area
electron diffraction (SAED) taken from the ribbons are shown in Fig. 6.7(b).
Sharp diffraction spots confirm that the ribbons are single crystal in nature.

We calculated the lattice spacing of the molecules from the diffraction spot

is3.42 A. The elongated diffraction spots observed in the
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Figure 6.7 (@) TEM image of the nanostructure, (b) SAED pattern of
nanostructure and (c) HRTEM of the nanostructure. From the SAED pattern it is

clear that ribbons are in crystalline nature.

SAED pattern may be due the overlapping of multiple ribbons. In the high
resolution TEM (HR-TEM) the molecular arrangement is clearly visible(Fig.
6.7(c)). The calculated lattice constant confirms the value calculated from
the theoretical calculation. In Fig. 6.8 we showed the calculated packing
scheme of the molecules. The calculated interlayer spacing obtain from the
Fig 6.8is3.31A. Thisis closer to the value obtain from SAED pattern.

Fig. 6.8: Schematic diagram of the molecular packing. The inter-planer distance
for packing from theoretical calculation is 3.31A

6.3.2 Optical characterizations
In order to study the optical and opto-electrical response of the ribbons
we have measured absorption, emission and photocurrent from the samples.”

Fig. 6.9(a) shows the absorption spectrum. Broad absorption spectrum is
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Fig. 6.9: UV/Visible absorption spectra of the self assembled “®PMAPENI ribbons.
The absorption peak edge comes around 490 nm.

observed in the UV region centered at 490 nm. The optica band gap
obtained from the absorption study is about 2.65 €V. This corresponds to the
n—n* transition. Fig. 6.9(b) shows the HOMO-LUMO transition levels
obtained from the DFT calculations. The calculated value for n—n*
transition from is about 2.82eV which confirms our measured val ue.

Using Cyclic voltammetry (CV) analysis for “°MAPENI molecule the
energy difference between the lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO) are determining the
efficiency. The oxidation and reduction of an organic molecule involve
electron transfers and CV measurements can be used to determine the
potential change during redox process.>® The position of the LUMO level
comes from the experiment is -3.568eV .

In Fig. 6.10 (a)-(d) shows the PL spectra collected of the ribbons. A

strong emission peak is observed when excited with 488 nm laser source.
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RT

100°C

_ Intensity(arb. unit)

600 700 800 900 600 700 800
Wavelength(nm)

Fig. 6.10: Photo luminescence spectroscopy of Self assembled ribbon grown at (a)
RT, (b) 60°C, (c) 80°C and (d) 100°C. The solid lines are the fitted line with
Gaussian function.

This peak was de-convoluted by Gaussian function into two peaks. First
peak is at 680 nm while the second peak is at 727 nm. The first peak is due
to the bound excitonic recombination and the second emission is may be due
to the transition into a state generated due to the packing of the molecules.
Fig. 6.11(a) shows the PL intensities lggg and 1,7 with substrate
temperature. The PL intensity for 680 nm peak is increasing whereas for 727

nm peak is decreasing. We have shown the temperature dependence of PL
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Fig. 6.11: (a) Variation of PL intensity normalized by total intensity for the peaks
at 680 nm and 727 nm. In the case of 680 nm peak, intensity is increasing with
substrate temperature and for 727 nm peak, intensity is decreasing. (b) relative
intensity variation of the intensity for 727 nm and 608 nm peak with different

substrate temperature. With temperature increment it is decreasing.

intensity ratio ls7/les in Fig. 6.11(b).° PL intensity is essentially
proportional to the density of states at the conduction band and transition
probability. The ratio lggof/l7o7 IS decreasing with growth temperature. This
indicates that density of states corresponding to the state 727 nm decreases
with substrate temperature. This state may be representing the defect states.
It is expected to have better molecular arrangements in the ribbon as growth
temperature increases and therefore, one can expect to have fewer defects in
the ribbons.

We have studied the photoconductivity on the ribbons. Fig. 6.12 (a-b)
show the representative dark and photo current taken from the samples

grown on RT and 60°C substrate temperature. This clearly shows the huge
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Fig. 6.12: Current-Voltage characterization of Self assembled ribbon grown at (a)
RT, (b) 60°C, (c) 80°C, inset of the each graph expanding view of corresponding

dark current characteristics.

change in the photo current in compare to dark current after exposing the
ribbons into white light. We have observed the similar effect for other
samples as well. We have studied the spectral variation of photocurrent to
find out the particular wavelength of the light for which maximum
photocurrent can be obtained. Fig. 6.13 shows the variation of photocurrent

with respect to wavelengths. The measurement was carried out with 4 V bias
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Fig. 6.13: The photocurrent spectra of the “°™APEN| ribbons. The pesk edge
comes around 480 nm.

voltages when we have measureable current. A broad peaks centered at 480
nm was observed. At this wavelength, current increased about 5 fold to its
initial value.

We have measured the photocurrent with 480 nm light. Photocurrent
measured under this wavelength using ON and OFF mode is shown in Fig.
6.14. We have only measure photocurrent for three samples grown up to
80°C substrate temperature. The significant desorption of the molecules are
observed at 100°C and above and therefore, we have used substrate
temperature up to 100°C. As aresult, the density of the ribbons was very less
and photocurrent measurement was not possible to carry out for this
samples. When light is ON, photocurrent increases very fast initially and
then saturates. When light is OFF, we observed a huge persistence

1013 and it takes about 14 hours to come back to initial current

photocurrent
before light was ON. However, Fig. 6.14 shows the data only up to 2.5

hours.
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Fig. 6.14. The photocurrent growth and decay behaviors of self assembled growth
of “PMAPENI nanoribbons grown at (a) RT, (b) 60°C, (c) 80°C . The solid curve

is the fitted line. Responses are measured at 4 volt bias and 480 nm wavelength
light.

In order to understand the decay and growth of photocurrent, we have

used following growth and decay equation to fit photocurrent.

Growth: lpn(t) = 12+ Ay(1- €77) + Ay(1-6"7)

Decay: Lon(t) = Ipn(00)+ Az€" +Ae’™

Where, 11, A1, Ay, Az and A, are positive constant and 1,y() refers to

the photocurrent after infinitely long time of decay experiment, which is
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essentially is the dark current. The 14, 15, are the rise time constant and t3, 14

are the Decay time constant. Fitted parameters are summarized in table 6.1.

Deposition Rise Time(Sec) Decay Time(Sec)
Temperatur Erro Erro
e T, r T, r T Error T Error

30°C(RT) 62.87 | 023 | 594.71 | 1.31 | 47.82 0.54 | 1959.83 | 10.39
60°C 11531 | 045 | 72161 | 438 | 46.12 | 049 | 379243 | 19.65
80°C 64.77 | 025 | 1030.16 | 7.90 | 1091 | 0.14 | 11194.12 | 78.63

Table 6.1: The growth and decay time constant variation of different sample

There is essentialy a rapid process of photo generation and
recombination of electron-hole pairs and a slow process of electron capture
at the surfaces states. Therefore, we have used two rise time constants in the
fitting. When light is off, Two mechanism are involved in the whole process.
After illumination the electron-hole pairs are generated. These excited
electrons are transferred from heights occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO). As a result we get the
certain increment of current. Some of the eectrons are captured™ by trap
state™ which is nearer to LUMO and allow thermal transition from LUMO
(or vice versa) and assist an equilibrium process. As a result we get the
saturation in current. The transition mechanism is shown by the schematic
diagramin Fig. 6.15.

1 1 T _ Trap
State

L 4

HOMO

Fig. 6.15: Schematic diagram of the possible transition of electron between
HOMO, LUMO and Trap or Donor state.
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At the time of light termination the charge carrier in LUMO are
captured by the recombination center and increase the capture cross section
in HOMO state. As aresult we see initially fast decay. As the concentration
of the photo-generated holes is less than trapped electrons (equa to the
photo-excited electron), the total electron cannot captured by the holes very
fast. So the residua trapped electron cannot find the necessary hole for
recombination and slowly captured by hole.*® This is the second component
of the decay. As a result huge amount of persistent photocurrent is observed.
There are two main factors that contribute high photo persistent current of
these nanostructures have been recognized as (1) the large surface-to-volume
ratio and the presence of deep level surface trap states in the ribbon greatly
prolongs the photo carrier lifetime and (2) reduced dimensionality of the
active area in the ribbon shortens the carrier transit time. Combination of
long lifetime and short transit time of charge carrier can result in substantial

persistence photocurrent.’”

Due to large surface-to-volume ratio, the
trapping surface states drastically increase the photocurrent. It is expected to

increase the current further with the increase of the length of the ribbons.

6.4 Conclusions

In this chapter we have comprehensively studied the growth of
+PMAPEIN organic ribbons on SiO, substrates. These molecules are stacked
using n—r and CH-rt interactions. As a result, long 1D structures of ribbon
shaped are formed. The growth kinetics of formation of the ribbons is
studied by controlling the diffusion of the molecules during growth by
varying growth temperatures. We have determined the activation energy
(0.21 eV) due to the diffusion of the molecules. The mass transport to grow

the ribbons essentially contains diffusion of molecules as well as the direct
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mass transport from the wetting layer. Interestingly, the ribbons grow aong
the length keeping width constant. This could be due the poor inter
molecular interaction between molecules along the width of the ribbons. As
a result, the growth along the width saturates at a certain width. PL
measurements confirm the existence of defects states, which improve with
the substrate temperatures. Huge persistent photocurrents are observed from
the ribbons. This persistency stays up to 14 hours. Thisis due the deep level
surfaces states, which trap electrons and rel ease them slowly as the discharge
channel is aso short. Due to higher surface to volume ratio of ribbons,
density of these trap states are increases with substrates temperature as
length of the ribbons increases along. As aresult, persistent current increases
with substrate temperature. This shows potential for the applications in

optical memory devices. %
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Chapter VII

Summary and Conclusions

This thesis has pursued the understanding of growth kinetics and
mechanism of technological relevant organic semiconductors of Perylene
and Naphthalene derivatives at different dimensionality for optimum
implementation into organic devices. Essentially two molecules from
Perylene derivatives and one molecule from Naphthalene derivatives were
used.

The preparation and characterization of the organic semiconductors
forming various architectures was in the focus of this work. By means of
atomic force microscopy (AFM) and ex-situ X-ray reflectivity (XRR), the
3D structural properties of Perylene and Naphthalene derivatives thin film
growth on SIO, and Ag on Si(111)-(7x7) were revealed. The 1D nano
ribbons of “PMAPENI on SiO, substrates with various substrate temperatures
were elucidated by the use of scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). For the optical and optoelectrical
properties, absorption spectroscopy, photoluminescence spectroscopy and

photo response measurements were carried out.

TC-PTCDI-Cs and PTCDI-Ph are the two molecules used in this work

from Perylene group. " NI molecule was chosen from Naphthalene
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derivatives. Ag on Si(111)-(7x7) system was considered as a model system
where flat-top mound formation was observed as observed in the case of
TC-PTCDI-Cg molecule. We have explored growth of mounds, long terraces

and ribbons.

TC-PTCDICg films grown on SiO, substrates showed 3D flat-top
mound formation at elevated substrate temperature (T=75°C). However,
room temperature grown samples do not show any such formation but small
grain formation was observed. We have observed stationary to non
stationary growth transition followed by 2D layer to 3D mound formation.
The thickness of the layer is two molecular layer height with layer thickness
is about 18.3A. Thicker samples show mounds. The molecular layer spacing
was calculated from AFM aswell as XRR fitting. The vertical growths of the
mounds are found to be slower than lateral growth and rate was found to be

0.02. As aresult flat-top mound formation was observed.

In order to understand flat-top mound formation, we studied Ag on
Si(111)-(7x7) surface which also forms such structures. The formation of
this structure is due to the electronic growth by forming quantum well
structures within the films. However, TC-PTCDICg mound formation is due
to limited diffusion of the molecules by the step edges barrier. The kinetics
of the growth of Ag film was studied at room temperature with different
coverages. Interestingly, we have observed the rate of vertica growth is
slower than lateral growth and the rate in this case is also found to be 0.02
like TC-PTCDI-Cg mound growth. Faster vertical growth represent in both
the cases that the tendency to grow smooth film is higher. However, due to
growth kinetics the film becomes rough. Different scaling exponents are
calculated for Ag growth. We have observed three different roughness
scaling exponents indicating three different growth mechanisms maintaining

same growth and dynamic exponents. TC-PTCDI-Cg and Ag system were
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chosen for comparison as they form similar kinds of surface morphology.
However, the growth mechanism for these two systems is completely
different. In order to understand the similarity of flat to mound formation,

two different system with different growth mechanism were considered.

PTCDI-Ph forms long molecular terraces on SO, substrates at elevated
substrate temperature. However, room temperature grown samples do not
show any such formation. We have observed the growth of long terrace
formation with varying substrate temperature. From the growth kinetics
study, we have calculated activation energy for this type of the growth which
indicated the higher activation energy along the width at the terraces than
aong the length. This confirms the unidirectional growth. Structura
properties of these terraces are studied by means of XRR and AFM
measurements. Photoconductivity measurement is also carried out for the
organic flat top island or terraces. This shows the promise to use these

structuresin optical switching devices.

ADMAPEN1 molecules shows the formation of ribbons on SiO, substrates.
The detailed growth mechanism was studied through molecular packing. The
length of the ribbons increases with substrate temperature. This essentially
means a possible molecular mass transport into the ribbons. Interestingly, we
found that they do not grow width-wise with substrate temperature. Here
also we have calculated the activation energy. This ribbons show huge
persistent photocurrent. This essentially due to large deep level surface states
that capture electrons and release slowly. As a result persistency increases

with substrate temperature as length of the ribbons increase.

In this thesis, we have studied the growth kinetics of different self-
assembled structures at different dimensionality. Some open questions could

be tackled within this work but at the same time, new unsolved questions
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arose which might pave the way to interesting studies in the near future. In

the following, some of the most intriguing issues are listed.

In case of flat top mounds, TC-PTCDI-Cg as well as Ag showed similar
relationship with the rate of vertical growth vs lateral growth. Thisis indeed
an interesting observation for flat top mound formation in-spite of different
growth mechanisms. However, it would be interesting to find out the
physical reasons of such similarities. A theoretical solid on solid model can

be proposed to grow flat top mounds to get insight into this observation.

It would be of great interest to understand the detailed growth
mechanism of the long terraces of PTCDI-Ph molecules. In order to
successfully implement the structures into electronic device fabrication, it
would be very important to have the control on the growth of these terraces
with specific directionality. For a more comprehensive description of the

involved interactions, different substrates might be also employed.

+PMAPEIN molecules showed promise to be a molecule for opto-
electronic application such as organic memory devices, due to huge
persistence photocurrent. However, controlled growth of these nanoribbons
IS necessary to successfully implement the ribbons in to devices. In addition,
it would be interesting to understand molecular interactions, which lead to
form unidirectional growth with keeping width fixed. In this regards, effect

of substrate interaction on the growth could be explored.
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