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The main purpose of this thesis is to explore an opportunity to create a
conductive thin film on the substrate for organic semiconductors with nonamphiphilic molecules of indigo by Langmuir-Schaefer deposition.
The hypothesis of this study was that high surface pressure of a Langmuir film
of indigo leaded to an ordered Langmuir-Schaefer film. To do the experiment,
Indigo powders were dissolved in a chloroform solvent and stirred at room
temperature. The substrates of glass and SiO2 for deposition were silanized
to imitate a dielectric layer between a gate and a semiconducting film. After
Langmuir-Schaefer deposition, the samples were mainly characterized by ultraviolet–visible spectroscopy (UV-Vis) and atomic force microscopy (AFM).
In UV-Vis characterization, the max absorption peak of the indigo film on the
glass substrate was red-shifted to 670 nm from 600 nm of indigo solution due
to the hydrogen bond between indigo molecules. The max absorption peak of
an indigo film was red-shifted as decreasing surface pressure of Langmuir film
and/or the number of deposition cycles. The AFM characterization revealed
that the thickness of indigo thin film was around 5nm. It was also found
that aggregates of indigo covered the surfaces of the samples and calculated
root-mean-square surface roughness lay in between 2.6 to 18 nm.
In sum, this study showed that Langmuir-Schaefer deposition succeeded in
creating an indigo thin film, and low surface pressure of a Langmuir film
consisting of non-amphiphilic molecules of indigo has a positive impact to
have an ordered Langmuir-Schaefer film.
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Chapter 1

Introduction
Organic semiconductors have been expected to open new generation of electronic devices for many decades due to the advantages of the conjugated polymers such as biodegradability, sustainable and low-cost fabrication, relatively
a low or temperature of process, which are valuable properties for applications
like flexible electronic devices and biocompatible sensors in and on the human body. [1–10] Even though brilliant achievements have been observed in
inorganic electronics, inorganic semiconductors are hard to succeed in flexible
devices and sensors for living beings because of a rigid physical property and
health incompatibility.
Many researchers have been investigating indigo dye as an ingredient for
organic semiconductors recently. It is known that people have used indigo and
its derivatives as a dyeing material for 4000 years. Since the color of blue
was rare to achieve, people who were members of the royal family and the
nobility used them to show their power and status. [11] Indigo became popular
owing to the discovery of synthetic production of indigo by the effort of a
German company and chemists in the late 19th century. Indigo is one of the
most consumed dyeing materials in the world, most of them seen from blue
jeans. [11–16]
An enormous low solubility of indigo was the main limitation to researchers
not to study it as a material having functional groups for other purposes. [17]
However, recent studies of indigo and its derivatives revealed some important
facts, and this attracted much attention from scientists. First, it is known
that indigo has additional intermolecular hydrogen bonding compared to other
normal organic materials having intermolecular interaction with van der Waals
force and pi-pi interaction. Second, thin films of indigo and tyrian purple used
in organic field-effect transistors showed an enormous high order of plane in
growth direction without amorphous domains. [11, 18–20]
The recent results of charge mobilities of the organic semiconductors made
of indigo and its derivatives are shown in Figure 1.1. These results of recent
research can be grouped into two categories in terms of the method of deposition
of indigo and its derivatives. One is Langmuir method using indigo and/or its
derivatives having hydrocarbon chains. The other is spin coating or vacuum
evaporation deposition which is not the Langmuir method. Therefore, it is
unsure that Langmuir method can offer an opportunity to deposit pure indigo
without hydrocarbon chains to form an ordered thin film or not.
The purpose of this thesis is to explore a possibility to use non-amphiphilic
indigo dye, which does not have hydrocarbon chains, for the creation of ordered indigo thin films on the substrates by Langmuir-Schaefer method. This
1

Figure 1.1. Recent results of charge the mobilities of organic field-effect transistors using indigo and its derivatives for the semiconducting layers. [10, 19, 21–
24] Red dotted line drawn at 1 cm2 V−1 s−1 is the charge mobility of amorphous
silicon as the reference line for comparing the performance of organic semiconductor. The displayed results are the best from their electron or hole mobility
were selected. Dharmapurikar et al. and Sara Bonacchi et al. deposited the
semiconducting layers using spin coating deposition and Langmuir–Schaefer
deposition, respectively. Rest of research group applied vacuum evaporation
deposition.
research method has not tried by other research groups so that this research
will contribute to broadening the horizon of indigo research for organic semiconductor. The research data in this study is collected from four sources :
optical microscope, the balance of Langmuir trough, UV-Vis spectroscope, and
atomic force microscope.
The paper has been organized in the following way. Chapter 2, the background and literature review part, will cover the basic information and principles about indigo, organic field effect transistors, Langmuir method, and UVVis and AFM characterizations as well as recent studies. Chapter 3, the experimental part, will describe actual experiment details such as the creation of
indigo solution, the pre-treatment of substrates, and the procedures of Langmuir deposition. Chapter 4, the results and discussion part, will report the
main findings and analysis of Langmuir isotherms, optical microscopy, UV-Vis,
and AFM characterization. Chapter 5, the conclusion part, will summarize the
entire thesis.
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Chapter 2

Background and literature review
2.1

Unique structure of indigo molecule

Indigo is known as an extremely insoluble material in both polar and non-polar
solvent due to its unique structure. As shown in Figure 2.1, the carbonyl group
in the molecule forms a hydrogen bonding with an adjacent hydrogen atom
from its amine group. [14] The structure of indigo is fairly symmetric so that
dipole moments are offset by each other.

Figure 2.1. The structure of an indigo molecule. The molecule has aromatic
hydrocarbons on each side and two carbonyl and amine groups are placed in
the middle, symmetrically. The hydrogen bond between amine and carbonyl
groups displayed the dotted line is the reason of strong stability. This figure
was referred from the webpage "https://pubchem.ncbi.nlm.nih.gov".

2.2
2.2.1

Organic field-effect transistors (OFETs)
Structure of OFET

The general structure of an OFET is shown in Figure 2.2. Basically, OFETs
inherited its structure from a thin-film silicon transistor consisting of three
electrodes that includes a source, a drain and gate electrodes, and an insulating
3

layer in between the gate and a semiconducting layer that separates them.
In OFETs, the semiconducting layer is composed of a thin film of organic
molecules, which connects two drain and source electrodes. [25–28]

Figure 2.2. Schematic image of an OFET.

2.2.2

Working principle of OFET

The general working principle of OFETs have been explained in review papers. [25, 29] An OFET behaves as a capacitor, and its function is focused
on using as a signal amplifier or an on/off switch. When the gate applied an
electric field, it changes the conductivity of the semiconducting layer so that
flow of electric current from the source to the drain can be controlled. The
phenomenon caused by the applied electric field is called the field effect. This
plays a role analogous to a water tap controlling the amount of water the flows
out. [26–28]
Factors affecting OFETs performance are comprehensively explained by
Wang et al. [25] In their paper, the factors are categorized into two groups;
one factor originated from semiconducting pi-conjugated systems and the other
from device physics.
In the pi-conjugated system, the efficient charge transport is proportional
to the electron mobility of a semiconductor. As a result, it is relevant to take
into account two parameters that are strongly related to the mobility; the
transfer integral and the reorganization energy. The transfer integral indicates
the energy difference between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), and the gap is strongly
linked to the degree of the pi-bonds with nearby molecules. The reorganization
energy is the energy loss of a charge carrier happening during the movement
through a molecule.
4

The paper further noted that the arrangement of the organic molecules
significantly affects the transfer integral and the reorganization energy. [25]
Four different ways of packing were given in Figure 2.3. The top left image
(a) shows face to edge packing without pi-pi overlap. The top right image (b)
shows face to face packing. The bottom left image (c) presents one-dimensional
lamellar pi-stacking. The bottom right image (d) is called lamellar packing that
has a two-dimensional pi-stacking. According to the general effect of the two
parameters, the last one is thought to be the most efficient one due to the
shortest route for the charge carriers and the maximization of the transfer
integrals.

Figure 2.3. Four different arrangements of the organic molecules (a) Face to
edge packing with no pi-pi overlap (b) Face to edge with pi-pi overlap (c) Lamellar 1-dimension pi-stacking (d) Lamellar, 2- dimensions pi-stacking. These images were originated from two different articles [30, 31]

In device physics, selecting suitable materials for an insulating layer is crucial for several reasons. A greater dielectric constant of insulating layer offers
a more integrated circuit, less driving voltage, and less the dimension of the
device. [25] The physical and chemical properties of the insulating layer directly
affect the structure and the morphology of the semiconducting layer.
The packing direction of the molecules in the semiconducting film affects the
efficiency of charge transportation between the source and the drain electrodes.
In Figure 2.4, image (a) displays that the conjugation and the pi-pi stacking
directions are faster than the interchain direction. Hence, If the pi-staking
direction as shown in Figure 2.4 (b) is aligned with the direction of the current,
the packing is much more effective for charge transportation than the interchain
direction as shown in Figure 2.4 (c)
With respect to checking the performance of an OFET, three values such as
5

Figure 2.4. (A) Two faster charge transport directions: the conjugation and
the pi-pi stacking directions, slower charge transport direction : interchain
direction (B) Face-on and (C) edge-on orientation of the polymer molecules
on the substrates. The face-on orientation is slow due to the alkyl stacking
direction aligned with the current flow direction. These images were referred
from an article [32]

the carrier mobility (µ), the on/off current ratio, and the threshold voltage (Vth )
are considered in most cases. The carrier mobility exceeding over 1 cm2 V−1 s−1
is thought of as the benchmark for organic semiconductors, which is similar
to amorphous Si. The on/off current ratio between the maximum on-state to
the minimum off-state represents a leakage current, which means that higher
on/off current ratio leads to less current leakage. The threshold voltage is the
minimum gate voltage to create a minimum conductive path from the source
to the drain. [25, 33]

2.2.3

Advantages of OFETs and their applications

Organic semiconductors have several advantages compared to inorganic semiconductors. They can be fabricated in a sustainable process without using
toxic chemicals such as hydrofluoric acid (HF), Hydrogen Peroxide (H2 O2 ) so
that the amount of waste of electronics can be reduced. Some of OFETs made
of biodegradable components could be used safely in the human body, which
opens up new possibilities for new medical applications. The general process
of the fabrication of OFETs works in room temperature or relatively low temperature compared to that of a traditional semiconductor manufacturing, so
potentially leading to process cost saving. [11] A lot of research group have
investigated and mentioned the possible applications of OFETs such as RF-ID
tags for smart packaging, flexible led display and solar cells for foldable mobile
phones and electric cars, and fabricated on the textile for smart clothing. [34–
38]
6

2.2.4

Recent studies of OFETs using indigo and indigo
derivatives

Dharmapurikar et al. reported in 2017 that they had fabricated OFET devices with isoindigo co-polymers thin film by spin coating method on the SiO2
that was the gate insulating layer thermally grown on the Si water substrate.
Among the devices they created, poly(reg-iInd-DT) showed the highest charge
carrier mobility 1.0x10−2 cm2 V−1 s−1 . However, the rest of devices using other
polymers showed less carrier mobility. [10]
Irimia-Vladu et al. created a few OFETs consisting of an indigo derivative semiconducting film deposited on shellac resin substrates by means of the
evaporation method in 2011. They mentioned for the first time the possibility of indigo as a semiconducting film for ambipolar OFETs. They reported
their results that the measured mobilities of the electron and hole are around
1.0x10 −2 cm2 V−1 s−1 and 5.0x10−3 to 1.0x10−2 cm2 V−1 s−1 , respectively. The
hole mobility is smaller than that of amorphous silicon (µ p ' 1 cm2 V−1 s−1 ).
The threshold voltage ranged from –1.5 to –3 V for holes and 4.5 to 7 V for
electrons. [19]
Pitayatanakul et al. deposited indigo derivatives by vacuum evaporation
to produce OFETs in 2015. It consisted of the top insulation layer of polychloroparaxylylene (Parylene C), poly(3,4-ethylenedioxythiophene): poly(stylenesulfonate) (PEDOT:PSS) below the Parylene C as a gate electrode on
top of a polyethylenenaphtalate (PEN) substrate. In this paper, they paid
attention to halogen and phenyl substituted indigo derivatives to enhance ambipolar properties. The highest recording of mobilities of the hole and electron
of both the diiodo-indigo and the diphenyl-indigo were 0.42/0.85 and 0.56/0.95
cm2 V−1 s−1 , respectively. They concluded that the reason for the improvement
is that the phenyl substituents brought a hybrid structure of face-to-edge packing and lamellar packing. [21]
Three different research groups investigated different indigo derivatives with
a various deposition methods. Measured hole mobilities of indigo derivatives
laid in between 0.3 and 1.5 cm2 V−1 s−1 . In order to increase an electron mobility,
deposition of a multilayer or enhancement of close pi-stacking was utilized.
[22–24]

7

2.3
2.3.1

Self-assembled monolayers (SAMs)
Structure of self-assembled monolayers and its principle

A self-assembled monolayer (SAM) is the functional group of organic molecules
that have arranged on the surface by a chemisorption. The molecule of SAM
consists of three parts such as a head group, a backbone chain, and a terminal
group. Figure 2.5 shows the schematic illustration of SAM on the substrate.
The phenomenon of self-assembly happens spontaneously due to the fact
that the head groups of the adsorbate molecules have a specific affinity for a
substrate. So they decrease the surface free-energy of the substrate by replacing
pre-adsorbed organic materials on the surface. The backbone chain linked both
the head and the terminal groups is stabilized by means of electrostatic forces
with other backbone chains to reduce their own energy so that it affects the
orientation and packing density of the molecules. It is known that the direction
of backbone chains are affected by the relationship between the substrate and
the head group as well as the interactions of backbone chains. The terminal
group facing the outer surface is responsible for surface energy and topography
of the monolayer. [29, 39–42]
Self-assembled monolayers (SAMs) have been investigated by research groups
because SAMs offer a simple way to modify the properties of a surface precisely
for different applications. [42] From a making OFETs perspective, SAMs provide a dielectric thin film to isolate the channel of an OFFT from the gate
electrode. The morphology and structural order of the channel is affected by
the surface property of the dielectric film. A few research groups showed that
it is also possible to insert a SAM between the drain and source to control
the Mott–Schottky barrier, which is the potential energy barrier between the
work function of the electrodes and the HOMO or LUMO level of the organic
semiconductor for enhancing a charge injection. [43–46] From a biocompatible
purpose perspective, SAMs are especially beneficial due to the fact that the
monolayer is able to be disassembled by the metabolism of the body. [47]
It is known that the thickness of a SAM is in the scale of a few nanometers.
It is possible to increase the height of SAMs between in the range of between
10 and 100 nm by patterning techniques like scanning probe and microcontact
printing. [42]
Trichloro(octadecyl)silane(OTS) is one of materials that is broadly used as
a source molecule for a SAM due to offering stable layer and being replicated to
have certain surface properties. [48–51] It has been reported that the molecules
of OTS form a SAM that is stable and semicrystalline structure because OTS
molecules bond with a hydroxy group strongly, and their partial cross-linking
between nearby molecules results in Si-O-Si network of the head groups. [29, 39]
It has been shown that the backbone chains are tilted, and its density and order
can be controlled by preparation temperature. [52, 53]
8

Figure 2.5. A schematic image of OTS molecules on SiO2 . When the polar head
group (SiCl3 –) of OTS molecules meet hydroxyl functional group (OH) on silicon dioxide, oxygen atoms of OH become hydrochloric acid with chlorine atoms
of the polar head groups. The silicons of the polar head group anchor to the
SiO2 surface. This figure was taken from the handbook of nanotechnology. [39]

2.4
2.4.1

Langmuir trough
Theory of Langmuir deposition

Numerous research groups used various techniques to create and investigate
thin films on the substrates. Among them, Langmuir-Schaefer (LS) is the
one of techniques to deposit an organic film that consists of a monolayer of
molecules from the liquid-air interface onto a solid substrate. [54]
The LS-technique has several appealing features for coating one-layer film.
First, the film thickness on a substrate can be controlled precisely. Second,
deposition of a multilayer with different composition is possible. Third, transferring a homogeneous film on the solid substrate is possible. [55, 56]
The Langmuir trough is the instrument used to fabricate Langmuir-Blodgett
9

or Langmuir-Schaefer film. The instrument is composed of several components.
The Schematic illustration is shown by Figure 2.6

Figure 2.6. A schematic image of components of Langmuir trough. There are
two barriers, a trough, and a balance with a Wilhelmy plate. The cleaned
trough is filled with a subphase, which can be pure water or any kinds of
suitable subphase. When organic molecules are transferred on the subpahse,
the balance with a Wilhelmy plate placed over the trough measure the change of
surface pressure during the experiment. The movement of barriers between the
edge and the center of the trough controls the area covered with the molecules
on the subphase. This figure was referred from KSVmini Manual.

2.4.1.1

Surface pressure measuring system

The system is composed of a Langmuir balance and a Wilhelmy plate. The
balance with the Wilhelmy plate collects and sends the surface pressure data to
software for controlling the surface pressure during the experiment. The Wilhelmy plate made of thin platinum or filter paper can be used. The immersed
Whilhelmy plate and its physical dimension is displayed in Figure 2.7.
The surface pressure is calculated by the difference between γ, the surface
tension with Langmuir film and the surface tension without Langmuir film γ0
like Equation 2.1 below.
Π = γ − γ0

(2.1)

The net force acting on the plate is the sum of the downward forces that
are the gravity and surface tension and the upward force buoyancy due to the
submerged part. It is given by Equation 2.2.
F = ρp glp wp tp + 2γ(tp wp )(cosθ) − ρl ghl
10

(2.2)

Figure 2.7. A schematic image of a Wilhelmy plate partially immersed in a
subphase. The net force on the Wilhelmy plate is the sum of the gravity, the
surface tension, and buoyancy. The amount of each force can be calculated
using the data of the physical dimension of the plate. This figure was referred
from KSVmini Manual.

Where F is the net downward force of the plate, lp , wp and tp are length,
width and thickness of a plate, and ρp and ρl are density of the plate and liquid,
g is gravitational constant, hl is the submerged length, γ is the liquid surface
tension, θ is the contact angle of liquid on the plate.
When two barriers move to the center of the trough, the density of molecules
of the monolayer becomes dense. Condensed monolayer decreases the surface
tension of subphase, and this is measured by the balance recording the change of
the force F on the wilhelmy plate. The surface pressure is obtained continuously
from calculating the difference between the force F without a monolayer and
with a monolayer. It is shown by Equation 2.3.
Π = −∆γ = −[∆F/2(tp + wp )] = −∆F/2wp , if wp >> tp
2.4.1.2

(2.3)

Film area control system

The area covered by a monolayer is controlled by two moving surface barriers.
The barriers are made of hydrophilic Delrin, which prevent the monolayer on
the area between the barriers from transferring to the area between the side
edges of the trough and the barriers below the barriers. Their operation is
controlled by parameters such as the zero position of barrier and barrier speed
that were defined by the user in the KSV software. The mean molecular area
is measured during the compression.
2.4.1.3

Trough

The trough is usually coated with Teflon to block unintended outflow of the
subphase over the edges. Both the trough with or without a dipping well
11

can be used depending on the main purpose of experiment. A base plate
connected to a thermostat is mounted on the bottom of the trough to control
the temperature of the subphase. The thermometer can be inserted into the
hole of the thermometer holder attached to the middle of the front edge of the
trough.
2.4.1.4

Deposition system

The dipper is controlled by the software for unsupervised and automatic film
deposition. By the help of the KSV software, a user is able to control deposition parameters such as the zero position of the substrate, deposition speed,
deposition cycles, and dwell times. Two different sample holders for vertical
and horizontal depositions are given by the manufacturer.
2.4.1.5

Surface pressure-area isotherms

Most of Langmuir films are created by spreading amphiphilic molecules on the
surface of subphase, which have hydrophilic head groups and hydrophobic tail
groups. During the compression of the barriers, the change of surface pressure
is continuously measured as a function of the area occupied by molecules, while
the temperature of the subphase is controlled constantly. The plot called a surface pressure-area isotherm is relevant to study because the different types of
molecules draw its own unique surface pressure-area isotherm due to the properties of amphiphilic molecules and subphase. Figure 2.8 shows a schematic
plot of surface pressure-area isotherm on the left-hand side and phases of Langmuir film on the right-hand side. [41]
When the amphiphilic molecules are placed on the water, the monolayer
acts like a gas phase (G) first. After compression of barriers, the phase changes
to the liquid-expanded phase (LE) or the liquid condensed phase (LC). The
backbone chains of molecules in the liquid condensed phase are much organized
than gas phase because of their ordered formation stabilized by van der Waals
interactions. The last phase is the solid phase (S) and this is composed of
highly packed molecules of a monolayer. After obtaining the solid phase, the
extra compression leads to the collapse of formation of the monolayer that is
observed a sharp decrease of surface pressure. [41]
2.4.1.6

Langmuir deposition methods

Langmuir deposition is divided into two categories such as Langmuir-Blodgett
(LB) and Langmuir-Schaefer (LS) by setting a solid substrate. They are described in Figure 2.9.
LB technique submerges the substrate perpendicular to the surface of a
subphase. The film created by LB method is called LB film. In contrast to
LB technique, LS technique dips the substrate horizontal to the surface of the
subphase. Both techniques can fabricate multiple thin films on the substrate
by repeating their process.
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(a) A surface pressure-Area isotherm

(b) Different phases of Langmuir film

Figure 2.8. Schematic images of surface pressure-area isotherm and Langmuir
film. (a) Isotherm of a Langmuir film made of amphiphilic molecules consists
of several phases from gas, liquid, solid, and their intermediate phase. G,
LE, LC, and S mean 2-D gas, liquid-expanded, Liquid-condensed, solid phase,
respectively (b) The arrangement of a Langmuir film increases as the barriers
move close to the center of trough until the Langmuir film collapse. Each
of phase from gas to solid on the left-hand side corresponds to each of the
schematic illustration from the top to the bottom on the right-hand side. This
figure was referred from the book ’Understanding nanomaterials’. [41]

Figure 2.9. Schematic images of Langmuir-Blodgett (LB) and LangmuirSchaefer (LS) methods. (a) A substrate erected perpendicular to the surface
of the subphase is used in LB deposition. (b) A substrate lying horizontally to
the surface of the subphase is used in LS deposition. This figure was referred
from the webpage ’https://www.biolinscientific.com/measurements/langmuirand-langmuir-blodgett’.
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2.4.2

Recent studies of Langmuir deposition

2.4.2.1

Temperature of subphase

There are factors affecting the result of surface pressure isotherm in the Langmuir trough experiment. The temperature of subphase is one of the factors
affecting the phase of Langmuir film. The thermal energy of the amphiphilic
molecules of the Langmuir film is directly controlled by the temperature of subphase. So it is natural to think more thermal motions of the molecules leads
to less condensed film, which gives rise to the increase of the surface pressure.
The length of hydrocarbon chain of the molecules has a similar effect as well
because van der Waals force acting between the molecules is affected by the
length of the chain length so that the decreased length leads to a less condensed
structure of the film. [56]
Dhanabalan et al. investigated the Langmuir film and Langmuir-Blodgett
films of the methacrylate derivative of Disperse Red-13 molecules. [57] In the
paper, they reported the opposite observation about the effect of subphase
temperature to the isotherm compared to the normal effect of temperature.
They stated that at 25 mN/m, increasing temperature from 8 to 33 ◦ C leaded
to a decrease of surface pressure from around 18 to 4 mN/m. In addition,
the same amount of temperature change resulted in less mean molecular area
from around 18 to 12.6 Å2 in the solid region at 25 mN/m. They explained
the reason for the opposite phenomenon of the change of rigidity/flexibility
of the polymer chains that polymer chains may become more flexible with
increased temperature so that it could attain a condensed phase in a smaller
mean molecular area. [57]
2.4.2.2

Compression rate

Another relevant parameter of isotherm is barrier speed that can be the same
as compression rate of Langmuir film. The research group mentioned in the
previous section had shown the influence of compression rate on isotherm at
constant pH and temperature of subphase in Figure 2.10 (a). [57] They found
that collapse of monolayer took place at around 64 mN/m when the barriers
moved with a high speed at 100 mm/min. The collapse pressure dropped to
about 37 mN/m when the barrier moved with a low speed at 0.5 mm/min
The authors explained that this result was based on the rigidity of their
molecules that the more speed of barrier applied, the less time allowed for the
molecules to become arranged in equilibrium. They also added that the effect
of compression rate will be different to that of simple amphiphilic molecules.
[57] The same effect of compression rate observed by Rubinger et al. [58] They
achieved surface pressure-area isotherms of PAN film at 22.8 ◦ C with three different compression rates. With their results, they explained with the same idea
mentioned previously that slower speed of the barriers led to more possibilities
for better molecular arrangement for macro molecules as well as lower collapse
pressure.
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Figure 2.10. (a) Surface pressure–mean molecular area isotherms of HPDR13.
The change of speed of barrier in the normal range between 3 and 30 mm/min
has an insignificant impact to the surface pressure of the collapse of the Langmuir film of HPDR13. The extreme cases of the speed of barrier at 0.5 or 100
mm/min decrease or increases the collapse pressure. This figure was referred
from an article by Dhanabalan et al. [57] (b) Surface pressure–mean molecular
area isotherms of Langmuir PAN film at 22◦ C. Repetitive compression cycles
draw different isotherms due to the strong interaction between molecules on the
Langmuir film. This figure has been was referred from an article by Rubinger
et al.. [58]
2.4.2.3

Type of the molecules

The type of the molecules influences the result of the isotherm. Rubinger et al.
also commented that it could have a single Langmuir film or Langmuir-Blodgett
film consisting of aggregated molecules for some materials. For example, a
molecule that has a hydrogen bond can have aggregated form with adjacent
molecules. [59, 60] The effect of the type of the molecules can be shown on
the isotherms with a few cycles of compression-decompression of the barrier in
Figure 2.10 (b). Molecules that have complex shapes are not able to display
reversibility due to the aggregation caused by strong intermolecular interactions
between the molecules during the compression. A certain amount of energy is
needed to break the aggregations into each molecule.
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2.5
2.5.1

UV-Vis spectrometry
Relationship between color and pi conjugation

It is known that the color of a certain material is determined by its own location
of absorption wavelength. When a beam of white light, a mixture of red,
green, and blue lights, is reflected from a material, the material absorbs a
certain range of wavelength so that the observer can see the complementary
color. For example, people recognize the color of beta carotene is orange due
to its absorption range starting from 400 to 500 nm, which is green and blue
color range. It has been reported that the absorption range of indigo lies
on 540 nm (red color area) in gas phase and 588 nm (violet color area) in
tetracholromethane, 606 nm in a polar solvent. [61, 62]
Several theoretical and experimental studies revealed the relationship between the absorption of the wavelength and the degree of pi-conjugated system. [63–65] These studies stated that bathochromic shift or red shift is driven
by increasing the size of pi-conjugated system. They explained further that
increasing degrees of pi conjugation leads to the decreasing of the energy gap
between highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) so that electrons in organic molecules with enough
pi-conjugation can be excited easily by a longer wavelength.
It is found that the degree of bathochromic shift is stronger when indigo is
in a solid film state than in solution. The reason for this is explained by the
fact that indigo molecules in the film aggregate with its neighbor molecules by
hydrogen bond, and lower the energy level of LUMO resulting in the decrease
of the gap between HOMO and LUMO. [66, 67] The maximum absorbance of
indigo in different states was reported by several reports that crystalline and
amorphous indigo showed max absorbance at 680 nm, 640 nm, respectively. [68]
The maximum absorbance of highly-crystalline indigo film was measured at
around 700 nm. [69]

2.5.2

Recent studies of indigo by UV-Vis spectrometry

It was reported by the review paper that the absorbance peak of indigo solution
took place at around 600 nm. [70, 71] Irimia-Vladu et al. reported the UV-Vis
result of indigo film created by evaporation in 2011 that the absorption band of
indigo thin films, laid in 450-730 nm, was red-shifted by around 100 nm from
the absorption band of indigo in solution. [19] According to other articles about
indigo, the absorption shift from 50 to 120 nm was observed bathochromically
when the state of indigo and tyrian purple changes from a solution to a solid
film. [11, 70]
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2.6

Atomic force microscopy

The characterization of atomic force microscopy (AFM) is able to achieve the
topography of films deposited on the substrates. AFM allows users to attain
relevant information like general topography, surface roughness, size of an aggregate, and surface coverage. Two different types of articles containing AFM
results were reviewed. One type is about indigo used for semiconducting film,
and the other type is about organic film deposited by Langmuir deposition.

2.6.1

Indigo derivatives deposited for semiconducting
film

Dharmapurikar et al., the same report referred in Section 2.2.4, characterized
thin film by AFM. [10] From the images of AFM in Figure 2.11 (a), they
explained that the reason for the good charge transport of poly(reg- iInd-DT)
film was due to the well linked structure of nano fibers. The other films showed
less connected topography or topography with some pinholes.
A study conducted by Irimia-Vladu et al., previously covered in Section
2.2.4, showed the AFM result in Figure 2.11 (b) that the size of the grains of
both indigo derivatives lay in between 250 and 300 nm. [19]
Głowacki et al. explained the relationship between charge mobility and
grain size in the paper published in 2013. [72] From the AFM characterization
in Figure 2.11 (c), it was observed that the grain size of quinacridone films is in
the range of 100 to 200 nm, which is much smaller than that of epindolidione
films lying in the range of 400 to 1000 nm. Since the smaller size of quinacridone
grain leaded to the increase in the number of grain boundaries so the charge
mobility of quinacridone films might be less effective than that of epindolidione
films.
Pitayatanakul et al. reported the result of AFM in the same report mentioned in Section 2.2.4. [21] that the indigo derivative film on a passive tetratetracontane (TTC, C44 H90 ) layer showed highly crystalline domains like in Figure 2.11 (d). They added that TTC passive layer enhanced the crystal structure of the film.
Bonacchi et al. discussed about the AFM images of isoindigo- based conjugated polymer (IIDDT-C3) displayed in Figure 2.11 (e) that the nanofibrils of
isoindigo-based polymer laid in vertically to the direction of barrier movement
of Langmuir trough. [22] The measured width and length of the nanofibrils
were 30 nm and 1 µm, respectively.

2.6.2

Organic films deposited by Langmuir deposition.

In 2003, Bertoncello et al. produced poly[3-30(vinylcarbazole)] (PVK) films
deposited on several types of substrates by Langmuir-Schaefer (LS) deposition
to investigate the photoelectrochemical properties of LS film. [73] They investi17

Figure 2.11. AFM images of thin films (a) Thin film of poly(reg-iInd-DT)
molecules that well connected nano fibers leads to the charge mobility at 1x10−2
cm2 /Vs. [10] (b) Thin film of indigo molecules consisting of grains in the island
formation shows the mobility at 1x10−2 cm2 /Vs. [19] (c) Epindolidione on the
left-hand side and quinacridone on the right-hand side. The smaller number
of grain boundaries of epindolidione film due to the larger grain size than
quinacridone results in better charge mobility at 1.5 cm2 /Vs. [72] (d) Thin film
of 5,50-diphenylindigo displayed 0.85 cm2 /Vs. [21] (e) The thin film of IIDDTC3 polymer. The enhanced packing and low defect of film leads to a good
charge mobility at 1 cm2 /Vs. [22]
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gated the morphology of five layers of a PVK LS film with and without iodine
doping on the silicon substrates shown in Figure 2.12 (a) and (b). It was found
that the both doped and undoped PVK LS films covered the entire surface.
With 0.7 µm x 0.7 µm images, the average diameters of grain of doped and
undoped samples were found as about 40 nm, 50 to 100 nm, respectively. The
thickness of films was measured to be about 28 nm, 5.6 nm per layer, using a
scratch part made for this purpose.
In 2006, Rubinger et al. created Langmuir–Blodgett and Langmuir–Schaefer
films with poly (5-amino-1-naphthol) (PAN) on hydrophilic silicon substrates. [58]
In Figure 2.12 (c), the surface was partially covered by PAN film, and its coverage was 40 %. The surface roughness was 2.5 nm. Disordered agglomerates
were found, and their height were about 5 nm. In contrast, LS-Pan film created
by semi-dry process in Figure 2.12 (d) that no contact of the subphase showed
the high quality of homogeneous and smooth film. The film covered the surface
of sample completely and its roughness was 1 nm. The thickness of the film
was measured to be 5 nm. They accounted for the difference between predicted
values and observed values by means of LB and LS monolayers composed of
aggregated molecules based on hydrogen bonding between neighbors. With
respect to low coverage of LB film, they further explained about low coverage
of LB film that it is common for non-amphiphilic molecules for LB films. This
phenomenon happens due to aggregated molecules created from the rearrangement of molecules during the deposition if the molecules have a low molecular
weight. If the molecules have a high molecular weight, desorption due to the
complex forces happens on the rigid molecules during the deposition.
In 2013, Sizov et al. doped the monolayer of oligothiophene molecules on
n-type Si substrates by Langmuir-Blodgett (LB) method. [74] From Figure
2.12 (e), they found that the surface coverage was higher than 90 %, and the
thickness of the layer was about 3.5 nm, which is almost similar to the length
of the quinquethiophene- based molecule. They accounted for lighter areas in
AFM image as a bilayer domain due to dimerization of the quinquethiophenebased molecules.
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Figure 2.12. AFM images of thin films of other organic molecules by Langmuir
method (a) Five layers PVK LS films without I2 doped. [73] (b) Five layers PVK
LS films with I2 doped. [73] (c) Langmuir-Blodgett-PAN film. (d) LangmuirSchaefer-PAN film. [58] (e) Oligothiophene-based film. [74]
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Chapter 3

Experimental part
3.1

Chemicals and materials

All the chemicals used in the experiment were obtained from Sigma-Aldrich/Merck.
• Indigo dye, C16 H10 N2 O2 , CAS Number 482-89-3
• Trichloro(octadecyl)silane, CH3 (CH2 )17 SiCl3 , CAS Number 112-04-9
• Bicylohexyl (BCH), C6 H11 C6 H11 , CAS Number 92-51-3
• Carbon tetrachloride, CCl4 , CAS Number: 56-23-5
• Chloroform, CHCl3 , CAS Number: 67-66-3
• Milli-Q, 18.2 MΩcm at 25 ◦ C
• Glass substrates
• SiO2 substrates
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3.2
3.2.1

Preparation of indigo solution
Dissolving indigo in chloroform

According to the article, the maximum concentration of indigo dye in chloroform solvent is about 100 µM. [71] The mass of indigo for maximum concentration of 100 mL is calculated below.
• Maximum concentration of indigo dye : 100 µM = 100 × 10−6 mol/L
• Molar mass of indigo : 252.27 g/mol
• The mass of indigo for maximum concentration of 100 mL (g/mL): 100
× 10−6 mol/L × 252.27 g/mol × 10−3 × 102 = 0.0025227 g ≈ 0.0025 g
The indigo solution for deposition was prepared by following three procedures below. First, the amount of indigo dye was measured on a balance that
has four significant figures after the decimal point. A clean empty beaker was
placed on the balance, and then the balance was zeroed. Indigo powder was
carefully transferred into the beaker to get as close as possible the amount of
2.5 mg.
Second, about 15 mL of pure chloroform was transferred to the beaker containing 2.5 mg of indigo dye. The beaker was tilted and rotated carefully a
couple of times so that the chloroform solvent could touch the lateral side of
the beaker in order to avoid undissolved indigo powder remaining in it. The
solution in the beaker was poured into a 50 ml volumetric flask. These procedures were repeated three times to transfer all the indigo powder clearly from
the beaker into the volumetric flask. Some amounts of chloroform were poured
into the flask to fill the exact amount of 50 mL. The flask was capped and
rotated for three minutes by hand to dissolve the indigo powder. Following
this, the 50 mL of indigo solution was transferred slowly into a 100 mL borosilicate glass bottle. Pure chloroform was poured into the sample flask to dissolve
indigo powder that had not been previously transferred. When the solution
filled 50 mL in the same flask, it was poured into the same borosilicate glass
bottle to fit 100 mL.
Third, the solution in the bottle was stirred by a magnetic stirrer for about
two days at room temperature until the undissolved particles disappeared in
the solution. The bottle was capped and stored in a fume hood at room temperature.
Two solutions with different concentrations were made, 0.022 mg/mL and
0.026 mg/mL of solutions, respectively. The first one was used for indigo
deposition. The second one was used so as to be measured by UV-Vis as a
reference of the maximum concentration.
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3.3
3.3.1

Pretreatment of substrates
Creation of SAM layers on the substrates

A SAM layer was created for two purposes. One was to produce an insulating
layer to simulate a general OFET structure. The other was that a SAM layer
allow to enhance both the adhesion and crystalline structure of an organic film
on the SAM layer. Sample substrates were cleaned before starting silanization.
First, samples were put into a beaker filled with ethanol as an initial cleaning
solvent. The beaker was placed and cleaned by an ultrasonic bath for ten
minutes. After that, only the ethanol in the beaker was removed, and the beaker
was filled with Milli-Q water as a second cleaning solvent and the samples were
cleaned in the ultrasonic bath for another ten minutes. During the cleaning, a
pair of tweezers also was cleaned in a different beaker by an ultrasonic bath.
After the ultrasonic cleaning, the remaining water on the substrates were dried
by nitrogen gas blower carefully. Dried substrates were placed in an UV-Ozone
cleaner for ten minutes. When the process finished, the samples were moved
to a Petri dish, while their ozone cleaned sides were kept in upside.
The general procedure of Lessel et al. was followed for pre-cleaning of a
substrate, preparation of silane solution and coating of a silane film. [75] 5 ml
of bicylohexyl (BCH) was transferred to a cleaned glass Petri dish. 0.24 µL of
carbon tetrachloride CCl4 and 0.214 µL of octadecyl-trichlorosilane were added
to the solution in the dish. The dish was slowly rotated to mix the solution
by hand for about one minute. Two or three of glass or SiO2 substrates were
gently put in the bottom of the dish using cleaned tweezers. The cleaned sides
by UV-Ozonizer were faced the top during the whole process. The dish could
be rotated additionally in case that any top sides of the substrates were not
submerged. After 15 minutes of silanization, the substrates were taken out of
the dish and cleaned thoroughly with chloroform from a Pasteur pipette to get
rid of unattached silane molecules. The substrates were dried out completely
with a nitrogen gas blower. The substrates were placed on the bottom of the
dish again, and the rest of coating procedures were repeated one or two times.
The silane solution was removed when the cross linking of silane molecules
which looked like white flakes in the solution. a new silane solution was created
and used for silanization. After that, the contact angle of each substrate was
checked by a KSV contact angle meter.
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3.4
3.4.1

Deposition of indigo
Deposition of indigo by Langmuir-Schaefer method

1. Cleaning and setting the trough and barriers (15 minutes)
The surface of the Langmuir trough and two barriers were cleaned with
pure ethanol and then rinsed with Milli-Q water having resistivity 18.2
MΩcm at 25 ◦ C to get rid of any residues and contaminants. During the
cleaning, nitrile gloves had to be worn continually to prevent the trough
and barriers from contamination by bare hands. The cleaned trough
was placed on the base plate in the exact position guided by small side
notches on the edge of the base plate. The barriers were inserted in the
barrier holders when the holders were placed at the end of the trough.
The positions of the balance and the dipper were adjusted in the middle
of the trough.
2. Preparing the paper plate (30 minutes)
During the every experiment, Wilhelmy plates made of paper were used.
The paper plate was placed in the Milli-Q water for at least 30 minutes
before use in order to remove residues and contaminants.
3. Cleaning the surface of the subphase (15 minutes)
260 mL of Milli-Q water was poured in the cleaned trough carefully not
to splash the water out of the trough. The barriers were moved to the
middle of the trough until the barrier positions reached at a position of
130 mm on the monitor. The entire procedures for cleaning contained
at least three rounds. Each round consisted of extracting of 0.5 mL of
water at each designated point described in Figure 3.1. It was conducted
by a systematic method not only to get rid of potential residues but also
to adjust the height of the water level to the edge of the trough. Eight
times of extracting water were performed at eight points lying on the
imaginary cross sections of three vertical and horizontal lines as described
in Figure 3.1, especially two times were conducted at the point of center
colored in red. When the round was finished, the barriers moved back to
the edge and the second round begins.
4. Hanging the plate, final cleaning and setting of the software (15
minutes)
The Wilhelmy plate was taken out of the water and hung on the hook of
the balance. It was important to place one third of the plate submerged
under the water and keep the position of the plate as the same in every
experiment because both the position of the plate and the amount of
water in the trough changes the buoyancy of the plate and affects the
result of the surface pressure. The zero-balance button in the software
was clicked, and the final cleaning round was performed to check that
the change of the surface pressure remains less than 0.20 mN/m, which
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Figure 3.1. Cross sectional points lying on three imaginary vertical and horizontal lines. The micro pipette cleaned the each blue point by sucking the
surface of a subphase in the trough. The red point was the spot for a Wilhelmy
plate partly immersed in the subphase so that two times cleaning around the
red point were conducted.

meant that the subphase was in the clean condition. One extra cleaning
round could be performed usually to adjust the water level to the edge of
the trough if it is needed. The barriers were opened to reach the end of
the trough and the zero-balance button was clicked one more time. The
settings of software such as the size of the trough and the Wilhelmy plate
were checked before putting the indigo solution on top of the water.
5. Spreading indigo solution and evaporation of the solution (30 minutes)
During the process of spreading the indigo, a mask and goggles were worn
all times. An 1 mL of gastight Hamilton syringe was used to spread the
indigo solution on the top of the water. Indigo solution had to come out
slowly and steadily from the tip of the syringe and the drops had to touch
the surface of water gently. Otherwise, a falling drop could penetrate the
surface of water and it would remain in the water. To get an isotherm
or deposit indigo film on a substrate, 2.4 mL of indigo was spread on
the water. A unit of the amount of the droplet of the indigo solution
was 300 or 400 µL, and it was carefully placed around the center areas
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between the center of the trough and the barriers one at a time carefully.
After finishing transferring, a 30 minute wait was required to evaporate
the chloroform from the surface of water.
6. Cleaning after experiment (10 minutes)
After the experiment, the water in the trough was extracted using a plastic syringe. The trough and barriers were moved to a sink and were
cleaned using in the order of Milli-Q water, ethanol and Milli-Q water.
The inside of the trough was brushed using a soft brush during the cleaning to get rid of residuals. When the cleaning was finished, they were
moved back to the inside the box of the Langmuir instrument, and the
doors of box were closed to keep the trough and barriers clean. The inside
of the gas-tight syringe and the needle had to be cleaned with acetone
and ethanol several times and then dried.

3.5

Instruments

Atomic force microscope (AFM). AFM was used to acquire a high-resolution
image of topography of a sample surface. AFM consists of a cantilever and its
tip, position-sensitive photodiodes for monitoring bending of the cantilever.
There are three different modes in AFM. These are contact, tapping, and
non-contact modes. In contact mode, the tip keeps touching the sample surface
during the operation. In tapping mode, the cantilever oscillates and brings the
tip to touch the surface lightly. Non-contact mode is operated for avoiding tip
touching the surface of a sample. Depending on which mode is used, AFM can
run a destructive or non-destructive method. [41, 76]
In this experiment, the topography of indigo thin film on the SiO2 samples was
characterized in tapping mode by Bruker Multimode 8 instrument. All samples
were dried and cleaned with N2 gun before the analysis.
Ultraviolet–visible spectroscope (UV-Vis). It uses light in the range of
ultraviolet and visible to check unique absorption and reflection response of
samples. Absorption of light by a sample happens when pi-electrons or nonbonding electrons in the molecules are excited to a higher energy orbital by
the energy of light. The spectrometer records each result and presents a graph
of absorbance (A) in y-axis, wavelength (nm) in x-axis. UV-Vis is performed
usually to obtain quantitative information about the samples. A sample needs
to be transparent so it can be a liquid or solid type. The degree of absorbing
is proportional to the concentration of the elements absorbing in the sample.
It is shown by the Beer - Lambert law as below. [77]
A = log10 (I0 /I) = εcl

(3.1)

I0 is the initial light intensity, I is the light intensity after it passes through
the sample, ε is the molar absorption coefficient, c is the concentration of the
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solution, and l is the length that the light passes through. Indigo solution was
characterized by UV-1800 (Shimadzu Corp.) and it was operated to analyze
for indigo solution and thin films. Both characterizations were performed in
the range of 200 and 800 nm. Before measuring, pure chloroform and a glass
sample were used for baseline.
Optical spectroscope (OM). Optical microscopy is a one of the basic methods for checking the morphology of samples. Light reflected from the sample
passes a set of lenses to amplify the image. In this experiment, A Canon optical microscope was used, which has four objective lenses from 10 to 100x. The
sample checked by the optical microscope can be divided into three categories:
pure SiO2 and glass substrates, silanized SiO2 and glass substrates, indigo films
on glass and SiO2 substrates. An internal light source from the bottom of the
optical microscope was ineffective for SiO2 sample due to its opaque property.
So an external light source was used for SiO2
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Chapter 4

Results and discussion
4.1
4.1.1

Surface pressure-area isotherms of the Langmuir film of indigo
Isotherms at the same temperature

The concentration of indigo solution was fixed, and different amounts of indigo solutions from 0.15 to 2.4 mL were used to draw surface pressure - area
isotherms. The result is displayed in Figure 4.1.

Figure 4.1. Surface-area per molecule isotherms of indigo with different
amounts of solutions at 21 ◦ C. The solution having 0.022 mg/mL of concentration was used. The speed of the barriers varied when the barrier reached to
different areas of trough. The modification of the barrier speed is described in
Table 4.1.

The all isotherms have similar trajectories. In addition, it is able to extrapolate zero pressure from the solutions less than 1.8 mL taking place at around
0.22 nm2 of area per molecule. The Langmuir film of indigo collapsed at around
at around 67 mN/m surface pressure in the case that 2.4 mL of the solution
was used. The rest of sharp decreases happened when one of the barrier of
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Table 4.1. Speed of barrier according to trough area
Area between barriers
Area
(cm2 )
Barrier
speed
(mm/min)

244.5 ∼ 140

140 ∼ 94

94 ∼ 80

80 ∼ 65

65 ∼ 50

50 ∼ 42

42 ∼ 30

After 30

30

20

10

8

6

4

2

1

Langmuir trough hit the Wilhelmy plate. The solutions could have been compressed more if the barrier had had enough space to go without touching the
Wilhelmy plate. After the collapse, it was possible to observe indigo aggregates
looking like a few thin hair-like on the water subphase shown in Figure 4.2.
After the barriers moved back to original positions, some of these hair-like
aggregates disappeared. However, some aggregates remained on the subphase.
This implies that the Langmuir film of indigo has irreversible behavior. Based
on the results from UV-Vis and AFM characterization in section 4.3 and 4.4,
the Langmuir film of indigo may be composed of monomers with aggregates
together after at least 10 mN/m of surface pressure. This agrees with the
findings made by Rubinger et al. that some materials can have a Langmuir
film with aggregated molecules. The aggregates on the water subphase could
be H-aggregates, which affect to attain hypsochromic absorption band, due
to the limitation caused by two-dimensional space on the subphase compared
to three-dimensional space in the high concentration of indigo solution. In
addition, fast compression rate does not allow molecules to have time to arrange
in an organized structure.

Figure 4.2. Image of indigo aggregates during the compression. The blue color
lines in between two barriers are indigo aggregates.

29

4.1.2

Isotherms at different temperatures

As explained in section 2.4.2.1, the temperature of the subphase directly affected the shape of isotherm in Figure 4.3. First, the location of zero pressure
increases from 0.22 to 0.33 nm2 as the temperature increases from 21 to 29
◦
C. Second, the isotherm at 29 ◦ C shows increased surface pressure at the same
area compared to the isotherm at 21 ◦ C until the surface pressure reached at 30
mN/m. In addition, more area is needed to get the same surface pressure compared to the isotherm at 21 ◦ C. This agrees with the general temperature effect
of Langmuir trough described in Section 2.4.2.1 that increasing the thermal
motions of molecules leads to less condensed film.

Figure 4.3. Surface - area per molecule isotherms of indigo with different temperatures at 21 ◦ C and 29 ◦ C. The 1.2 mL of 0.022 mg/mL of solution was
used. The speed of barriers varied according to different area of the trough is
described in Table 4.1.

Dhanabalan et al. explained that increasing the temperature led to more
condensed film because the methacrylate derivative of Disperse Red-13 became
more flexible. [57] This positive impact of flexibility of a molecule by increased
temperature was not observed on the indigo film. The reason temperature
having less impact on flexibility of indigo molecule could come from the simple
structure of indigo molecule compared to the methacrylate derivative. Therefore, it can be thought that the no or insignificant effect of temperature on the
flexibility of indigo was found in the range of temperature range between 20
and 30 ◦ C.
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4.2

4.2.1

Optical microscopy images of the substrates
and indigo film
Silanized glass substrates

Since the condition of an insulating layer is able to affect the crystallinity and
adhesion of a semiconducting layer above the insulating layer of an OFET,
it was worth to check which parameter can influence a silane layer as the
insulating layer. To make two different types of silanized glass samples, drying
the sample surface with nitrogen gas before and after silanization iterations
was chosen as a manipulated variable. The drying procedure applied to Lot
number 1 and 2, not applied to Lot number 3 and 4. The rest parameters
such as cleaning procedure, temperature during the silanization, the amount
of chemicals for silane solution, the number of iterations, and silanization time
were fixed as control variables. Each of the lot was created in different batch.
The results of microscopy images of silanized glass in shown in Figure 4.4

Figure 4.4. Silanized surface of glass. The top two images (a) and (b) are from
Lot 1 and Lot 2, respectively. The bottom two images (c) and (d) are from Lot
3 and Lot 4, respectively. Nitrogen gas cleanings to dry the surface before and
after silanization were applied to all Lot 1 and 2 samples not Lot 3 and 4. It is
possible to observe that images (a) and (b) show more bigger and distinctive a
globular pattern than images (c) and (d).
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All samples show tiny dot patterns that average size of the dot lies in
between 5 and 30 µm. It was found that there was a difference in the shape
and the average size of the patterns between Lot 1, 2 and Lot 3, 4. The samples
from Lot 1 and 2 have more distinctive a globular shape of the pattern, and
the average size of a pattern is bigger than the samples from Lot 3 and 4.
A contact angle was chosen as a dependent variable. Two times of contact
angle measurements were conducted at two different positions per sample. The
average value of the two measurements was selected as a representative value
for a sample. The box plot and the summary of analysis of variance (ANOVA)
of the contact angles are displayed in Figure 4.5.

Figure 4.5. Box plot and the summary of analysis of variance (ANOVA) of
contact angle data of the silanized glass samples. Lot 1 and 2 are the samples
treated nitrogen gas cleaning after the silanization and Lot 3 and 4 are not
treated. The box plot shows that the average contact angle of Lot 1 and 2, are
higher than that of Lot 3 and 4. The Green line in each box means its median
value. The top and bottom sides of each blue box means 75th percentile and
25th percentile, respectively. Whiskers from the boxes mean several possible
values, and a dot out of any whisker means existance of an outlier. The top
subset is the summary of the box plot, and the bottom subset is the summary of
ANOVA. P-value less than 0.05 means that at least one of Lots have a different
mean value than other Lots.
According to Figure 4.5, it is observed that drying the sample surface with
nitrogen gas between each iteration can increase contact angle by 5 to 10 degrees
based on the p-value from the ANOVA. In addition, at least two times of
iterations can guarantee a contact angle around 110 degrees.
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4.2.2

Indigo films on the silanized glass substrates

In Figure 4.6, it is observed that the dot pattern originated from silanization in
all images after the deposition of indigo film. In order to limit the effect of the
condition of silane layer, only samples from Lot 1 and 2 were used for deposition
of indigo film. On top of the patterns, the blue color tends to become darker
as the surface pressure and/or the number of deposition cycles increase.

Figure 4.6. Optical microscopy images of indigo films on silanized glass. The
sample were selected from Lot 1 and 2 that showed a higher contact angle
than Lot 3 and 4. The images on the left-hand side were created with one
deposition, the rest on the right-hand side were created with three deposition.
The pairs of top, middle and bottom images were created at 20, 40, and 60
mN/m, respectively.
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4.3
4.3.1

UV-Vis characterization
Results of indigo solution

UV-Vis spectroscopy was conducted to study the relationship between the concentration of indigo in chloroform and its optical properties. The original indigo
solution sample was considered as having around 0.026 mg/mL concentration.
Due to the limitation of the balance used to measure the mass of the indigo
powder, the exact concentration of indigo might lie in between 0.026 to 0.027
mg/mL. The rest of indigo solution samples were made from the original one
by diluting. The result of UV-Vis spectroscopy of different concentrations of
indigo solution is shown in Figure 4.7. The summary of this UV-Vis data is
organized in Figure 4.8.

Figure 4.7. UV-Vis absorption of the indigo solution from 400 to 800 nm of
wavelength. Two new absorption shoulder at around 700 nm are observed over
the concentration 13 µg/mL.

All peaks of maximum absorption lie in the range of wavelength from 601
to 607 nm and this result is in accordance with the UV-Vis results reported
in the papers that dealt with indigo. [67, 68, 71, 78, 79] As expected based
on the Beer-Lambert law, the absorbance of a peak increases with increasing
the concentration of the indigo solution. However, it does not appear the exactly proportional. According to a book about chemical analysis, there are
some limitations to apply the basic concept of linearity of concentration and
absorbance. [80] First, a limitation can be caused from the concentration of
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Figure 4.8. Summary of UV-Vis data of indigo solution. As the concentration
of solution increases, the max absorbance increases but not proportionally and
the wavelength at the max absorption peak is red-shifted.

solution. Less than 0.01 M of the concentration is allowed to avoid from an
unwanted the interaction between solute molecules. Second, a further limitation can be produced by chemical deviations such as associations, dissociations,
and chemical reactions between solvent and solute molecules. Finally, a limitation can come from instrumental deviations by polychromatic radiation, which
means not using a monochromatic source or by stray light occurring outside of
the chosen wavelength by light scattering or diffraction. [80] By considering all
these constraints, the inexact proportionality could have been caused by two
possibilities. One is the aggregates of indigo generated by the high concentration of solution. The other is an inaccuracy during the process of diluting the
original solution.
Several studies have reported that deviations of the Beer-Lambert law could
occur when the solution is not homogeneous, so it consists of different sizes of
particles. [81, 82] This can give rise to the idea that a portion taken out of
the bulk indigo solution had already have heterogeneous sizes of indigo particles. The results of several research reported that the emergence of a shoulder
band at around 700 nm at high concentration of indigo meant the evidence of
the existence of J-type aggregates, which display the bathochromically shifted
bands. They noted that this phenomenon depends on the concentration of
solution. [67, 78] This J-type aggregate has the face-to-face arrangement of
molecules like in Figure 4.9, which was previously described in Section 2.2.2.
This creation of J-type aggregates can explain more absorption of shoulder
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band at around 700 nm next to the peak of maximum absorption as the concentration increases above 0.013 mg/mL.

Figure 4.9. Schematic images of H-dimer and J-dimer in/out phase and their
excited states. (a) The schematic images that the excited state of dimer is
affected by the interaction of dipole moments of in and out of phase. (b) The
top two images next to monomer image describe the molecular arrangement
of the dimer. The Bottom images describe the excited and de-excited level
of energy. In the case of H-dimer consisting of parallel monomers, the lowest
level of energy (*S1 ’) is not allowed so that blue-shift of absorption band is
observed. In the case of J-dimer composed of an in-line of monomers, however,
the highest level of energy (*S’1 ’) is forbidden so that the absorption band is
red-shifted. This picture was referred from the article ’Self-assembly of organic
dyes in supramolecular aggregates’. [83]
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The sufficient amount of chloroform for diluting might not have been poured
or more amount or indigo solution could have been used during the diluting
of 0.026 mg/mL to its half concentration, and this kept affecting the concentrations of the remaining of samples. It might be reasonable to suggest that
the proportionality cannot be found in the range of concentration from 0.0016
to 0.0065 mg/mL, which does not show the shoulder peaks at around 700 nm
wavelength.
The wavelength of max absorbance (λmax ) shows a small bathochromic shift
as an increase of the concentration. This may be resulted from decreased the
gap between the excited state and the ground state by less solvent.

4.3.2

Results of indigo film on glass

The result of UV-Vis spectroscopy of indigo films on the glass created at different surface pressure is shown in Figure 4.10, and the summary of this UV-Vis
data is organized in Figure 4.11. In Figure 4.10, the average wavelength of
max absorbance of the indigo film shows a bathochromic shift by about 70
nm compared to that of the indigo solution. Several research group observed
and explained this phenomenon that pi interactions are strengthened by the
effect of a hydrogen-bonded structure between indigo molecules on the substrate. [69, 84]

Figure 4.10. UV-Vis absorption of indigo films on the glass from 500 to 800
nm. The number of deposition cycles was written after a surface pressure. For
example, the spectrum 20mN/m_1 means that the indigo film was created at
20mN/m with one deposition and 40mN/m_3 means that the indigo film was
created at 30mN/m with three deposition.
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Figure 4.11. Summary of UV-Vis data of indigo films on the glass. As the surface pressure increases, the value of max absorbance increases, but the wavelength at max absorbance decreases. The wavelength at max absorbance is
blue-shifted as the surface pressure increases and/or the number of deposition
cycles increases.

Monahan et al. have reported that the wavelength of max absorbance (λmax )
of crystalline indigo film they created was 680 nm. An amorphous indigo film
was 640 nm, which means that the amorphous film has a less ordered hydrogenbonded structure than the crystalline indigo. [68]
Several papers have reported about the actual crystal structure of solid-state
indigo that each of indigo molecule is connected by four adjacent molecules with
hydrogen bonds described in Figure 4.12. In addition, studies of infrared spectroscopy gave extra information about the arrangement of hydrogen bonded
indigo that crystalline film has much fewer sites of free carbonyl group than
amorphous film. [67, 68, 85, 86]
In Figure 4.11, the λmax displays the hypsochromic shifts as the increase
in the number of layers and/or the increase of the surface pressure. As other
parameters of Langmuir trough were controlled in all experiment and no heat
treatment was applied after the deposition, it could think that decreasing surface pressure has a positive effect to achieve an ordered structure. In addition,
this implies that the Langmuir film of the indigo less than 20 mN/m of surface pressure could lead to a more ordered Langmuir-Schaefer film of indigo
than the film created at 20 mN/m. This is an opposite tendency compared
to the general tendency of Langmuir film made of amphiphilic molecules that
high surface pressure before the collapse lead to a more ordered structure than
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Figure 4.12. Schematic images of the structure of crystalline indigo as determined by X-ray crystallography. [86]

low surface pressure. This also lead to an idea that parameters such as the
temperature of subphase, the speed of the barriers, and the idle time for rearrangement of molecules on the subphase before deposition may have strong
effects to achieve the order of Langmuir and Langmuir-Schaefer films.
A research group deposited indigo derivatives by Langmuir-Schaefer method
and presented general results that higher surface pressure leads to a organized
structure. [22] The reason they achieved a different result even though using the
same deposition method is that the molecule they used has a long hydrophobic
chain, which is similar to amphiphilic molecule compared to indigo molecule.
Therefore, their result followed the general tendency of Langmuir film that high
surface pressure resulted in high ordered Langmuir film, and it was deposited
to the substrate.
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4.4

AFM characterization

All indigo films characterized by AFM were deposited on the silanized SiO2
surfaces. The dipping speed of the Langmuir trough was fixed at 0.4 per second both up and down cycles. Ra stands for the arithmetic average of the
absolute values of the profile height, and Rq stands for the root-mean-square
average of the profile height. Max and Min stand for the maximum profile peak
height and the minimum profile peak height, respectively. Ra and Rq of films
were calculated by following expressions described in the summary report of
nanoscale roughness measurement. [87] The unit of Ra , Rq , Max, and Min is
nm.
Ra =
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In this analysis, N is 256 due to the fact that each raw data of used AFM
image consisted of 256 x 256 points of height profiles.

4.4.1

Images of SiO2 and silanized surface

The results of AFM characterization of pure and silanzied SiO2 surfaces are
displayed in Figure 4.13. Pure SiO2 surface showed the smoothest surface
among other characterized samples. A few bright spots showing around 4nm
height might have come from remained residues after the pre-cleaning process
without piranha solution treatment.

Figure 4.13. AFM images of pure and silanized SiO2 substrates. (a) The Ra,
Rq, Max and Min of pure SiO2 substrate are 1.5, 1.7, 6.6 and -4 nm respectively
(b) The Ra, Rq, Max and Min or silanized SiO2 substrate are 7.6, 12.0, 102.0,
-15.0 respectively.
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It was observed that silanized surface consisted of irregular islands having
a various range of heights up to 102 nm. According to the studies of silane
surface, the reported height and Rq of silane monolayers created in a wet
condition are about 0.1 nm and 0.6 nm, respectively. [75, 88] The measured
Rq in this experiment was 12.0 nm, which is at least 20 times greater than the
reported results. Based on the results by previous research, it can be analyzed
that silanized surface in Figure 4.13 (b) does not have a monolayer, but layers
with island aggregates like in Figure 4.14.

Figure 4.14. Mechanism of OTS film growth in (a) dry and (b) wet conditions. (a) In dry condition, OTS molecules attach next to OTS molecules on
the surface due to the absence of secondary nucleation. The speed of nucleation is slow, but gives the smooth surface of OTS film. (b) In wet condition,
hydrolysis of OTS molecules happen, and react with other OTS molecules so
that aggregates of OTS are created. These aggregates may cover the surface
of substrate. This figure is referred from an article "Growth of Ultrasmooth
Octadecyltrichle orosilane Self-Assembled Monolayers on SiO2 [88]
Wang et al. explained this phenomenon that secondary nucleation occurring in wet condition results in altering the thickness and roughness of silane
film. [88] After each silanization process, it was observed the creation of water film originated from the ambient air in the laboratory room touching the
cooled surface as a result of evaporation of chloroform used for cleaning the
substrate. The added water on the silanized surface could have led to the
irregular multilayer growth of silane film.

4.4.2

Thickness of indigo thin film

The thickness of indigo film was measured by comparing spots with and without indigo film created at 30 mN/m of surface pressure from the picture in
Figure 4.15. The calculated thickness of indigo film was around 5 nm. This
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result is similar to the thickness of indigo derivative (IIDDT-C3 polymer) monolayer(4.6 nm) created at 25 mN/m of surface pressure by Langmuir-Schaefer
method. [22] This fact may imply that thickness of indigo film is close to the
thickness of monolayer. However, spots having more than 10 nm of heights
in Figure 4.15 could be meant that the film composed of monolayer as well as
indigo aggregates.

Figure 4.15. Section profiles of indigo films created at 30 mN/m. Two different
areas of indigo film were characterize on the left-hand side. The z-profile of
indigo film were measured by analyzing the white line on each AFM image.
The thickness of indigo film is (a) 4 nm and (b) 6 nm.

4.4.3

Effect of surface pressure on the roughness of the
indigo film

Topography of indigo films created at five different surface pressures was achieved
and compared to each other. The average roughness (Ra) and the root-meansquare roughness (Rq) were summarized at the bottom of Figure 4.16.
Irregular shape of aggregates and a film with uncovered part were found
in all images, and a distinctive crystalline structure was not observed. Both
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Figure 4.16. AFM images and topography data of indigo films created at
different surface pressures. (a) Ra and Rq : 2.0 and 2.7 nm (b) Ra and Rq :
12.5 and 18.0 nm (c) Ra and Rq : 2.2 and 2.84 nm (d) Ra and Rq : 4.5 and
6.8 nm (e) Ra and Rq : 6.6 and 8.4 nm (e) The summary of roughness (blue
Ra, orange Rq) and films created at different surface pressure.

Ra and Rq increased as the surface pressure on which the films were created
increased. It is capable of comparing the results of the UV-Vis characterization in this study and other studies in the literature survey section with a
trend of results of roughness in this section. In UV-Vis characterization in Sec43

tion 4.3.2, indigo film created at lower surface pressure showed the red-shifted
max absorbances. Several research groups investigating indigo film mentioned
that a bathochromic shift means the evidence of high crystallinity of the indigo
film. [11, 70] Therefore, increased roughness with increasing surface pressure
may imply that the film is composed of less ordered indigo structure as well as
more aggregates in/on the indigo film.
The reason of occurring exception at 20 mN/m might have come from a heterogeneous condition of the film coming from accumulated indigo aggregates.
Two regions of intensive accumulation of indigo aggregates were distinguished.
One was indigo aggregates were dispersed on the surface in random. The
other is a thick indigo band along the droplet on the surface of sample after
Langmuir-Schaefer deposition. A water droplet from water subphase can be
seen on the sample in Figure 4.17, even though the surface of sample was covered by hydrophobic silane film. Since no external heat energy was provided,
these aggregates remained when they were deposited.

Figure 4.17. (a) Droplet image after deposition. (b) A series of optical microscope images of the mark of the edge of a droplet on the glass substrate.

4.4.4

Effect of the number of deposition cycles on the
roughness of the indigo film

Topography of indigo films created at 20 mN/m of surface pressure with different the number of deposition cycles were achieved and compared to each other
in Figure 4.18. No significant difference in roughness was observed, However,
the sample with five depositions shows fewer valleys compared to the sample
with three depositions. It might indicate that additional Langmuir film of
indigo onto the Langmuir-Schaefer film of indigo not only filled the space of
valleys with its monolayer but also added indigo aggregates. This might be the
reason that both indigo films have similar roughness whereas they do not have
the similar ratio of valleys and hills.
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Figure 4.18. (a) The AFM and its corresponding 3D images of an indigo film
created at 30mN/m with three deposition. (b) The AFM and its corresponding
3D images of an indigo film created at 30mN/m with five deposition. The AFM
images were achieved by a software ‘NanoScope Analysis 1.5’ and the 3D images
were created with a help of visualization tool of plotly by using raw data of
indigo films from the AFM images.
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Chapter 5

Conclusions
The main purpose of this thesis is to find a possibility of Langmuir-Schaefer
deposition for creating the well-ordered structure of the thin film with indigo
molecules, which has been highlighted by researchers recently, as a semiconducting layer of organic semiconductor.
This study selected indigo as an organic material and Langmuir-Schaefer
as a deposition method based on several reasons. It is known that the structure of a film that has pi-conjugated system strongly affects its performance
parameters. Indigo is one of affordable materials consumed for dyeing clothes.
Indigo film can offer and advantage that indigo thin film has a more compacted
structure with a help of hydrogen bond compared to other organic molecules,
which can enhance pi conjugation. Langmuir-Schaefer deposition is known that
it has a benefit to create a nanofilm and control its structure.
The hypothesis of this thesis was selected that a Langmuir film of indigo
at high surface pressure would create a more ordered Langmuir-Schaefer film
on the substrates, and the opposite of the hypothesis that a Langmuir film of
indigo at low surface pressure would cause a well-ordered Langmuir-Schaefer
film was confirmed.
The major accomplishments are as follows. From a UV-Vis characterization, indigo in solution state showed max absorbance at around 600 nm. New
absorbance peak was found at around 700 nm in case of the high concentration of the solution. These results are in accordance with other indigo studies
investigated by other researchers. Indigo film displayed the max absorbance
red-shifted by 70 nm and decreasing surface pressure and the number of deposition cycles strengthened this trend. So this result confirms the antithesis of
the hypothesis that a low surface pressure of Langmuir indigo film has an advantage of creating an ordered indigo film. From an AFM characterization, the
thickness of indigo film was revealed around 5 nm, and Most of AFM images
found a lot of aggregates with indigo film.
Two insights can be suggested from the accomplishments. One is that Langmuir film at low surface pressure has to be investigated in case non-amphiphilic
indigo was selected as a deposition material to produce a well-ordered thin film
by Langmuir deposition. The other one is that if the Langmuir-Schaefer film
follows the arrangement of Langmuir film, it could mean that a well-ordered
the Langmuir film of indigo exists at low surface pressure.
This study has not checked potential parameters affecting the structure of
Langmuir film such as the temperature of subphase, the speed of barriers, and
the rate of deposition. To achieve accurate information about indigo thin film,
XRD characterization on both Langmuir and Langmuir-Schaefer films needs to
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be conducted to reveal the structure of the thin films. In addition, it will be
useful to create a real organic semiconductor with indigo to check parameters
like charge carrier mobility and threshold voltage to verify the effect of using
Langmuir deposition for indigo thin film.
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