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Abstract

Organic electronics fabricated by printing technology have attracted much attention in recent

years. Organic semiconductors form unique crystal structures based on the molecular structure,

and their electrical properties depend on the crystal structure. However, typical organic thin

films fabricated by solution process consist of amorphous or non-oriented polycrystals. Typical

organic semiconductors exhibit anisotropic electrical transport properties. The best carrier

transport properties are obtained when the molecular orientation is controlled. Thus, molecular

alignment control in thin films is important for organic electrical applications.

In this study, an alkyl-substituted phthalocyanine, 1,4,8,11,15,18,22,25-octahexylphthalo-

cyanine (C6PcH2), was used as an organic semiconductor. C6PcH2 is a solution-processable low-

molecular-weight semiconductor and exhibits the discotic liquid crystalline (LC) phase. Alkyl-

substituted phthalocyanines tend to form columnar structures, and a uniaxial carrier transport

property along the column axis is expected. In particular, C6PcH2 exhibits excellent carrier

transport properties, such as hole mobility of 1.4 cm2/Vs and electron mobility of 0.5 cm2/Vs.

Solar cells made of C6PcH2 exhibit a power conversion efficiency of 4.2 %. C6PcH2 exhibits

excellent electrical properties; however, molecular alignment control in thin films of C6PcH2 has

not been carried out so far. Moreover, C6PcH2 exhibits the LC phase, and LC materials exhibit

unique properties, such as large domains and self-organization; therefore, molecular alignment

control can be used to investigate the unique properties of LC materials.

In the present research, molecular alignment control of columnar LC materials in thin films

was carried out to enhance their carrier transport properties, and their molecular packing struc-

ture and molecular alignment were investigated. The following is a summary of each chapter.

Chapter 1: Introduction

The background, purpose, and overview of the dissertation are described. The fundamentals of

molecular alignment control and crystal structure analysis in thin films are also described.
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Chapter 2: Single crystal structure and its thermal behavior

Single crystals of C6PcH2 were fabricated by recrystallization, and the crystal structures were

determined. C6PcH2 exhibited two types of polymorphism, α-type and β-type, and the condi-

tions required for forming each polymorphism was investigated by thermal analysis.

The irreversible thermal phase transition from α to β-type crystal was observed. The stability

is discussed using Gibbs’ free energy. The α-type crystals are stable state at room temperature,

and can form only if the crystals slowly grow at room temperature.

Simulation of carrier transport properties was carried out by the density functional theory

(DFT) calculation using the crystal structure determined by single crystal X-ray analysis. The

α-type crystals exhibited one order higher carrier mobility than the β-type crystals. The results

show that the device performance is enhanced when α-type crystals.

Chapter 3: Molecular packing structure in thin film prepared by spin-coating

Molecular packing structure in the thin films of C6PcH2 prepared by spin-coating was measured

by the grazing incidence wide angle X-ray scattering (GIWAXS) method. The X-ray diffraction

(XRD) peaks derived from intercolumn and intermolecular distances was detected, and the

molecular packing structure was simulated using the XRD patterns by considering the extinction

rule. The simulated molecular packing structure was almost equal in all the β-type crystals, and

the molecular stacking direction is parallel to the substrate; moreover, the simulated molecular

packing structure in the thin film was ascertained by Fourier analysis.

Chapter 4: Molecular alignment control and molecular packing structure anal-

ysis in thin film

Uniaxially planar alignment of C6PcH2 molecules in thin films was induced by the bar-coating

method. The speed of film fabrication was controlled to be lower than that of the crystal

growth, and uniaxial crystal growth was induced in the thin films. Uniaxial planar alignment was

confirmed to be induced over an area of 1 mm2 by polarized optical microscopy, and the direction

of the molecular alignment was clarified by the polarized absorption spectrum measurement and

atomic force microscopy.

The three-dimensional (3-D) molecular packing structure in the molecularly oriented film
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was determined by the GIWAXS technique that involves sample rotation. In the case of the

conventional GIWAXS technique with a fixed sample, determination of the 3-D molecular pack-

ing structure in the film is not possible; however, when the GIWAXS technique is used with

sample rotation, the 3-D molecular packing structure in the film can be determined. Moreover,

the positions and intensities of the XRD peaks were calculated by using the crystal structure

of β-type crystals of C6PcH2, and the XRD patterns were reproduced. The reliability factor,

which represents the difference between the simulated and measured results, was calculated.

The technique of detail crystal structure analysis in a uniaxial molecularly oriented thin film

was proposed using the reliability factor.

Homeotropic alignment in the film of C6PcH2 was induced using the LC phase. A C6PcH2

films was covered with a poly(vinylphenol) layer, and the sample was annealed at a temperature

of the LC phase, and C6PcH2 molecules in the film were reoriented. The cause of inducing

homeotropic alignment was discussed based on molecular alignment in the LC phase determined

by X-ray structure analysis.

Chapter 5: Carrier transport properties of molecularly oriented thin films and

its device applications

Field effect transistors (FETs) and solar cells were fabricated by using planar and homeotropi-

cally oriented thin films, respectively, and the electrical properties of FETs and solar cells were

investigated. The high mobility along the column axis of C6PcH2 was obtained by using the

transfer characteristics of FETs, and the mobility was compared with the simulated mobility

determined by the DFT calculation. The photovoltaic properties were discussed by taking the

mobility measured by the photo-CELIV method. The mobility perpendicular to the substrate

was enhanced by inducing homeotropic alignment, and the photovoltaic properties improved.

This production process of inducing homeotropic alignment is effective for solar cell applications.

Chapter 6: Conclusions

The results and findings discussed in chapters 2–5 are summarized, and the main concluding

remarks are drawn.
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Chapter 1.

Introduction

1.1 Introductory remarks

Semiconductor devices utilizing inorganic semiconductors of silicon have made our lives more

convenient. Inorganic semiconductors exhibit excellent characteristics for device application,

such as high carrier mobility and stability, and the devices utilizing such semiconductors have

long been studied. Consequently, the electrical properties of these semiconductors are close to

the theoretical limitation, specifically power conversion efficiency of solar cells and degree of

integration of transistors [1].

Organic semiconductors have attracted attention as the next-generation functional materials.

These semiconductors consist of many atoms, such as hydrogen, carbon, and contain nitrogen,

and numerous combination of atoms. Excellent characteristics, such as high solubility in typ-

ical organic solvents, and optical and electrical properties, can be introduced by varying the

molecular design. To obtain high solubility, thin films can be fabricated by the solution process,

and large-area and low-cost products are expected [2]. Plastic substrates can be used because

of a low process temperature. Organic semiconductors are relatively soft materials. Therefore,

flexible devices can be fabricated. Moreover, organic semiconductors exhibit excellent optical

properties that are useful in solar cells, such as broad absorption in the near-infrared and visible

light regions [3] and high carrier mobility exceeding that of amorphous silicone [4], have been

reported.

Examples of such organic semiconductor devices include electro-luminescence lightings, or-

ganic solar cells, and organic field effect transistors. However, most of them are not popular,

because of some inherent problems. One of the problems that hinder their practical use is the

control of the molecular alignment in thin films. Generally, organic semiconductors with ex-
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cellent carrier transport properties possess a highly oriented molecular packing structure, and

are made of crystals with anisotropic carrier transport properties. In devices, the direction of

the carrier transport is determined; therefore, control of the molecular orientation is necessary

for device application. Many studies have long been carried out on molecularly oriented thin

films [5]; however, the orientation process has not been established. Even analysis methods for

the molecularly oriented thin films are not resolved.

The preferred method for preparing a molecularly oriented thin film is a wet process. A

number of studies have addressed the fabrication of molecularly oriented thin films by utilizing

liquid crystalline (LC) semiconductors by a wet process [6], [7]. LC materials have the fluidity

of liquids as well as regularity of solids, and also exhibit many unique properties such as self-

organization. Thus LC materials are considered to be suitable for control of molecular alignment.

In this study, columnar LC semiconductors were used as organic semiconductors. Columnar

LC materials tend to form the columnar structure, and they are considered to exhibit high carrier

mobility along the column axis. The molecularly oriented thin films utilizing columnar LC

materials was fabricated, and the molecular packing structure in the thin films was investigated.

Additionally, the carrier transport and photovoltaic properties were investigated.

1.2 Organic semiconductors

1.2.1 Classification of organic semiconductors

Organic semiconductors can be broadly classified into two categories: small molecules and poly-

mers. Conductive polymer materials consist of main chain backbones with alternating double

and single bonds between carbon atoms. Therefore, conductive polymer materials exhibit high

electrical conductivity along the main chain. Uniform thin films are essential for device appli-

cations; however, general chain conductive polymers are insoluble in common organic solvents;

therefore, fabrication of thin films by the solution process is impossible. Moreover, thin film fab-

rication by the dry process is also impossible because of the thermal decomposition of the main

chains of polymers. Substituent groups like long alkyl chains has been introduced to polymers by

synthetic modification for reducing the cohesive force between the polymers and improving the

solubility in common organic solvents. This has made thin film fabrication by the wet process

possible [8].
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Small molecular semiconductors have extended π-conjugated systems. Uniform thin films

can be fabricated by the vacuum deposition method, and organic electronic devices utilizing

small molecular semiconductors have long been studied. Some conductive polymers and small

molecular semiconductors form unique crystal structures based on each molecular shapes. If the

distance between two molecules are sufficiently close, superposition of wave function of the two

molecules can be increased, and efficient carrier transport can be obtained. Carrier transport

properties depend on the molecular packing structure, while electrical anisotropy depend on the

plane direction of the crystal. Therefore, development of organic materials with excellent carrier

transport properties and control of molecular alignment in the devices are important to enhance

the device properties.

Purification of polymer materials is difficult owing to the high degree of polymerization;

however, small molecular materials can be easily purified. Films with highly ordered molecular

alignment can be fabricated owing to high purity, and some of them exhibited high carrier mo-

bilities. Single crystals have been shown as examples of the highly ordered molecular alignment,

and carrier mobility in the single crystals of pentacene and rubrene obtained by the transistor

measurement exceeded that of amorphous silicon [9], [10].

Film formation involving non-substituted small molecules can be carried out only with the

dry process because of the low solubility. For such device applications, solution processes should

be adopted because of the low cost and flexible and large-area products. Introducing substitutes

to small molecular semiconductors has been researched to improve the solubility in organic

solvents.

In this dissertation, solution-processable small molecular semiconductors were used for de-

vice applications, such as solar cells and field-effect transistors (FETs). Control of molecular

alignment in the devices was carried out for enhancing the device properties, and the molecular

packing structure was investigated.

1.2.2 Liquid crystalline phthalocyanine

Figure 1.1(a) shows the molecular packing structure of non-substituted phthalocyanine (Pc). Pcs

are well-known small molecular semiconductors exhibiting high and stable electrical properties

[11], and the development of organic devices utilizing Pcs, such as solar cells [12], [13] and

transistors [14], has been reported previously. For such device applications, solution processes

3



should be adopted; however, thin films of Pcs can only be fabricated by the deposition method

owing to their low solubility in common organic solvents. Therefore, alkyl chains have been

introduced to the cores of Pcs to enhance the solubility in organic solvents [15].

Two types of alkyl-substituted phthalocyanines have been reported as columnar LC mate-

rials [16]. One is peripherally alkyl-substituted Pcs, which are introduced at the position of

2,3,9,10,16,17,23,24 of Pc cores (Fig. 1.1(a)), and the other is non-peripherally alkyl-substituted

Pcs, introduced at the position of 1,4,8,11,15,18,22,25 of Pc cores (Fig. 1.1(a)). Both of them

exhibited a discotic LC phase owing to the introduction of long alkyl-chains and tend to form

a columnar structure. The columnar structure is considered to be appropriate for the carrier

transport, because charge carriers are considered to be efficiently transported along the column

axis [17].

N
N

HN

N

N

NH

N
N

1
2

3

4

8

9

101115
16

17

18

22

23

24
25

N
N

N

N
N

N

N

N

H

H R

R

R

N
NR

HN

N

NH

N
N

N
R

R

R

R

R = C6H13

N
N

N
N

N
N

N
N

R

R

R R

R

R

RR

H

H

                                         (a) (b)

                    Fig. 1.1 Molecular structures of (a) non-substituted Pc and (b) C6PcH2.

Peripherally alkyl-substituted Pcs show the ordered columnar phase, in which the Pc cores are 

orderly aligned in the column [16], while non-peripherally alkyl-substituted Pcs show the 

disordered columnar phase, in which the Pc cores are disorderly aligned in the column [18]. 

Generally, the carrier mobility increases as the molecular orientational order increases [19]; 

therefore, peripherally alkyl-substituted Pcs are considered to exhibit higher carrier mobility 

than non-peripherally alkyl-substituted Pcs. The carrier mobilities of the peripherally and non-

peripherally alkyl-substituted Pcs were of the order of 10−3 and 10−1cm2/Vs, respectively [20],

[21], [22]; in other words, non-peripherally alkyl-substituted Pcs exhibited two orders higher
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carrier mobility than that of peripherally ones. The origin of better carrier transport properties

of non-peripherally alkyl-substituted Pcs has not been clarified. Carrier transport properties

mainly depend on the molecular packing structure; therefore, clarification of their molecular

packing structure is important for clarification of their better carrier transport properties.

In particular, non-peripherally hexyl-substituted Pc, 1,4,8,11,15,18,22,25-octahexylphthalo-

cyanine (C6PcH2), exhibits excellent carrier transport properties, such as hole mobility of 1.4

cm2/Vs and electron mobility of 0.5 cm2/Vs, which were evaluated by the time-of-flight (TOF)

measurement [23], [24]. Figure 1.1(b) shows the molecular structure of C6PcH2. C6PcH2 also

exhibits an LC phase and tends to form the columnar structure in the crystal phase as well as the

LC phase. Therefore, molecularly oriented thin films are expected to have unique characteristics

of LC, such as large domains and self-organization.

As a device application of C6PcH2, thin-film solar cells with a bulk heterojunction of C6PcH2

and 1-(3-methoxycarbonyl)-propyl-(6,6)C61 (PCBM), which exhibited a high efficiency of 4.2%,

have been reported [25]. The bulk heterojunction film of C6PcH2 and PCBM is fabricated by

spin-coating, but the molecular alignment of C6PcH2 in the film cannot be controlled. C6PcH2 is

considered to exhibit carrier transport property along the column axis [17]. Thus, control of the

direction of the column axis in films is considered to be important to improve the photovoltaic

properties. However, molecularly oriented thin films of C6PcH2 have not been fabricated.

Control of molecular alignment in films is required for improving the device properties, and

the detail crystal structure of C6PcH2 was necessary to evaluate the molecular alignment and

molecular packing structure in the films. The crystal structures of C6PcH2 in the LC phase and

single-crystalline state have been reported in previous works [26], [27]. C6PcH2 in the LC phase

forms a pseudo-disordered hexagonal columnar (Colhd) mesophase because of the free motion

of its alkyl chains, and the column interval is about 21 Å [26]. The tilt angle of the normal

vector of the Pc core is 26◦ from the column axis in each column. The crystal structure in the

single-crystalline state is determined to be triclinic with space group P1, a = 9.2668(9), b =

9.7323(8), c = 19.991(2) Å, α = 100.964(7), β = 91.166(7), and γ = 95.899(7)◦ [27]. The tilt

angle of the normal vector of Pc core is 68◦ from the column axis in each column. That is, the

molecular packing structure in the single-crystal state is different from that in the LC phase.

Moreover, the molecular packing structure measured by single-crystal X-ray structure analysis

did not match that in the film prepared by spin-coating, which is used for solar cells [28]. Non-
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substituted Pcs form two types of crystal polymorphism [29]. Thus, C6PcH2 is also considered

to form crystal polymorphism; however, the crystal structure of C6PcH2 has not been clarified.

1.2.3 Molecular orientation control of liquid crystalline materials

The carrier transport properties of the organic thin film depend on the molecular packing struc-

ture. The carrier transport of organic semiconductors are generally described by the hopping

model [30], [31]. In the hopping model, the carrier mobility is calculated by using the over-

lap integral of the molecular orbital, and the overlap integral depends on the distance between

molecules. For example, the molecular stacking distance of the columnar LC semiconductors

is shorter than the intercolumn distance; therefore, the columnar LC semiconductors exhibit

one-dimensional carrier transport properties along the column axis. These properties depend

on the molecular shape.

In addition, the carrier transport properties in the organic thin film also depend on the molec-

ular alignment, and the carrier transport direction in devices depends on the device structure.

Accordingly, control of molecular alignment in the thin film is required to enhance the device

properties. Discotic LC materials tend to form the columnar structure. Molecular alignment

in the film can be broadly classified into two types: planar and homeotropic alignment. The

schematic of the planar and homeotropic alignment in the film is shown in Fig. 1.2. The charge

carriers are efficiently transported along the column axis, i.e., films with induced planar and

homeotoropic alignment exhibit excellent carrier transport properties parallel and perpendicu-

lar to the substrate, respectively. For typical transistor applications, the direction of the carrier

transport is parallel to the substrate; thus, the films with induced planar alignment are suitable.

For typical solar cell applications, the direction of the carrier transport should be perpendicular

to the substrate; thus, the films with induced homeotropic alignment are suitable.

Control of molecular alignment of LC materials in the films have long been studied, and many

production processes have been reported. The processes for controlling the speed and direction

of the crystal growth have been reported by using printing processes, such as zone-casting [32],

inkjet [33], and blade-coated processes [6], [34]. Secondly, the processes of exerting force to

the films, such as exerting shearing stress [35], rubbing method [36], drawing method [37], and

frictional transfer method [38] have also been reported. Thirdly, fabrication of films on ground

alignment layers has also been reported. As examples of a ground alignment layer, polyimide
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(a) (b)

Fig. 1.2 Schematic diagrams of (a) planar and (b) homeotropic alignment of discotic LC
materials in films. Red two-way arrows represent the direction of the efficient carrier
transport.

and poly(tetrafluoroethylene) alignment layers obtained by the rubbing method and frictional

transfer method, respectively, were used [39], [40], [41]. Fourthly, the process of application

of external field, such as polarized light [42] and magnetic field [43], fifthly, the processes of

using the unique characteristic of an LC phase, such as large domains and self-organization,

have also been reported. For example, molecularly oriented films have been fabricated by using

molecular alignment and packing structure in the smectic E phase, which is a highly ordered

liquid crystalline phase [7]. These molecularly oriented thin films have been used for electrical

devices, such as transistors and solar cells, and reported to exhibit excellent properties [44], [45].

1.2.4 Organic thin film transistor

Recently, properties of organic thin film transistors have been significantly improved, and the

device applications such as wireless tags and display are expected. Additionally, large-area

electronics, such as electronic papers and sensors, can also be prepared by taking advantage of

large-area and flexible products. The fabrication cost of organic thin film transistors prepared

by printing a certain area is calculated to be two orders of magnitude lower than that of sili-

con transistors [46]; thus the organic thin film transistors are effective for preparing large-area

devices.

The principle of the operation of OFETs can be described as follows. The schematic diagram

of the top-contact bottom-gate type FET is shown in Fig. 1.3(a). FETs consist of source, drain,

and gate electrodes and semiconductor and insulator layers, as with silicon transistors. Charge

carriers are supplied from the source electrode and stored in the semiconductor layer, and then,
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the carriers are withdrawn from the drain electrodes.

(a) (b) (c)

Fig. 1.3 Schematic diagrams of the top-contact bottom-gate type FET under various
conditions: (a) a region of a low gate voltage (Vg < Vth), (b) a linear region (Vg < Vth

and Vd < Vg − Vth), and (c) a saturation region (Vg < Vth and Vd > Vg − Vth).

Schematic diagrams of the FETs under various conditions such as (i) a region of a low gate

voltage (Vg < Vth), (ii) a linear region (Vg < Vth and Vd < Vg − Vth), and (iii) a saturation

region (Vg < Vth and Vd > Vg − Vth) are shown in Fig. 1.3; here, Vg, Vd, and Vth are gate,

drain, and threshold voltages, respectively. When Vg < Vth, even if the drain voltage is applied,

drain current cannot be observed because the semiconductor layer exhibits low conductivity, as

shown in Fig. 1.3(a). In the case of Vg > Vth, the charge carriers accumulate in an area near an

interface with the insulator layer, and the carrier accumulation layer is formed as shown in Fig.

1.3(b). The gate voltage formed at the carrier accumulation layer is called threshold voltage.

When Vd < Vg − Vth, the resistance of the carrier accumulation layer is regard as a constant,

and the drain current is directly proportional to the drain voltage according to Ohm’s law. The

region is called a linear region and the properties can be calculated by Eq. (1.1).

Id =
W

L
µCOX

[
(Vg − Vth)−

1

2
V 2
d

]
, (1.1)

where, Id is the drain current, W and L are the width and length of the channel, respectively,

µ is mobility, and COX is capacitance of the insulator layer.

When Vd > Vg − Vth, the difference between the drain and gate voltages vanishes, and the

carrier accumulation layer near the drain electrode disappears as shown in Fig. 1.3(c). This

area is called the space charge region. In this case, even if the drain voltage increased, the

drain voltage consumed during the extension of the space charge region, and the drain current
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is saturated as shown in Eq. (1.2). The region is called the saturation region.

Id =
W

2L
µCOX (Vg − Vth)

2 , (1.2)

In this study, the carrier mobilities of FETs were calculated by using the Id–Vg characteristics,

which are called transfer characteristics, in the saturation region. Equation (1.2) is rewritten

by using the inclination of the
√
Id–Vg characteristic, and the carrier mobility of the FET is

calculated by Eq. (1.3).

∂
√
Id

∂Vg
=

√
W

2L
µCOX. (1.3)

1.2.5 Organic thin film solar cell

For Si-based solar cells, p-type and n-type semiconductors are prepared by ion implantation,

and p-n junction diodes are manufactured. In the case of organic thin film solar cells, two types

of molecules are used as donor and acceptor materials. Additionally, the bulk-heterojunction

films of donor and acceptor materials are used as the active layer of the typical organic cells.

The schematic diagram of the photoelectric conversion process of organic solar cells is shown

in Fig. 1.4. The operation principle of the organic solar cells can be divided into four steps:

(i) light absorption and exciton formation, (ii) diffusion of the generated excitons to the bound-

ary between the donor and acceptor materials, (iii) separation of excitons and charge carrier

formation, and (iv) charge transport to electrodes.

Firstly, absorbance depends on the species of the organic materials used and the thickness of

the organic layer. Secondly, probability of the arrival of the exciton at the boundary between the

donor and acceptor materials depends on the exciton diffusion length and area of the boundary.

Thirdly, exciton dissociation efficiency at the boundary between the donor and acceptor materials

depends on the energy levels of the donor and acceptor materials. Finally, the carrier transport

efficiency depends on the path available to the electrodes involved in charge carrier.

It is difficult to successfully obtain high efficiency at both the second and fourth steps.

When the boundary between the donor and acceptor materials is increased, the probability

of the arrival of the exciton at the boundary increases; however, the path tends to disappear

from the electrodes. For this reason, the ideal microphase separation structure has long been

9



Fig. 1.4 Schematic diagram of the photoelectric conversion process of organic solar cells: (i)
light absorption and exciton formation, (ii) diffusion of the generated excitons to the
boundary between the donor and acceptor materials, (iii) separation of excitons and
charge carrier formation, and (iv) charge transport to electrodes.

studied [47], and the interpenetrating structure of the donor and acceptor materials is regarded

as the ideal structure for the organic solar cell [45].

The parameters of solar cells can be described as follows. The typical current density (J)–

voltage (V ) property of the solar cell is shown in Fig. 1.5. As parameters of the solar cells,

open circuit voltage (VOC), short-circuit current density (JSC), fill factor (FF ), and energy

conversion efficiency (ηe) are usable. VOC depends on the difference between the highest occupied

molecular orbital (HOMO) level of the donor material and the lowest unoccupied molecular

orbital (LUMO) level of the acceptor material, as well as the difference between the work function

of the anode and cathode. JSC is the current density when the voltage is 0 V, and depends on

the absorbance, exciton dissociation efficiency, and carrier transport efficiency. FF is the ratio

of the maximum power to the multiplication of VOC and JSC,

FF =
VmaxJmax

VOCJSC
, (1.4)

where, Vmax and Jmax are the voltage and current density at the maximum power point, respec-

tively. FF improves on decreasing the leak current, which is caused by the reverse current and
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Fig. 1.5 Typical J–V property of the solar cell. The gray area represents the maximum power
of the solar cell.

recombination of charge carriers, and resistance of the devices. Parameter ηe is the ratio of the

electrical energy generated by the solar cell to the energy of the incident light,

ηe =
VOCJSCFF

Pin
× 100 (%), (1.5)

where, Pin is the energy of the incident light per unit time. The power and spectrum of the

incident light are determined by the standard test cell conditions, which are 100 mW/cm2 and

spectrum of solar light, respectively.

The external quantum efficiency (EQE) is known as a parameter of solar cells. EQE is repre-

sented as the ratio of the number of charge carriers to that of incident photons. EQE is usually

measured under monochromatic light irradiation, i.e., EQE represents spectral characteristics.

1.3 X-ray diffraction analysis

1.3.1 Fundamentals of X-ray diffraction

X-ray is a kind of electromagnetic wave, i.e., it exhibits the properties of both wave and particles,

similar to light. Thus, X-ray exhibits the diffraction phenomenon, which is one of the properties

of waves. The principle of the diffraction phenomenon can be described as follows. When X-ray

enters a material, it is scattered by the electrons of the atoms of the materials. This phenomenon

is called Thomson scattering. The wavelength of X-ray is almost equal to the distance between

11



neighboring atoms; therefore, the scattered X-rays can be intensified by the neighboring atoms.

Generally, atoms in crystals show regular alignment, and form a periodic structure called crystal

lattice. When the atoms are aligned with regularity like crystals, the intensity of the scattered X-

rays increases. This phenomenon is called Bragg’s diffraction, and the condition for intensifying

the scattered X-ray is shown by the following equation, which is called Bragg’s laws;

2dsinθB = nλ, (1.6)

where, d is a lattice interval, θB is a diffracted angle, n is an integer and λ is the wavelength

of the incident X-ray. Bragg’s law can be rewritten in vector representation by using the wave

vector of the incident and diffracted X-ray as follows,

d · (k2 − k1 ) = 2nπ, (1.7)

where, d , k1 , and k2 are the lattice interval and incident and diffracted X-rays in vector repre-

sentation, respectively.

Parameter(k2 − k1 ) in Eq. (1.7) is called a scattering vector, and the direction and magni-

tude of the scattering vector indicate the direction and interval of the reciprocal lattice plane,

respectively. The magnitude of k1 is equal to that of k2 because of elastic scattering. There-

fore, the X-rays are diffracted under the conditions required for fulfilling a Bragg’s diffraction

qualification, as shown in Fig. 1.6. The end point of the wave vector of the incident X-ray is the

origin of the reciprocal lattice space. The circle in Fig. 1.6 is called Ewald’s sphere, the center

and radius of which are the start point and magnitude of the wave vector of the incident X-ray,

respectively. X-rays are diffracted when the reciprocal lattice points intersect Ewald’s sphere.

Diffraction from the atoms can be described as follows. X-rays are scattered by the electrons

of atoms, and the number of electron depends on the atomic species, i.e., the intensity of the

diffracted X-ray depends on the scattered atomic species. The intensity of the X-rays diffracted

from each atom has been studied by taking the distribution of the electrons of atoms and can

be represented by the following equation [48],

f =
4∑

j=1

ajexp

(
−bjsin

2θ

λ2

)
+ c, (1.8)
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Fig. 1.6 Schematic diagram of incident and diffracted X-rays under the condition fulfilling a
Bragg’s diffraction qualification. Blue plots, the red circle, and the green arrow
represent the reciprocal lattice points, Ewald’s sphere, and a scattering vector,
respectively.

where, f is the atomic scattering factor, aj , bj , and c are the values obtained by theoretical 

calculations; and the values of hydrogen, carbon, and oxygen atoms are shown in Table 1.1. The 

theoretical value of a, b, and c are given in the Internal Tables for X-ray Crystallography Vol. 

4.

Table 1.1 Theoretical values of a, b, and c in Eq. (1.8).

Element a1 b1 a2 b2 a3 b3 a4 b4 c

1 H 0.494 10.51 0.3229 26.13 0.1401 3.142 0.04081 57.80 0.003038
6 C 2.31 20.84 1.02 10.21 1.589 0.5687 0.865 51.65 0.2156
8 O 3.049 13.28 2.287 5.701 1.546 0.3239 0.867 32.91 0.2508

Now, we consider the diffraction from all atoms in a crystal lattice. The phases of X-rays

scattered from each atom in a crystal lattice are different, and they depend on the positions of

atoms in a crystal lattice. Therefore, it is important to consider the relationship between the

phases of X-rays and positions of atoms.

By considering the diffraction from the (hkl) plane, the phase of the diffracted X-ray can be
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described as follows,

ϕ = 2π(hu+ kv + lw), (1.9)

where, u, v, and w are the coordinates of an atom divided by lattice constants a, b, and c,

respectively. The intensity of the scattered X-ray depends on the atomic scattering factor, and

the X-rays diffracted from a crystal lattice can be described by summing up the diffraction of

all atoms in a crystal lattice as follows,

Fhkl =
N∑
j=1

fje
iϕj =

N∑
j=1

fje
2πi(huj+kvj+lwj), (1.10)

where, Fhkl is called a structure factor that represents the amplitude and phase of the diffracted

X-ray, N is the total number of atoms in a crystal lattice, and fj , ϕj , uj , vj , and wj are f , ϕ,

u, v, and w of the j th atom, respectively.

Now, we consider diffraction from the crystal. The intensity of the diffracted X-ray is not

affected by only the structure factor, but also by polarization, Lorentz-polarization factor, ab-

sorption, and temperature factor, and calculated as follows,

I = |F |2
(
1 + cos22θ

2sin2θcosθ

)
1

2µabs
e−2M , (1.11)

where, I is the intensity of the diffracted X-ray, the second term of Eq. (1.11) is Lorentz-

polarization factor, µabs is an absorption factor, and M is a temperature factor [49]. When the

relative intensities from each lattice plane are calculated, the absorption and temperature factors

are ignored because of the constant or undecidable values, and the intensity of the diffracted

X-ray can be described in simple terms as follows,

I ∝ |F |2
(
1 + cos22θ

2sin2θcosθ

)
. (1.12)

In this dissertation, the relative intensities of the X-rays diffracted from each lattice plane were

calculated by using Eq. (1.12.).
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1.3.2 Grazing incidence wide-angle X-ray scattering

XRD analysis has long been used to clarify the crystal structures. Generally, a scintillation

counter, which is a zero-dimensional detector, is used as a detector of X-rays. The intensities

of XRD are plotted against various parameters such as diffraction, tilt, and azimuthal angles

using a scintillation counter, and line profiles are obtained. For a sample without an orienta-

tional order like powder crystals, all XRD peaks can be detected by measuring the diffracted

angle dependence on the XRD intensity. For samples with an orientational order like molecu-

lar oriented films or single-crystals, tilt or azimuthal angle dependence on the XRD intensities

can be measured at a fixed diffracted angle fulfilling the Bragg’s diffraction qualification, and

the degree of orientation or molecular alignment direction can be evaluated. The measurement

method is called the X-ray rocking curve. However, it is difficult to detect all XRD peaks of a

sample with an orientational order by the XRD measurement utilizing a zero-dimensional detec-

tor. The reciprocal lattice points of the oriented samples are located three-dimensionally, and

the XRD peaks can be detected by two or three-dimensionally moving of the zero-dimensional

detector [50]; therefore, it takes too long time to measure.

Recently, XRD analysis utilizing a two-dimensional (2-D) detector has been carried out be-

cause of the availability of synchrotron radiation facilities, such as SPring-8, and popularization

of semiconductor detectors. XRD analysis utilizing a 2-D detector can afford a 2-D XRD pat-

tern, and it is suitable to measure the sample with an orientational order. The grazing incidence

wide-angle X-ray scattering (GIWAXS) technique is one of the methods that uses the 2-D de-

tector. Figure 1.7 shows the schematic of the measurement setup of the GIWAXS technique.

The GIWAXS measurement setup consists of an X-ray source, a multi-axis diffractometer, and

a 2-D detector. X-rays enter the sample with a nearly zero incident angle, and the diffracted

X-rays are detected by the 2-D detector.
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Fig. 1.7 Schematic diagram of the GIWAXS measurement setup. Qx, Qy, and Qz represent
coordinates of the reciprocal lattice space.

XRD patterns depend on the periodicity of the sample. The XRD patterns from the samples

with various dimensions of periodicities can be described as follows. Figure 1.8 shows the

schematics of the reciprocal lattice points of the samples with various dimensions of periodicity,

such as powder crystals and molecular oriented films with and without dependence on azimuthal

angles. Since the directions of crystal planes in powder crystals are random, the reciprocal lattice

points of the powder crystals are spherical as shown in Fig. 1.8(a), and the diffracted X-rays are

generated at all directions, fulfilling the Bragg’s diffraction qualification. That is, the reciprocal

lattice points of powder crystals possess only one parameter of plane intervals. X-rays are

diffracted when the reciprocal lattice points intersects Ewald’s sphere, and the intersection of

two spheres is a circle; therefore, circular XRD patterns are detected on the 2-D detector.
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(a) (b) (c)

Fig. 1.8 Schematics of the reciprocal lattice points of the samples with various dimensions of
periodicity: (a) powder crystals and molecular oriented films (b) without and (c) with
dependence on azimuthal angles.

Molecules in some films prepared by evaporation and spin-coating possess molecular orien-

tation order in the out-of-plane direction; however, there is no molecular order in the azimuthal

direction. The reciprocal lattice points are circular because there is no molecular orientation

order in the azimuthal direction as shown in Fig. 1.8(b), and the reciprocal lattice points possess

two parameters of plane intervals and tilt angles. The intersection of Ewald’s sphere and circular

lattice points are points; therefore, spotty XRD patterns are detected on the 2-D detector.

In the case of a single-crystal, X-rays are diffracted to specific directions, and the reciprocal

lattice points are dotted as shown in Fig. 1.8(c). Reciprocal lattice points possess three param-

eters of plane intervals, tilt, and azimuthal angles. The three-dimensional information of the

reciprocal lattice points cannot be obtained by the 2-D detector, and it is necessary to rotate

the sample for detecting the XRD peaks. Therefore, spotty XRD patterns that depend on the

sample rotation are detected on the 2-D detector.

1.3.3 Molecular packing structure of discotic liquid crystals

Discotic LC materials tend to form a columnar structure. The intercolumn distance is much

longer than the intermolecular distance, and XRD peaks based on the inter-molecular distance

are detected at a lower angle than that based on the intercolumn distance. The arrangement of

the columns can be determined by taking the XRD peaks based on the intercolumn distance.

The columnar mesophses formed by discotic LC materials can be broadly classified into four

categories: oblique, rectangular, tetragonal, and hexagonal phases [51]. That is, the relative
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positions of the molecules are oblique, rectangular, tetragonal, and hexagonal, as seen from the

column direction, respectively. The rectangular phases can be classified into four categories

based on the symmetry: C2/m, P21/a, P2m, and P2/a. Figure 1.9 shows the schematics

of oblique, tetragonal, hexagonal, and four types of rectangular phases. The molecules in the

columns are tilted in the case of hexagonal and tetragonal phases, as shown in Figs. 1.9(a), (b),

respectively. However, they are not tilted for the oblique and rectangular phases as shown in

Figs. 1.9(c)–(g).

(a) (b)

(c) (d) (e) (f) (g)

Fig. 1.9 Schematic diagrams of (a) hexagonal, (b) tetragonal, (c)–(f) rectangular, and (g)
oblique phases of columnar LC materials. The rectangular phases are classified into
four categories by the symmetry: (c) C2/m, (d) P21/a, (e) P2m, and (f) P2/a.

The hexagonal phase has the highest symmetry in these four phases, and this phase is almost

equal to the centered rectangular phase, the ratio of the long and short sides of which is
√
3, as

shown in Fig. 1.9(a). The tetragonal phase is almost equal to the rectangular phase, the length

of the long side of which is equal to that of the short side, as shown in Fig. 1.9(b). Therefore,

the hexagonal and rectangular phases are discussed by considering the rectangular phase.
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It has been observed that XRD peaks disappear because of the interference of X-rays, and

this is called the extinction rule. The extinction rule depends on the symmetry of the crystal

structure. Many XRD peaks disappear in crystals with high symmetry, while all peaks appear

in crystals with low symmetry.

The intensity of the diffracted X-rays in the four types of rectangular columnar phases shown

in Figs. 1.9(c)–(f) can be calculated by Eq. (1.10). Lattice constant c is determined to be in

the molecular stacking direction, and lattice constants a and b are determined to be in the

intercolumn direction. In this section, the periodicity of the molecular stacking direction is not

considered for simplicity.

In the case of a centered rectangular with the symmetry of C2/m, as shown in Fig. 1.9(c),

there are two molecules in a unit cell, and the position of the two molecules can be described

by (u,v)=(x,y), (x+ 1/2,y + 1/2); therefore, Fhk in Eq. (1.10) can be calculated as follows,

Fhk = fe2πi(hx+ky) + fe2πi(hx+ky+h+k
2 )

=
{
1 + eπi(h+k)

}
fe2πi(hx+ky), (1.13)

where, f is the scattering factor of a molecule. Fhkl is zero when h+k = 2n+1 (n is an integer),

and XRD peaks disappear.

In the case of a centered rectangular with the symmetry of P21/a, as shown in Fig. 1.9(d),

there are two two-fold screw axes along the a and b axes. The two-fold screw axes along the a

and b axes can be described as (x, y) → (x+ 1/2,−y) and (x, y) → (−x, y + 1/2), respectively;

therefore, Fhk in Eq. (1.10) can be calculated as follows,

Fhk = fe2πi(hx+ky) + fe2πi(hx−ky+h
2 )

Fh0 =
(
1 + eπih

)
fe2πihx, (1.14)

Fhk = fe2πi(hx+ky) + fe2πi(−hx+ky+ k
2 )

F0k =
(
1 + eπik

)
fe2πiky, (1.15)

therefore, Fhkl is zero when h = 2n+1 and k = 0, or h = 0 and k = 2n+1, and XRD peaks
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disappear.

In the case of a rectangular phase with the symmetry of P2m, as shown in Fig. 1.9(e),

there is no extinction rule; therefore, all XRD peaks appear. For a rectangular phase with

the symmetry of P2/a, as shown in Fig. 1.9(f), there is a glide plane along the a axis, and

the symmetry can be described as (x, y) → (x + 1/2,−y). The result is similar to the result

obtained using Eq. (1.14); therefore, XRD peaks disappear when when h = 2n+1 and k = 0.

The symmetry of the rectangular columnar phase can be determined by the extinction rule.

The lattice constant of the rectangular columnar phase can be also determined by the po-

sitions of XRD peaks. The plane interval and direction can be determined by the following

equations,

1

d(hk0)
=

h2

a2
+

k2

b2
, (1.16)

α(hk0) = tan−1

(
ka

hb

)
, (1.17)

where, d(hk0) and α(hk0) are the interval and tilt angle, respectively, from the a axis of the

lattice plane in the rectangular phase, h and k are Miller indices, and a and b are lattice constants.

1.4 Motivation of the dissertation

A columnar LC material, C6PcH2, exhibits excellent electrical properties such as high carrier

mobility and excellent solar cell properties. However, the reported C6PcH2-based devices are

fabricated by spin-coating, and control of the molecular orientation in the thin film was not

carried out; thus, the excellent electrical properties of these devices have not been used to

the fullest. For this reason, the fabrication of a molecular oriented thin film of C6PcH2 is

desired. However, even the analysis methods for the molecular packing structure and molecular

orientation in such thin films have still not been resolved.

In this dissertation, planar and homeotropic alignments of columnar LC materials in thin

films was investigated by using C6PcH2, and the analytical method for the molecular packing

structure and molecular alignment in the molecularly oriented thin film are investigated. More-

over, the devices utilizing molecularly oriented thin films were fabricated, and this process of
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molecular orientation was shown to be effective for device application.

1.5 Contents of the dissertation

This dissertation is organized in six chapters.

Chapter 1 describes the background, purpose, and overview of this dissertation. The funda-

mental of X-ray structure analysis were explained.

In Chapter 2, the structures of crystal polymorphisms of discotic LC materials were investi-

gated by single-crystal X-ray structure analysis, and the stability of each crystal is discussed by

thermal analysis. The carrier transport properties of each crystal polymorphism are discussed

based on the results of the DFT calculation.

In Chapter 3, the molecular packing structure and molecular alignment in the film prepared

by spin-coating were investigated by the GIWAXS measurement and discussed by taking the

molecular packing structure determined in Chapter 2.

In Chapter 4, uniaxially planar alignment of discotic LC materials in films was induced by

bar-coating, and the 3-D molecular packing structure and molecular alignment were investi-

gated by GIWAXS measurement with sample rotation. The XRD patterns were reproduced by

a simulation using the molecular packing structure determined in Chapter 2, and a technique for

detailed crystal structure analysis in a uniaxial molecularly oriented thin film is proposed. More-

over, homeotropic alignment in thin films was also induced, and the molecular alignment was

investigated by the GIWAXS measurement. The fabrication conditions in inducing homeotropic

alignment are discussed based on the molecular packing structure in the LC phase.

In Chapter 5, FETs and solar cells utilizing molecularly oriented films prepared by the

process shown in Chapter 4 were fabricated, and the device characteristics of FETs and solar

cells are discussed based on the carrier transport properties of discotic LC materials.

Chapter 6 concludes this dissertation.
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Chapter 2.

Single crystal structure and its thermal be-

havior

2.1 Introduction

A columnar LC semiconductor, C6PcH2, has been reported to exhibit a high carrier mobility [23],

and device applications utilizing C6PcH2 are expected [52]. The high carrier mobility is based

on the molecular packing structure of C6PcH2. The molecular packing structure in the LC phase

and single-crystal state has been investigated by X-ray structure analysis [23], [27]. However, the

diffracted patterns of the reported molecular packing structure are different from those in the

thin film of the device structure [28]. Non-substituted Pc has been reported to exhibit crystal

polymorphs [29]; C6PcH2 has also been suggested to exhibit crystal polymorphs. However, the

detail crystal structure has not been determined.

In this chapter, the single-crystals of C6PcH2 were grown by the recrystallization method

under various conditions, and the crystal structures were determined by single-crystal X-ray

structure analysis. Moreover, the carrier transport properties were simulated by the density

functional theory (DFT) calculation.

The single crystals of the non-peripheral pentyl-substituted phthalocyanine 1,4,8,11,15,18,

22,25-octapentyl-phthalocyanine (C5PcH2) and the non-peripheral hexyl-substituted tetraben-

zotriazaporphyrin 1,4,8,11,15,18,22,25-octahexyl-tetrabenzotriazaporphyrin (C6TBTAPH2) were

also grown by the recrystallization method and their crystal structures were determined. The

alkyl-chain length of C5PcH2 is shorter than that of C6PcH2, and the core structure of C6TBTAPH2

is different from that of C6PcH2. The crystal structure of C6PcH2 was discussed based on the

crystal structures of C5PcH2 and C6TBTAPH2. The selective crystal growth of the crystal
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polymorphs was discussed by considering their thermal behaviors measured by different scan-

ning calorimetry (DSC) and temperature-controlled X-ray structure analysis.

2.2 Sample fabrication

2.2.1 Materials

Molecular structures of C6PcH2, C5PcH2, and C6TBTAPH2 are shown in Fig. 2.1. C6PcH2,

C5PcH2, and C6TBTAPH2 were synthesized by a previously reported procedure [53], [54].

N
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N

N

NH

N

N

R

RR

R

R

R R

R

X C6PcH2
R = C6H13, X = N

C5PcH2
R = C5H11, X = N

C6TBTAPH2
R = C6H13, X = CH

Fig. 2.1 Molecular structures of C5PcH2, C6PcH2, and C6TBTAPH2.

Figure 2.2 shows the phase transition temperatures of C6PcH2, C5PcH2, and C6TBTAPH2,

determined by DSC by heating [23], [55], [56]. C5PcH2 did not exhibit the LC phase and its

melting point was determined to be 218 ◦C. C6PcH2 and C6TBTAPH2 exhibit the LC phase

from 161 ◦C to 170 ◦C and from 151 ◦C to 170 ◦C, respectively.

C6PcH2

C6TBTAPH2

C5PcH2

218�

161� 170�

151� 170�

Cry. LC Iso.

Fig. 2.2 Phase transition temperature of C5PcH2, C6PcH2, and C6TBTAPH2 in the heating
process.
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2.2.2 Preparation of single crystals

The single crystals were fabricated by two types of recrystallization methods, solvent evaporation

technique and slow cooling method.

In the solvent evaporation technique, saturated solutions were prepared in screw-top vials,

and the solvents were vaporized for a month at room temperature under atmospheric conditions.

A mixed solvent of tetrahydrofuran and acetonitrile was used as a recrystallization solvent.

In the slow cooling method, supersaturated solutions were prepared in screw-top vials at

room temperature under atmospheric conditions. The solutions were heated at 333 K and

gradually cooled to room temperature over 3 days. A mixed solvent of tetrahydrofuran and

ethanol was used as a recrystallization solvent for the C5PcH2. In the other cases, a mixed

solvent of tetrahydrofuran and acetonitrile was used. The crystals fabricated by the solvent

evaporation technique and slow cooling method were called α and β-type crystals, respectively.

2.2.3 Measurement setups

The shapes of the single crystals were observed by a digital microscope (KEYENCE VHX-

1000). The single-crystal X-ray diffraction measurement was carried out by using a curved

imaging plate (RIGAKU R-AXIS RAPID-191R) with an X-ray generator (RIGAKU FR-E++

SuperBright and Cu Kα radiation. The crystallographic calculation was performed by using

program packages for structure analysis (RIGAKU Crystal Structure 4.1). The crystal structure

of β-type C6PcH2 was determined by a direct method (SHELXS-2013), and the other crystal

structures were determined by direct method (SIR-2008). C6PcH2 crystals were measured at 273

K. The α-type crystals of C5PcH2 and C6TBTAPH2 were measured at 123 K, and the β-type

crystals of C5PcH2 and C6TBTAPH2 were measured at 213 K. The temperature dependence of

the lattice constants of single crystals of β-type C6PcH2 were measured in the same way.

The charge transport of organic molecules at room or higher temperature could be described

as the hopping transport [30], [31]. The electron hopping rate WEH is estimated using the

Marcus model [57],

WEH =
V 2

h̄

(
π

λskBT

)1/2

exp

(
− λs

4kBT

)
, (2.1)
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where, V is the electronic coupling between the molecules in the dimer, h̄ is Planck’s constant,

λs is the reorganization energy, kB is Boltzmann’s constant, and T is the temperature. Diffusion

constant D of charge hopping in the crystals is approximated by the following equation:

D =
1

2nD

∑
i

d2iWiPi, (2.2)

where nD is the spatial dimensionality and d is the center-of-mass distance between the molecules

in the dimer; di and Wi are d and WEH of a specific hopping pathway i, respectively; and Pi is

the hopping probability of the hopping pathway i. Pi is calculated by

Pi =
Wi∑
iWi

, (2.3)

The charge mobility µ is estimated using the Einstein relation:

µ =
q

kBT
D, (2.4)

where, q is the elementary charge. The columnar LC semiconductor exhibits a high carrier

mobility along its column axis; therefore, the one-dimensional (1-D) hopping model, which

calculates hopping paths along a column axis, is suitable for simulating the carrier transport

properties. Assuming the 1-D hopping model, the 1-D mobility µ1D is calculated from the

equation (2.1)–(2.4), nD = 1, and Pi = 1 [30], [58].

µ1D =
qd2

2kBT

V 2

h̄

(
π

λskBT

)1/2

exp

(
− λs

4kBT

)
(2.5)

The values of V were obtained by using the “fragment approach” implemented in the Amster-

dam density functional (ADF) package [59]. The calculation was performed using Generalized

Gradient Approximation (GGA) and the Perdew-Wang 91 (PW91) functional with triple-zeta

Slater-type orbital (STO) basis set with only one set of polarization functions on each atom

(TZP).
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2.3 Crystal structure of crystal polymorphism

2.3.1 Crystal morphology

Figure 2.3 shows the microscopy images of the α- and β-type crystals of C5PcH2, C6PcH2, and

C6TBTAPH2. The crystals of α-type C6PcH2 and C6TBTAPH2 are cuboidal and the other

crystals have needle-like shapes. The typical widths of the needle-like crystals are approximately

100 µm and the typical sizes of the cuboidal crystals are approximately 1 mm square. The α-

type crystals of C5PcH2 are blue, β-type crystals of C6PcH2 and C6TBTAPH2 are gray, and

the other crystals are black. The α-type crystals of C6PcH2 and C6TBTAPH2 and the β-type

crystals of C6PcH2 have angular pieces. The angle of the crystals depends on the angle of the

crystal plane.

Non-substituted phthalocyanines mainly form two types of crystal polymorphism and the

phase transition from the α-type to β-type tend to take place by thermal annealing [29]. Two

types of crystal polymorphism exist for C5PcH2, C6PcH2, and C6TBTAPH2.

(a) (b) (c)

(d) (e) (f)

Fig. 2.3 Microscopy images of the crystals. (a) α-type C5PcH2, (b) β-type C5PcH2, (c) α-type
C6PcH2, (d) β-type C6PcH2, (e) α-type C6TBTAPH2, and (f) β-type C6TBTAPH2.
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2.3.2 Molecular packing structure

Figure 2.4 shows both types of molecular packing structures in the direction parallel and per-

pendicular to the column axis of C6PcH2, C5PcH2, and C6TBTAPH2, and Tables 2.1 and 2.2

summarize their lattice parameters and crystal and experimental data, where a, b, c, α, β, and

γ are the lattice parameters, Z is a number of the molecules present in the unit cell, T is the

measured temperature, µabs is the absorption coefficient, RF is the reliability factor, and RW is

the radiation weighting factor. The crystal structures of α-type C6PcH2 and C6TBTAPH2 are

similar to those reported previously [27], [56].

The normal vectors of the core structure of the α-type compounds used in this section and β-

type C6TBTAPH2 are tilted in the same direction, while those of β-type C5PcH2 and C6PcH2

are tilted in an alternate pattern from column to column to give a herringbone-like packing

structure.

The crystal structure of α-type C6TBTAPH2 is almost similar to that of α-type C6PcH2.

The difference between C6TBTAPH2 and C6PcH2 is in the core structure; therefore, it seems

that the core structures are not very effective in determining the basic structure of the α-type

crystals. In contrast, the crystal structure of α-type C5PcH2 was different from those of C6PcH2

and C6TBTAPH2; therefore, the difference in the alkyl-substituent length affects the molecular

packing structure in the α-type crystals.

The core parts of β-type C6TBTAPH2 are tilted in the same direction, while β-type C6PcH2

and C5PcH2 exhibit a herringbone-like packing structure, and the crystal structure of β-type

C5PcH2 resemble that of β-type C6PcH2. These columnar stacks are considered to depend on

the symmetry of the core structure. Phthalocyanines have higher symmetries than tetrabenzo-

triazaporphyrins; therefore, the crystal systems and space groups in β-type C6PcH2 and C5PcH2

have higher symmetries than C6TBTAPH2. These results show that the crystal structures of

the β-type crystals are affected by the core structure rather than by the alkyl-substituent length.

The crystal morphologies were simulated by the Bravais Friedel Donnay Harker (BFDH)

method by using the single-crystal structures [60]. The simulation was carried out by using

the crystal structure visualisation software (Mercury 3.9). The simulated crystal morphologies

of α-type C6PcH2 and C6TBTAPH2 are cuboidal, and the other crystals are needle-like. This

result is consistent with the microscopy images shown in Fig. 2.3.
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The α-type crystals of C5PcH2 grew significantly in the direction of the a axis of its crystal 

structure, which is parallel to the molecular stacking direction. The β-type crystals of C5PcH2 

and C6PcH2 grew significantly in the direction of the b axis, which is also parallel to the molecular 

stacking direction. The crystal morphologies of β-type C5PcH2 and C6PcH2 were simulated to 

be hexagonal prisms, because of the high symmetries of the crystal structures. The crystals of

β-type C6TBTAPH2 grew significantly in the direction of the a axis, which is also parallel to the 

molecular stacking direction. The crystal morphology of β-type C6TBTAPH2 was simulated to 

be a distorted prism, because the symmetry of β-type C6TBTAPH2 is lower than those of β-type 

C5PcH2 and C6PcH2. The α-type C6PcH2 and C6TBTAPH2 crystals grew in two directions, 

a and b axes of their crystal structures, because lattice parameter a is almost equal to lattice

parameter b. The crystal growth directions of the compounds used in this section were clarified

based on the crystal morphology simulations utilizing single crystal structures.

Table 2.1 Lattice parameters in α-type and β-type C6PcH2, C5PcH2, and C6TBTAPH2.

a (Å) b (Å) c (Å)

α-type C6PcH2 9.3149(4) 9.7909(5) 19.9810(14)
β-type C6PcH2 20.7430 9.7984 36.0961
α-type C5PcH2 5.14406(13) 16.7097(4) 18.6864(13)
β-type C5PcH2 19.3788(5) 9.7975(3) 34.289(2)
α-type C6TBTAPH2 9.2558(8) 9.6764(8) 19.9021(16)
β-type C6TBTAPH2 9.64161(17) 22.9419(4) 32.721(2)

α (deg) β (deg) γ (deg) Z

α-type C6PcH2 100.534(7) 91.084(6) 95.653(7) 1
β-type C6PcH2 90 93.8750 90 4
α-type C5PcH2 92.730(7) 94.415(7) 91.667(7) 1
β-type C5PcH2 90 91.781(7) 90 4
α-type C6TBTAPH2 99.760(7) 91.118(6) 95.409(7) 1
β-type C6TBTAPH2 82.445(6) 85.376(6) 81.577(6) 4
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(a) (b)

(c) (d)

(e) (f)

Fig. 2.4 Molecular packing structures of the crystals in the directions parallel and
perpendicular to the column axis of (a) α-type C5PcH2, (b) β-type C5PcH2, (c) α-type
C6PcH2, (d) β-type C6PcH2, (e) α-type C6TBTAPH2, and (f) β-type C6TBTAPH2

.
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Table 2.2 Crystal and experimental data in α-type and β-type C6PcH2, C5PcH2, and
C6TBTAPH2.

Crystal Space T (K) µabs RF (%) RW (%)system group

α-type C6PcH2 Triclinic P1 273 0.498 5.78 19.54
β-type C6PcH2 Monoclinic P21/n 273 0.473 22.20 47.59
α-type C5PcH2 Triclinic P -1 123 0.496 14.06 25.70
β-type C5PcH2 Monoclinic P21/n 213 0.487 10.90 26.51
α-type C6TBTAPH2 Triclinic P1 123 0.490 9.01 17.61
β-type C6TBTAPH2 Triclinic P -1 213 0.484 11.39 23.48

(a) (b) (c)

(d) (e) (f)

Fig. 2.5 Crystal morphologies and crystal planes simulated by the BFDH method. The crystal
planes of the backside of the crystals are indicated by the arrows. (a) α-type C5PcH2,
(b) β-type C5PcH2, (c) α-type C6PcH2, (d) β-type C6PcH2, (e) α-type C6TBTAPH2,
and (f) β-type C6TBTAPH2.

2.3.3 Calculation of charge transport properties

The hole mobilities of C5PcH2 and C6PcH2 were simulated by the DFT calculation. The hole

mobility of C6TBTAPH2 could not be calculated because the position of the carbon atom of
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the core structure could not be determined.

For β-type C5PcH2 and C6PcH2 crystals, there are two molecules along the b axis in the

unit cell, i.e., there are two paths along the molecular stacking direction. Table 2.3 shows the

reorganization energy, λs, electronic couplings between the molecules in dimer V , and calculated

mobilities µ by using Eq. (2.5). In the case of C6PcH2, the reported values of λs, V , and µ were

used [58]. The 1-D diffusion constant D1D of β-type C5PcH2 and C6PcH2 can be evaluated by

Eq. (2.6) [61], [62].

D1D =
1

2

⟨
1

d2iWi

⟩−1

, (2.6)

The 1-D mobility considering two paths was calculated by combining Eqs. (2.2), (2.4), and (2.6)

into the following equation,

µ1D =
2µ1µ2

µ1 + µ2
, (2.7)

where, µ1 and µ2 are the hole mobilities of paths 1 and 2, respectively. The hole mobility of β-

type C5PcH2 and C6PcH2 were calculated to be 0.30 and 1.49 cm2/Vs by Eq. (2.7), respectively.

Based on these results, the mobilities of β-type C6PcH2 were calculated to be higher than that

of β-type C5PcH2.

The hole mobilities of α-type C5PcH2 and C6PcH2 were calculated to be 7.51 and 11.63

cm2/Vs, respectively. As mentioned above, the hole mobilities of β-type C5PcH2 and C6PcH2

were calculated to be 0.30 and 1.49 cm2/Vs, respectively. These results show that for both

C5PcH2 and C6PcH2, the hole mobilities of α-type crystals were higher than that of β-type

crystals. This result is discussed by taking the shortest intermolecular distance of the Pc core.

Generally, electronic couplings between the molecules in the dimer (V ) depend on the inter-

molecular distance, and increase as the distance decrease. The shortest intermolecular distances

of α-type C5PcH2 and C6PcH2 were calculated to be 3.418 and 3.511 Å, respectively. On the

other hand, those of β-type C5PcH2 were calculated as 3.804 Å (path 1) and 3.681 Å (path2), re-

spectively, and those of β-type C6PcH2 were calculated to be 3.776 Å (path 1) and 3.644 Å (path

2), respectively. The α-type compounds were considered to exhibit higher carrier mobilities than

the β-type compounds because of the short intermolecular distance.
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The α-type C6PcH2 crystals exhibit a higher carrier mobility than α-type C5PcH2 even

though the shortest intermolecular distance of α-type C6PcH2 was longer than that of α-type

C5PcH2, which was explained by the center-of-mass distance between the molecules in the

dimer. V of α-type C6PcH2 was lower than that of α-type C5PcH2 because of the longer

shortest intermolecular distance; however, d of α-type C6PcH2 was longer than that of α-type

C5PcH2. High carrier mobility can be obtained in the case of high d by Eq. (2.5). Therefore,

the highest mobility can be obtained in the case of α-type C6PcH2.

Table 2.3 λs, d, V , and µ of C5PcH2 and C6PcH2 simulated by DFT calculation using
single-crystal structures.

λs (eV) d (Å) V (eV) µ (cm2/Vs)

α-type C5PcH2 8.10× 10−2 5.14 7.41× 10−2 7.51
β-type C5PcH2 (path 1) 1.11× 10−1 7.21 9.30× 10−3 0.16
β-type C5PcH2 (path 2) 1.11× 10−1 6.92 4.50× 10−2 3.38
α-type C6PcH2 6.71× 10−2 9.27 4.51× 10−2 11.63
β-type C6PcH2 (path 1) 8.8× 10−2 7.38 1.80× 10−2 0.83
β-type C6PcH2 (path 2) 8.8× 10−2 6.89 5.43× 10−2 6.63

The carrier mobility perpendicular to the column axis of β-type C6PcH2 was also simulated.

The maximum value of the electronic coupling in the hopping path between the molecules in

the dimer is V = 5×10−5 eV for the inter-column distance, and the center-of-mass distance is

d =1.664 nm. As a result, the maximum carrier mobility perpendicular to the column axis is

calculated to be 3.8×10−5 cm2/Vs by Eq. (2.5). It is noted that the simulated mobility parallel

to the column axis is over 104 times higher than that perpendicular to the column axis.

2.3.4 Temperature dependence of the lattice constant

The single-crystal X-ray structure measurement was carried out at a lower temperature than

room temperature because of decrease in the thermal vibration of molecules. For organic device

application, it is important to determine the crystal structure at room temperature, therefore,

the temperature dependence of the lattice parameters of β-type C6PcH2 has been investigated.

Figure 2.6 shows the temperature dependences of the lattice parameters in β-type C6PcH2,

which confirmed a volumetric change. The lattice parameters of β-type C6PcH2 at 123 K were

a = 21.024 Å, b = 9.543 Å, and c = 35.260 Å. With increasing temperature, lattice constant a

decreased, while b and c gradually increased. The lattice constants in β-type C6PcH2 at 293 K
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were a = 20.652 Å, b = 9.875 Å, and c = 36.232 Å. The volume of the unit cell monotonically

increased. The results indicated that there is no phase transition of β-type C6PcH2 from 123 K

to 293 K. The b axis of β-type C6PcH2 is parallel to the molecular stacking direction, and lattice

constant b increased with increasing temperature. The carrier mobility significantly depends on

the intermolecular distance; therefore, the carrier mobility of β-type C6PcH2 is considered to

exhibit negative temperature dependence [23].
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Fig. 2.6 Temperature dependence of lattice constants (a) a, (b) b, and (c) c in β-type C6PcH2

measured by single-crystal X-ray structure analysis.

2.4 Crystal-to-crystal thermal phase transition

2.4.1 Experimental setups

The crystals of α-type C5PcH2, C6PcH2, and C6TBTAPH2 were prepared according to the

procedure described in Section 2.2.2 and the thermal phase transitions of the pulverized α-

type crystals were observed by using DSC (TA Instruments Q2000) and X-ray diffractometer
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(RIGAKU SmartLab) with Cu Kα radiation and a heating stage (Anton-Paar DHS900) at

various temperatures under atmospheric pressure conditions. The DSC and XRD measurements

were performed at 1 and 5 ◦C/min, respectively.

The changes of enthalpy ∆H and entropy ∆S were calculated by the following equations,

∆H =

∫
CpdT, (2.8)

∆S =

∫
Cp

T
dT, (2.9)

where Cp is the heat capacity and T is the temperature.

2.4.2 Thermal phase transition behavior

Figure 2.7 shows the DSC thermograms of α-type C5PcH2, C6PcH2, and C6TBTAPH2. Table

2.4 shows the peak temperatures T and changes of enthalpy ∆H and entropy ∆S of thermal

anomalies shown in Fig. 2.7. ∆H and ∆S were calculated by Eqs. (2.8)–(2.9).

According to the thermal phase transition as shown in Fig. 2.2, the thermal anomalies at

161 ◦C in Fig. 2.7(b) and 151 ◦C in Fig. 2.7(c) were based on the transition to the LC phase

and the thermal anomalies at 218 ◦C in Fig. 2.7(a), 170 ◦C in Fig. 2.7(b), and 171 ◦C in Fig.

2.7(c) were clearing points. Therefore, the other thermal anomalies were based on the crystal-

to-crystal phase transitions. The transition temperature to the LC phase, i.e., the melting point

and clearing points of all compounds appeared in both the first and second heating process.

∆S at the clearing point of C5PcH2, C6PcH2, and C6TBTAPH2 were calculated to be

6.20×10−2, 2.77×10−2, and 1.92×10−2 J/gK, respectively. The ∆S value for C5PcH2 is higher

than those of C6PcH2 and C6TBTAPH2 since C5PcH2 does not exhibit the LC phase. The total

values of ∆S at the melting and clearing points of C6PcH2 and C6TBTAPH2 were calculated

to be 6.30×10−2 and 5.98×10−2 J/gK, respectively. Therefore, the value of ∆S at the clearing

point of C5PcH2 was almost equal to the total value of ∆S at the melting and clearing points

of the other compounds, i.e., ∆S of the transitions from the crystal to the isotropic phase of all

compounds was almost equal.

The DSC thermograms in the first heating process of all compounds were different from
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those in the second heating process. The anomaly peak at 181 K in the first heating process

of α-type C5PcH2 was shifted to 174 K in the second heating process. The broad peaks at 102

◦C in Fig. 2.7(a), 59 and 82 ◦C in Fig. 2.7(b), and 47 and 81 ◦C in Fig. 2.7(c) in the first

heating process did not reappear in the second heating. The results indicate that the irreversible

crystal-to-crystal thermal phase transition occurred, and these thermal anomalies are considered

to be based on the irreversible crystal-to-crystal thermal phase transitions.
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Fig. 2.7 DSC thermograms of α-type (a) C5PcH2, (b) C6PcH2, and (c) C6TBTAPH2. The
black and red lines indicate the first and second heating, respectively.

The ∆S values of the irreversible crystal-to-crystal thermal phase transition of C5PcH2,

C6PcH2, and C6TBTAPH2 were calculated to be 8.49×10−2, 1.29×10−1, and 1.28×10−1 J/gK,

respectively, as shown in Table 2.4. The high values of ∆S indicate that the crystal structures of

all compounds significantly changed. The ∆S values of C6PcH2 and C6TBTAPH2 were almost

equal, and that of C5PcH2 was smaller than those of C6PcH2 and C6TBTAPH2. In a previous

research, the entropy of the smectic A–nematic phase transition increased as the alkyl-chain
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length increases [63]. The results of this study could be explained by a similar reason, i.e.,

the irreversible crystal-to-crystal thermal phase transitions were considered to be caused by the

melting of the alkyl chains.

Table 2.4 T , ∆H, and ∆S values of thermal anomalies of α-type C5PcH2, C6PcH2, and
C6TBTAPH2 in the first and second heating of the DSC measurement.

C5PcH2
T (◦C) 102 181 218

1st heating
∆H (J/g) 31.95 3.91 30.45
∆S (J/gK) 8.49×10−2 8.48×10−3 6.20×10−2

C5PcH2
T (◦C) 174 218

2nd heating
∆H (J/g) 5.72 30.67
∆S (J/gK) 1.27×10−2 6.24×10−2

C6PcH2
T (◦C) 59 82 130 161 170

1st heating
∆H (J/g) 11.70 33.22 4.53 15.30 12.27
∆S (J/gK) 3.53×10−2 9.40×10−2 1.12×10−2 3.53×10−2 2.77×10−2

C6PcH2
T (◦C) 133 161 170

2nd heating
∆H (J/g) 4.09 16.59 12.50
∆S (J/gK) 1.01×10−2 3.83×10−2 2.82×10−2

C6TBTAPH2
T (◦C) 47 81 151 171

1st heating
∆H (J/g) 12.65 30.97 17.23 8.53
∆S (J/gK) 3.94×10−2 8.80×10−2 4.06×10−2 1.92×10−2

C6TBTAPH2
T (◦C) 151 171

2nd heating
∆H (J/g) 18.45 8.47
∆S (J/gK) 4.35×10−2 1.91×10−2

2.4.3 Temperature dependence of crystal structure

Temperature dependences of powder XRD patterns for α-type C5PcH2, C6PcH2, and C6TBTAPH2

in the first heating process are shown in Fig. 2.8. Figure 2.9(a) shows the powder XRD patterns

of α and β-type crystals simulated by using the single crystal structure with the crystal structure

visualisation software (Mercury 3.9). The lattice spacing d(hkl) was calculated by Bragg’s law,

as shown in Eq. (1.6).

In the case of C5PcH2 as shown in Fig. 2.8(a), the peak positions of the XRD patterns

changed at 110 and 220 ◦C corresponding the thermal anomalies at 102 and 218 ◦C measured by

the DSC measurement as shown in Table 2.4, respectively. The thermal anomaly at 181 ◦C is

measured by the DSC measurement; however, the change in the diffraction patterns cannot be

detected because of the low ∆S of the crystal-to-crystal transition at 181 ◦C. The XRD peaks

at 2θ = 4.77◦ (18.5 Å), 5.30◦ (16.7 Å), 7.31◦ (12.1 Å), and 9.57◦ (9.3 Å) were detected at room

temperature. The peaks correspond to d(001) (18.6 Å), d(010) (16.7 Å), d(011) (12.1 Å), and
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d(002) (9.3 Å) of α-type C5PcH2, as shown in Fig. 2.9(a). No peaks, except for pure α-type

C5PcH2 crystals, were observed. These pure α-type C5PcH2 crystals were prepared according

to the procedure discussed in Section 2.2.2. The XRD peak at 2θ = 5.22◦ (16.9 Å) was detected

at 120 ◦C. The peak correspond to d(002) (17.1 Å) of β-type C5PcH2, as shown in Fig. 2.9(a).

The result indicates that the high and broad thermal anomaly at 102 ◦C measured by the DSC

measurement was based on the phase transitions from α-type to β-type C5PcH2. The broad

XRD peak at 2θ = 4.9–5.0◦ was detected at 220 ◦C. The peak was observed in spite of the

presence of the isotropic phase, and this peak depends on the intercolumn distance. In the

isotropic phase, there was no long-distance order; however, a short-distance order structure was

formed, and the XRD peaks based on the intercolumn distance was detected.
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Fig. 2.8 Temperature dependence of powder XRD patterns for α-type crystals of (a) C5PcH2,
(b) C6PcH2, and (c) C6TBTAPH2.

In the case of C6PcH2, as shown in Fig. 2.8(b), the XRD patterns changed at 60, 100, and

170 ◦C, corresponding the thermal anomalies at 59, 82, and 161 ◦C determined by the DSC
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measurement as shown in Table 2.4, respectively. The change in the diffraction patterns cannot

be detected because of the low ∆S of the crystal-to-crystal transition at 130 ◦C. The XRD peaks

at 2θ = 4.47◦ (19.7 Å), 8.98◦ (9.8 Å), and 9.51◦ (9.3 Å) were detected at room temperature. The

peaks corresponded to d(001) (19.6 Å), d(002) (9.8 Å), and d(011̄) (9.3 Å) of α-type C6PcH2, as

shown in Fig. 2.9(a). The small peak at 2θ = 4.00◦ was considered to be based on the diffraction

of d(001) by the Cu Kβ line. The XRD peaks at 2θ = 4.47◦ shifted to 2θ = 4.38◦ (20.2 Å) at

60 ◦C. The XRD patterns first gradually changed in the temperature range of 70–90 ◦C, and

then the XRD peaks at 2θ = 4.79◦ (18.4 Å) and 5.07◦ (17.4 Å) were detected at 100 ◦C. These

peaks correspond to d(002) and d(101) of β-type C6PcH2 as shown in Fig. 2.9(a), respectively.

The result indicates that the broad thermal anomalies at 59 and 82 ◦C measured by the DSC

measurement depend on the phase transitions from α-type to β-type C6PcH2. The XRD peak

at 2θ = 4.98◦ (17.7 Å) was detected at 170 ◦C in the LC phase. The peak was considered to

correspond to d(001) of the hexagonal columnar mesophase and the intercolumn distance was

calculated to be 20.4 Å, which was consistent with the reported value [23].

In the case of C6TBTAPH2, as shown in Fig. 2.8(c), the XRD patterns changed at 60, 100,

160, and 180 ◦C corresponding the thermal anomalies at 47, 81, 151, and 171 ◦C determined by

the DSC measurement as shown in Table 2.4, respectively. The XRD peaks at 2θ = 4.41◦ (20.0

Å), 8.91◦ (9.9 Å), and 9.52◦ (9.3 Å) were detected at room temperature. The peaks corresponded

to d(001) (19.6 Å), d(002) (9.8 Å), and d(011̄) (9.2 Å) of α-type C6TBTAPH2, as shown in Fig.

2.9(a). The XRD peak at 2θ = 4.41◦ shifted to 2θ = 4.30◦ at 60 ◦C. The XRD patterns

gradually changed in the temperature range of 70–90 ◦C and the XRD peaks at 2θ = 4.52◦

(19.5 Å), 4.92◦ (17.9 Å), and 5.27◦ (16.7 Å) were detected at 100 ◦C. The peaks corresponded

to d(011) (19.6 Å), d(011̄) (17.5 Å), and d(002) (16.2 Å) of β-type C6TBTAPH2, as shown in

Fig. 2.9(a), respectively. The result indicates that the broad thermal anomalies at 47 and 81 ◦C

determined by the DSC measurement depend on the phase transitions from α-type to β-type

C6TBTAPH2. The XRD peak at 2θ = 4.96◦ (17.8 Å) was detected at 160 ◦C in the LC phase.

The peak was considered to correspond to d(001) of the hexagonal columnar mesophase and

the intercolumn distance was calculated 20.6 Å. In the LC phase, C6TBTAPH2 was reported to

form a pseudo-disordered hexagonal columnar mesophase with a column interval of 21 Å [26];

therefore, the measured intercolumn distance was consistent with the reported value. The broad

XRD peak at 2θ = 4.9◦ (18.0 Å) was detected at 180 ◦C in the isotropic phase.
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Thus, the thermal phase transitions from α-type to β-type C5PcH2, C6PcH2, and C6TBTAPH2

were observed at 110, 100, and 100 ◦C, respectively. The pulverized α-type crystals of C5PcH2,

C6PcH2, and C6TBTAPH2 were heated at 130, 100, and 100 ◦C, respectively, and then cooled to

room temperature. Both heating and cooling rates were 5 ◦C/min. The powder XRD patterns

before and after the crystal-to-crystal thermal phase transition are shown in Fig. 2.9(b). In

all cases of C5PcH2, C6PcH2, and C6TBTAPH2, the powder XRD patterns after heating over

the thermal phase transition temperature were almost equal to the simulated XRD patterns

obtained by using β-type single-crystal structure crystals. Therefore, the phase transitions from

the α-type to β-type crystals were found to be irreversible, i.e., the thermal phase transition

from β-type to α-type was never observed by a temperature change.
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Fig. 2.9 (a) Simulated powder XRD patterns of α- and β-type crystals utillizing single-crystal
structure. (b) Measured powder XRD patterns before and after the crystal-to-crystal
thermal phase transition.
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2.5 Discussion

The phase transition from α-type to β-type is discussed by considering the alkyl-substituent dis-

tribution. The thermal ellipsoid plots of α- and β-type C6PcH2 are shown in Fig. 2.10 by using

the single crystal structures of α-type and β-type C6PcH2 at 0 ◦C. The calculation was carried

out by using the crystal structure visualization software (Mercury 3.6). The ellipsoids represent

the existence probability of atoms with 50% possibility. The alkyl-chain distribution of α-type

C6PcH2 was narrower than that of the β-type one, i.e., β-type C6PcH2 was crystallized with a

disordered alkyl-chain packing. Therefore, the phase transition from α-type to β-type C6PcH2

should be reasonable, because the motions of the alkyl chains increased as the temperature

increased. The α-type and β-type crystals were prepared by the solvent evaporation technique

and slow cooling method, respectively. In the solvent evaporation technique, the crystals were

prepared at room temperature, while in the slow cooling method, the crystals were prepared at

a higher temperature than room temperature.

(a) (b)

Fig. 2.10 Thermal ellipsoid plots derived from single-crystal X-ray diffraction data (a) α-type
C6PcH2 and (b) β-type C6PcH2 (50% probability ellipsoids).

The selective crystal growth is discussed by using Gibbs’ free energy. The change in the

Gibbs’ free energy ∆G was calculated by the following equations,

∆G = ∆H − T∆S, (2.10)

The change in the Gibbs’ free energy of phase transition from the β-type to α-type crystals was
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calculated by the following equations,

∆Gβ→α(T1) = ∆Hβ→α(T1)− T1∆Sβ→α(T1), (2.11)

where, ∆Gβ→α(T1), ∆Hβ→α(T1), and ∆Sβ→α(T1) were determined to be the difference between

G, H, and S of the α-type and β-type crystals at temperature T1, which was less than the phase

transition temperature from α-type to β-type crystals T2. ∆Hβ→α(T1) and ∆Sβ→α(T1) were

calculated by Eqs. (2.8) and (2.9).

∆Hβ→α(T1) =

∫ T2

T1

Cβ(T )dT −∆Hα→β +

∫ T1

T2

Cα(T )dT, (2.12)

∆Sβ→α(T1) =

∫ T2

T1

Cβ(T )

T
dT −∆Sα→β +

∫ T1

T2

Cα(T )

T
dT. (2.13)

Here, ∆Hα→β and ∆Sα→β are the change in the enthalpy and entropy of the phase transition

from α-type to β-type crystals, respectively. Cα(T ) and Cβ(T ) are the heat capacities of the

α-type and β-type crystals, respectively. Therefore, ∆Gβ→α(T1) was calculated to be

∆Gβ→α(T1) =

∫ T2

T1

T − T1

T
(Cβ(T )− Cα(T ))dT −∆Hα→β + T1∆Sα→β (2.14)

In the case of C5PcH2, T2, ∆Hα→β, and ∆Sα→β were 102 ◦C, 31.95 J/g, and 8.49×10−2 J/gK,

respectively, as shown in Table 2.4. Cβ(T )−Cα(T ) was calculated by using Fig. 2.7(a). Figure

2.11 shows the temperature dependence of ∆Gβ→α of C5PcH2. ∆Gβ→α <0 indicates that the

phase transition from β-type to α-type C5PcH2 occurs spontaneously. ∆Gβ→α was minimum

at 56 ◦C, i.e., the phase transition from β-type to α-type can be considered to occur easily at

this temperature. However, the phase transition from β-type to α-type can be not observed in

actuality. The crystal structure of α-type C5PcH2 is completely different from that of β-type

C5PcH2; thus, the activation energy of the phase transition is considered to be high. The high

activation energy is believed to prevent the phase transition from β-type to α-type C5PcH2.

In the case of C6PcH2, T2, ∆Hα→β, and ∆Sα→β were 82 ◦C, 44.92 J/g, and 1.29×10−1

J/gK, respectively, as shown in Table 2.4. Cβ(50)−Cα(50) was calculated to be 3.5× 10−1 J/g

as shown in Fig. 2.7(b), and the value of Cβ(T ) − Cα(T ) was assumed to be 3.5 × 10−1 J/g
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in all temperature ranges. Figure 2.11 shows the temperature dependence of ∆Gβ→α. ∆Gβ→α

of C6PcH2 decrease as the temperature decrease; therefore, α-type C6PcH2 is a stable state at

room temperature and the α-type crystals were selectively prepared at room temperature. The

value of ∆Gβ→α was negative at room temperature; thus, the phase transition from β-type to

α-type crystals occurs easily at room temperature. However, in actuality, the phase transition

from α-type to β-type C6PcH2 was irreversible because of the high activation energy.

In the case of C6TBTAPH2, T2, ∆Hα→β, and ∆Sα→β were 81 ◦C, 43.62 J/g, and 1.29×10−1

J/gK, respectively, as shown in Table 2.4. Cβ(40)−Cα(40) was calculated to be 4.5× 10−1 J/g

as shown in Fig. 2.7(c), and the value of Cβ(T ) − Cα(T ) was assumed to be 4.5 × 10−1 J/g in

all temperature ranges. Figure 2.11 shows the temperature dependence of ∆Gβ→α. ∆Gβ→α of

C6TBTAPH2 decrease as the temperature decreases; therefore, α-type C6TBTAPH2 was stable

at room temperature and the α-type crystals were selectively prepared at room temperature.
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Fig. 2.11 Changes in the Gibbs’ free energies of the phase transition from β-type to α-type
crystals of C5PcH2, C6PcH2, and C6TBTAPH2 as a function of temperature.

The α-type crystals of C6PcH2 were stable at room temperature. However, the α-type

crystals of C6PcH2 have been reported to form in the limited fabricating conditions, such as

the solvent vapor treatment [64] and solvent evaporation technique, i.e., slow crystal growth

from the solution at room temperature. In contrast, β-type crystals of C6PcH2 were formed by

other fabrication processes in spite of the metastable state at room temperature. Specifically,

the β-type crystals were formed by phase transition from the LC phase. The sandwich-cell

structure is used in the TOF measurement, and the organic semiconductors were injected into
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the sandwich-cell at the temperature of the isotropic phase; thus, the carrier mobility of β-type

crystals was measured by the TOF measurement. Additionally, the β-type crystals were formed

by spin-coating. Thin films of all reported C6PcH2-based solar cells were prepared by spin-

coating; thus, the solar cell properties of the β-type C6PcH2-based solar cell were investigated.

Therefore, the carrier transport and solar cell properties of α-type crystals of C6PcH2 were

not clarified. The mobilities of α- and β-type C6PcH2 were simulated to be 11.63 and 1.486

cm2/Vs, respectively, i.e., the α-type crystals of C6PcH2 exhibit a higher carrier mobility than

the β-type ones. For this reason, the device utilizing the α-type crystals of C6PcH2 is predicted

to show high performance. The thin film of the α-type crystals of C6PcH2 has been reported

to be fabricated by vapor treatment [64], and the development of transistor devices is now in

progress.

As mentioned above, the fabrication conditions of the α-type crystals of C6PcH2 were limited

to the slow crystal growth from the solution at room temperature. For rapid crystal growth, the

alkyl-chains of C6PcH2 should be fixed as a disordered state, i.e., β-type crystals. However, for

slow crystal growth, the alkyl-chains should be fixed as an ordered state, i.e., α-type crystals.

Both the α- and β-type crystals of C6PcH2 can exist at room temperature as shown in Fig.

2.8(b). Therefore, the α-type crystals of C6PcH2 can be fabricated only under the conditions

of low distribution of alkyl-chains similar to slow crystal growth from the solution at room

temperature.

2.6 Conclusions

In this chapter, crystal structures of C5PcH2, C6PcH2, and C6TBTAPH2 were investigated

by using single-crystals. Two types of crystals, α- and β-type crystals, were fabricated by the

solvent evaporation technique and slow cooling method, respectively, and the crystal structures

were clarified by single-crystal X-ray structure analysis. The crystal structures of the α-type

crystals were affected by the alkyl-substituent length, while those of the β-type crystals were

affected by the core structure. The hole mobilities of C5PcH2 and C6PcH2 were simulated by

the DFT calculation. The α-type crystals exhibit a higher hole mobility than the β-type ones;

therefore, high device performance can be predicted by using the α-type crystals.

Thermal phase transitions from the α-type to β-type crystals were observed by DSC and

temperature-controlled XRD measurements, and the thermal phase was revealed to be irre-
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versible. The phase transitions from α-type to β-type were caused by increasing the alkyl-

substituent distribution. Additionally, the thermal stability of the polymorphs was discussed

by taking the Gibbs’ free energy into consideration, and the condition of the selective crystal

growth of the polymorphs was clarified.
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Chapter 3.

Molecular packing structure in spin-coated thin

film

3.1 Introduction

The columnar liquid crystalline (LC) semiconductor, C6PcH2 tends to form a columnar struc-

ture. High carrier mobility along the column axis has been reported using the time-of-flight

measurement [23]. Electrical devices utilizing C6PcH2 have been studied, and C6PcH2-based

solar cells have been reported to exhibit a high power conversion efficiency of 4.2% [25]. For

solar cell applications, high carrier transport properties along a direction perpendicular to the

substrate is desired, because homeotropic alignment of C6PcH2 molecules enhance the device

properties. However, the reported C6PcH2-based solar cells have been fabricated by spin-coating;

control of the molecular alignment in thin films has not yet been carried out. Moreover, the

molecular packing structure of C6PcH2 in spin-coated films have not been clarified.

C6PcH2 is a columnar LC semiconductor, and the molecules in the spin-coated films are

believed to orientate. As discussed in Section 1.3.2, the two-dimensional (2-D) detector is

effective for measuring the molecular packing structure in the oriented thin film. In this chapter,

the molecular packing structure and molecular alignment of C6PcH2 in a spin-coated thin film are

discussed based on the grazing incidence wide-angle X-ray scattering (GIWAXS) technique. The

details of the molecular packing structure are determined by comparing the molecular packing

structure in the spin-coated film and molecular packing structure obtained by the single-crystal

X-ray structure analysis as discussed in Chapter 2. In addition to C6PcH2, the molecular

packing structures of C5PcH2 and 1,4,8,11,15,18,22,25-octadecyl-phthalocyanine (C10PcH2) in

spin-coated thin films were also investigated by the GIWAXS technique.
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3.2 Experimental setups

3.2.1 Sample preparation and measurement setup

Molecular structures of C5PcH2, C6PcH2, and C10PcH2 are shown in Fig. 3.1. C5PcH2,

C6PcH2, and C10PcH2 were synthesized by a previously reported procedure [53].
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(n = 5,6,10)

Fig. 3.1 Molecular structures of C5PcH2, C6PcH2, and C10PcH2.

The spin-coated thin films of C5PcH2, C6PcH2, and C10PcH2 were fabricated in the fol-lowing 

manner. Quartz substrates were cleaned with water, chloroform, acetone, and isopropyl alcohol 

by ultrasonication and then subjected to UV-ozone treatment. The solutions of C5PcH2, C6PcH2, 

and C10PcH2 were prepared in accordance with Table 3.1, and the solutions were spin-coated onto 

substrates at 500 rpm for 60 s in a glove-box filled with nitrogen gas. The thickness of the C5PcH2, 

C6PcH2, and C10PcH2 films were estimated to be approximately 90 nm, 100 nm, and 100 nm from 

the absorbance obtained by using a spectrophotometer (Shimadzu UV-3150), respectively.

Table 3.1 Experimental conditions of the solutions of C5PcH2, C6PcH2, and C10PcH2.

Solute Solvent Concentration (g/L)

C5PcH2 Toluene 10.6
C6PcH2 Trichloroethylene 12.0
C10PcH2 Chloroform 8.0
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The molecular packing structure of C10PcH2 was determined by the powder XRD measure-

ment. The sample was fabricated in the following manner. The quartz substrate was cleaned

with water, chloroform, acetone, and isopropyl alcohol by ultrasonication, and then treated with

UV-ozone. C10PcH2 was dissolved in chloroform at a concentration of 8 g/L, and the solution

was casted onto the quartz substrate. The powder XRD patterns were simulated by using the

powder XRD analysis software (PDXL 2.0). The powder XRD measurement was carried out by

using a diffractometer (Rigaku SmartLab) with a Cu Kα line, the wavelength of which was 1.54

Å.

The GIWAXS measurement of the spin-coated thin film was carried out at room temperature

in the BL46XU beamline at SPring-8. The schematic diagram of the GIWAXS measurement

setup is shown in Fig. 1.7. The X-ray diffraction data were recorded with a two-dimensional

position-sensitive detector (Dectris PILATUS 300K) equipped on a Huber eight-axis diffrac-

tometer. The wavelength of the X-ray was 1.19 Å, and the incident angle was 0.15◦.

3.2.2 Theoretical analysis method

As described in Section 1.3.1, X-rays are diffracted when the scattering vectors match the recip-

rocal lattice vectors. The magnitudes of the scattering vectors was equal to the wave vector of

the incident X-ray, and the start points of the scattering vectors are the origin of the reciprocal

lattice space; therefore, the end points of the scattering vectors describe a sphere, called Ewald

sphere, with the radius of the wave vector of the incident X-ray. The shape of a 2-D detector

in this section was plane; therefore, the measured XRD patterns should be corrected by using

the wavelength of the incident X-ray, λ, and the distance between the target and 2-D detector,

Ldet.

Qx,y = 2π

√
1

λ2
+R2 − 2R

λ
cos

(
tan−1 Lx

Ldet

)
, (3.1)

Qz =
2π

λ

Ly√
L2
det + L2

x + L2
y

, (3.2)

R =
1

λ

√
L2
det + L2

x√
L2
det + L2

x + L2
y

, (3.3)
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where, (Lx, Ly) is the coordinate of the 2-D detector and Qx,y and Qz are wavenumbers of the

in-plane and out-of-plane direction, respectively. R is the radius of Ewald sphere in the Qx-Qy

plane at Qz.

The d-spacing d(hk0) and plane orientation α(hk0) of the rectangular phase were calculated

by Eqs. (1.16) and (1.17), respectively. Therefore, the wavenumbers of the reciprocal lattice

vectors were calculated by the following equations,

Qcal
x,y(hk0) =

2π

d(hk0)
sinα(hk0), (3.4)

Qcal
z (hk0) =

2π

d(hk0)
cosα(hk0), (3.5)

where, Qcal
x,y(hk0) and Qcal

z (hk0) are the calculated wavenumbers of the in-plane and out-of-

plane directions, respectively. The molecular packing structures were calculated by minimizing

the mean square error between the measured and calculated wavenumbers.

The reciprocal lattice points in the out-of-plane direction cannot be measured by the GI-

WAXS technique because of the fixed angle of the incident X-ray; therefore, the position of the

reciprocal lattice points in the out-of-plane direction was estimated to be (Qx,y, Qz) = (0,|Q|);

here, |Q| is the magnitude of the reciprocal lattice vectors and is estimated by the position of

the tails of the XRD peaks.

3.3 Results and discussion

3.3.1 Crystal structure determination from powder diffraction data

The measured and simulated powder XRD patterns of C10PcH2 are shown in Fig. 3.2. The

simulation was carried out by using the powder XRD analysis software (PDXL 2.0), and the

lattice constants of the simulated pattern was calculated to be a = 24.22 Å, b = 19.76 Å, and

γ = 90.9◦ by using the peak position of the measured XRD pattern. The XRD peaks at 2θ =

3.37, 4.62, 5.92, and 7.40◦ were detected, and the plane interval were calculated to be 23.47,

19.10, 14.91, and 11.93 Å by the Bragg’s equation, as shown in Eq. (1.6), respectively. The

peaks corresponded to d(100) (24.2 Å), d(010) (19.7 Å), d(110) (15.2 Å), and d(200) (12.0 Å),

respectively. Based on these results, the molecular packing structure in the C10PcH2 films was

determined to be a = 24.22 Å, b = 19.76 Å, and γ = 90.9◦.
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Fig. 3.2 Measured and simulated powder XRD patterns of C10PcH2.

3.3.2 Molecular packing structure

Figure 3.3 shows the XRD pattern of the spin-coated films of C5PcH2, C6PcH2, and C10PcH2, 

corrected by Eqs. (3.1)–(3.3). The diffraction pattern from a randomly oriented powder is 

circular because of the averaging of the diffracted intensity at equal scattering angles. Assuming 

there is no azimuthal dependence of the diffraction pattern in the spin-coated film, the spotty 

XRD pattern indicates that the phthalocyanine molecules are aligned on the quartz substrate.

The XRD patterns depended on the column interval and intercore distances of C5PcH2, 

C6PcH2, and C10PcH2. The peaks in a low-wavenumber domain correspond to the column 

interval, while those in a relatively high-wavenumber domain correspond to the intercore distance 

and circular peaks corresponding to the quartz substrate.

From the diffraction peaks in a low-wavenumber domain shown in Fig. 3.3(a), many XRD 

peaks were detected at (Qx,y, Qz) = (0.15, 3.91), (3.23, 2.15), (0.53, 7.63), (6.37, 3.94), (1.19, 

11.30), (3.22, 9.61), (6.38, 7.85) and (2.18, 15.13) (nm−1); the peaks are summarized in Table 

3.2. From the periodic XRD peaks, the crystal structure of C5PcH2 was determined to be a 

centered rectangular structure by taking the systematic absence of reflection into consideration. 

In this case, the measured XRD peaks corresponded to the (002), (101), (004), (202), (006),

(105), (204), and (008) planes of the centered rectangular structure, as shown in Table 3.2. 

From this result, it can be clarified that the column axis of C5PcH2 is parallel to the substrate,
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Fig. 3.3 XRD patterns of the spin-coated films of (a) C5PcH2, (b) C6PcH2, and (c) C10PcH2.

and the lattice parameters were calculated to be a = 19.8 Å and c = 31.4 Å by the least squares

method. The schematic diagram of the molecular packing structure of C5PcH2 in the thin film

is shown in Fig. 3.4(a).

The position of the XRD peaks based on the (002), (101), (004), (202), (006), (105), (204),

and (008) planes were calculated to be (Qx,y, Qz) = (0.00, 4.00), (3.19, 2.00), (0.00, 8.00), (6.38,

4.00), (0.00, 12.00), (3.19, 10.00), (6.38, 8.00) and (0.00, 16.00) (nm−1) by Eqs. (3.4)–(3.5);

the peaks are summarized in Table 3.2. The lattice parameters of C5PcH2 β-type crystals were

calculated to be a = 19.38 Å and c = 34.29 Å, and the molecular packing structure is the

centered rectangular structure by the single-crystal X-ray structure analysis, as shown in Fig.
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2.4(d). The molecular packing structure in the thin film of C5PcH2 was slightly different from

that of C5PcH2 β-type crystals. The slight difference in the lattice parameters between the

single crystal and the spin-coated film was considered to be caused by the measurement process,

such as the conditions of the temperature changes.

The XRD pattern in a low-wavenumber domain of C6PcH2 was also investigated, using a

process similar to that of C5PcH2. The XRD peaks were detected at (Qx,y, Qz) = (0.12, 3.55),

(3.11, 1.60), (3.06, 4.99), (6.25, 3.69), (1.02, 10.44), and (2.67, 11.95) (nm−1); the peaks are

summarized in Table 3.3. Assuming the centered rectangular structure, the peaks corresponded

to the (002), (101), (103), (202), (006), and (107) planes. From this result, it can be clarified

that the column axis of C6PcH2 is also parallel to the substrate, and the lattice parameters were

calculated to be a = 20.3 Å and c = 36.4 Å. The schematic diagram of the molecular packing

structure of C6PcH2 in the thin film is shown in Fig. 3.4(c).

The position of the XRD peaks based on the (002), (101), (103), (202), (006), and (107)

planes were calculated to be (Qx,y, Qz) = (0.00, 3.45), (3.10, 1.73), (3.10, 5.18), (6.19, 3.45),

(0.00, 10.36), and (3.10, 12.08) (nm−1) by Eqs. (3.4)–(3.5); the peaks are summarized in Table

3.3. The lattice parameters of C6PcH2 β-type crystals were a = 20.74 Å and c = 36.10 Å

obtained by single-crystal X-ray structure analysis, and the molecular packing structure was

the centered rectangular structure, as shown in Fig. 2.4(b). The lattice parameters of β-type

C6PcH2 showed temperature dependence and its lattice constants were a = 20.6 Å and c = 36.3

Å at room temperature as shown in Fig. 2.6. These results show that the difference between

the lattice constant in the thin films of C6PcH2 and that of β-type C6PcH2 was caused by

the measurement temperature. Consequently, the C6PcH2 thin film prepared by spin-coating

consisted of C6PcH2 β-type crystals.

The molecular alignment of C10PcH2 in the spin-coated film was also investigated. Many

arc-shaped patterns were observed (Fig. 3.3 (c)). The result indicated that the degree of

orientation in the C10PcH2 films was lower than that in the C5PcH2 and C6PcH2 films. The

wavenumbers of three arc-shaped patterns detected in a low-wavenumber domain were 2.64,

3.33, and 4.33 nm−1, and the plane intervals were calculated to be 23.8, 18.9, and 14.5 Å by

the Bragg’s equation. As mentioned above, the molecular packing structure of C10PcH2 in the

film was determined by the powder pattern and the lattice constants were calculated to be a =

24.22 Å, b = 19.76 Å, and γ = 90.9◦. Therefore, the three arc-shaped patterns corresponded to
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the (100), (010), and (110) planes of C10PcH2, respectively.

Two peaks were detected in each arc-shaped pattern based on the (100), (010), and (110)

planes of C10PcH2. In the case of the (100) plane, the positions of the XRD peaks were (Qx,y,

Qz) = (2.00, 1.73) and (1.53, 2.27) (nm−1). For the (010) plane, the positions of the XRD peaks

were (Qx,y, Qz) = (1.80, 2.80) and (2.47, 2.13) (nm−1). For the (110) plane, the positions of the

XRD peaks were (Qx,y, Qz) = (0.13, 4.33) and (0.80, 4.20) (nm−1). The peaks are summarized

in Table 3.4.

The two peaks of each lattice plane indicated that two types of molecular alignment exist in

the C10PcH2 thin films. The assumed molecular packing structures of C10PcH2 in the thin film

are shown in Figs. 3.4(e) and 3.4(f). In Fig. 3.4(e), the direction of the (110) plane of C10PcH2

is perpendicular to the substrate. In Fig. 3.4(f), the column of C10PcH2 is stacked in the normal

direction of the substrate. In the case of the molecular packing structure shown in Fig. 3.4(e),

the peak positions of the (100), (010), and (110) planes of C10PcH2 are estimated to be (Qx,y,

Qz) = (2.01, 1.63), (2.01, 2.47), and (0.00, 4.11) (nm−1), respectively. The calculated peak

positions corresponded to the measured peak position at (Qx,y, Qz) = (2.00, 1.73), (1.80, 2.80),

and (0.13, 4.33) (nm−1), respectively. Besides, in the case of the molecular packing structure

shown in Fig. 3.4(f), the peak positions of the (100), (010), and (110) planes were estimated to

be (Qx,y, Qz) = (1.63, 2.01), (2.47, 2.01), and (0.84, 4.02) (nm−1), respectively. The calculated

peak positions corresponded to the measured peak positions at (Qx,y, Qz) = (1.53, 2.27), (2.47,

2.13), and (0.80, 4.20) (nm−1), respectively. The XRD peaks are summarized in Table 3.4.

Based on these reasons, it can be clarified that two types of molecular alignment co-existed in

the spin-coated thin films of C10PcH2.
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(a) (b)

(c) (d)

(e) (f) (g)

Fig. 3.4 Schematic diagram of the molecular alignment in the spin-coated films of (a), (b)
C5PcH2, (c), (d) C6PcH2 and (e)–(g) C10PcH2. The diagram is viewed in the
direction (a), (c), (e), (f) parallel and (b), (d), (g) perpendicular to the columnar axis.
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Table 3.2 Wavenumber (Qx,y, Qz) of the measured peak positions in the XRD patterns of a
spin-coated film of C5PcH2 and calculated peak positions by using the assumed
molecular packing structure shown in Fig. 3.4(a), and the corresponding Miller
indices (hkl).

Miller index Measured wavenumber (nm−1) Simulated wavenumber (nm−1)
(hkl) Qx,y Qz Qx,y Qz

(002) 0.15 3.91 0.00 4.00
(101) 3.23 2.15 3.19 2.00
(004) 0.53 7.63 0.00 8.00
(202) 6.37 3.94 6.38 4.00
(006) 1.19 11.30 0.00 12.00
(105) 3.22 9.61 3.19 10.00
(204) 6.38 7.85 6.38 8.00
(008) 2.18 15.13 0.00 16.00

Table 3.3 Wavenumber (Qx,y, Qz) of the measured peak positions in the XRD patterns of a
spin-coated film of C6PcH2 and calculated peak positions by using the assumed
molecular packing structure shown in Fig. 3.4(c), and the corresponding Miller
indices (hkl).

Miller index Measured wavenumber (nm−1) Simulated wavenumber (nm−1)
(hkl) Qx,y Qz Qx,y Qz

(002) 0.12 3.55 0.00 3.45
(101) 3.11 1.60 3.10 1.73
(103) 3.06 4.99 3.10 5.18
(202) 6.25 3.69 6.19 3.45
(006) 1.02 10.44 0.00 10.36
(107) 2.67 11.95 3.10 12.08

Table 3.4 Wavenumber (Qx,y, Qz) of the measured peak positions in the XRD patterns of a
spin-coated film of C10PcH2 and calculated peak positions by using the assumed
molecular packing structure shown in Fig. 3.4(e), and the corresponding Miller
indices (hkl).

Miller index Measured wavenumber (nm−1) Simulated wavenumber (nm−1)
(hkl) Qx,y Qz Qx,y Qz

(100) 2.00 1.73 2.01 1.63
(010) 1.80 2.80 2.01 2.47
(110) 0.13 4.33 0.00 4.11

(100) 1.53 2.27 1.63 2.01
(010) 2.47 2.13 2.47 2.01
(110) 0.80 4.20 0.84 4.02
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The XRD peaks based on the stacking distance were detected in a high-wavenumber domain

in the diffraction patterns. In the case of C5PcH2, the XRD peaks based on the stacking

distance were detected at (Qx,y, Qz) = (12.87, 7.67) and (12.73, 9.47) (nm−1). For C6PcH2,

the XRD peaks were detected at (Qx,y, Qz) = (12.60, 8.73) and (12.46, 11.33) (nm−1). In the

case of C10PcH2, the XRD peaks were detected at (Qx,y, Qz) = (11.87, 8.33) and (12.13, 10.53)

(nm−1). X-rays are diffracted by the lattice plane close to the molecular stacking periodicity,

i.e., the interval and tilt angle of the diffracted plane are close to the shortest distance of the

molecular stacking and tilt angle of the Pc core, respectively. Assuming planar alignment of the

columns, the plane interval and tilt angle from the direction parallel to the substrate represent

the shortest intermolecular distance and tilt angle from the columns.

In the case of C5PcH2, the intermolecular distance along the column axis was calculated to

be approximately 4.8 Å, which agreed with the results of the single-crystal structure analysis.

The tilt angle of the normal vector of the Pc core from the column axis was calculated to be

30–36◦. The tilt angle of the Pc cores of C5PcH2 β-type crystals was calculated to be 41.27◦ by

single-crystal structure analysis. As mentioned above, X-rays are diffracted by the lattice plane

close to the molecular stacking periodicity, i.e., the position of the peaks showed discontinuity.

The difference between the tilt angle of the assumed molecular packing structure and single-

crystal structure was considered to be caused by the discontinuous position of the lattice plane.

The schematic diagram of C5PcH2 in the thin film is shown in Fig. 3.4(b).

The intermolecular distance along the column axis of C6PcH2 was calculated to be 4.8–5.0

Å, which also agreed with the results of single-crystal structure analysis. The tilt angle of the

normal vector of the Pc core from the column axis was calculated to be 35–42◦. The tilt angle of

the Pc cores of C6PcH2 β-type crystals was calculated to be 40.78◦ by single-crystal structure

analysis; therefore, the tilt angle of the Pc cores in the thin films was equal to that of the C6PcH2

β-type crystals. The schematic diagram of C6PcH2 in the thin film is shown in Fig. 3.4(b).

In the case of C10PcH2, the intermolecular distance along the column axis was calculated to

be approximately 5.0 Å, and the tilt angle of the normal vector of the Pc core from the column

axis was calculated to be 35–42◦. Preparation of single-crystals of C10PcH2 was difficult because

of the low crystallinity caused by the long alkyl-chain; thus, the detailed crystal structure of

C10PcH2 is still not clarified by single-crystal X-ray structure analysis. However, in this study,

the rough molecular packing structure can be determined by using powder and thin film X-ray
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structure analysis.

The periodic interval of the molecular stacking along the column axis means that the lattice

constant b of C5PcH2 and C6PcH2, and lattice constant c of C10PcH2; therefore, the value of the

lattice constant b of C5PcH2 and C6PcH2 were determined to be 4.8 and 4.8–5.0 Å, respectively,

and the value of the lattice constant c of C10PcH2 was determined to be 5.0 Å. In general, the

density of the organic materials was considered to be approximately 1 g/cm3, and the densities

of C5PcH2, C6PcH2, and C10PcH2 were calculated to be approximately 1.20, 1.08, and 1.12

g/cm3 by using the lattice parameters, respectively. Hence, the calculated molecular packing

can be considered to be reasonable.

The degree of orientation in the thin films were calculated by the XRD patterns (Fig. 3.3).

Figures 3.5(a) and 3.5(b) show the rocking curves of the (002) plane of C5PcH2 and C6PcH2

and the rocking curves of the (100), (010), and (110) planes of C10PcH2 as a function of the

tilt angle from the normal vector of substrate, respectively. The intensity of the rocking curves

of the (002) plane in the C5PcH2 and C6PcH2 films was calculated by the integration of the

intensity of the XRD pattern in the ranges of |Q| = 3.0–4.0 and 3.3–4.3 nm−1, respectively. The

intensity of the rocking curves of the (100), (010), and (110) planes in the C10PcH2 film was

calculated by the integration of the intensity of the XRD pattern in the ranges of |Q| = 2.4–3.1,

3.1–3.7, and 4.0–4.7 nm−1, respectively.

In Fig. 3.5(a), the XRD pattern exhibited two diffraction peaks at 0 and approximately 60◦,

which correspond to the (002) and (101) plane, respectively. The peak intensity derived from

the (002) plane was higher than that derived from the (101) plane. The intensity at the tilt

angle of 0◦ cannot be measured because of the low incident angle, and the half width at half

maximum cannot be calculated. However, the distribution at the direction of the tilt angle was

estimated to be approximately 10◦.

In Fig. 3.5(b), the peaks derived from the (100) plane of C10PcH2 were detected at approx-

imately 0, 35, and 50◦. The peaks at 35 and 50◦ corresponded to the peaks at (1.53, 2.27) and

(2.00, 1.73) (nm−1), respectively. The peaks derived from the (010) plane of C10PcH2 were also

detected at approximately 0, 35, and 50◦. The peaks at 35 and 50◦ corresponded to the peaks

at (1.80, 2.80) and (2.47, 2.13) (nm−1), respectively. Furthermore, the peaks derived from the

(110) plane of C10PcH2 were also detected at approximately 0 and 12◦. The peaks at 0 and

12◦ corresponded to the peaks at (0.13, 4.33) and (0.80, 4.20) (nm−1), respectively. The peaks
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around 0◦ appeared in all cases, and the reason for this has been described in Section 3.3.3.
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Fig. 3.5 (a) Rocking curve of the (002) plane of C5PcH2 and C6PcH2 and (b) rocking curve of
the (100), (010), and (110) planes of C10PcH2 as a function of the tilt angle from the
normal vector of substrate. The intensities are calculated based on Fig. 3.3.

In this section, the molecular packing structures and molecular orientation of C5PcH2,

C6PcH2, and C10PcH2 in the thin films prepared by spin-coating were investigated by the

GIWAXS method and X-ray rocking curve. The column structures of C5PcH2, C6PcH2, and

C10PcH2 were maintained in the spin-coated films, and the direction of the column axis was

parallel to the substrate, i.e., planar orientation. Planar orientation of the columnar LC ma-

terials in the film prepared by spin-coating has been reported [65]. The driving force of the

planar orientation was considered to be the surface free energy at the interface between air and

solution. For the control of molecular orientation in a thin film, control of the surface free energy

was considered to be important. Additionally, there is no azimuthal dependence in the thin film

prepared by spin-coating, and the column structure were maintained in the thin film. These

results show that the planar oriented poly-crystals existed in the spin-coated films of C5PcH2,

C6PcH2, and C10PcH2.

3.3.3 Simulation of diffraction patterns

The assumed molecular packing structures of C5PcH2, C6PcH2, and C10PcH2 in the thin film

shown in Fig. 3.4 were confirmed by Fourier analysis. Figure 3.6 shows Fourier conversion

images of the modeled molecular packing structure in spin-coated films in the direction of the

column axis, as shown in Figs. 3.4(a), (c), (e), and (f). Miller indices are also shown in the
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Fourier conversion images.

Many peaks appeared, and the position of the peaks was similar to the simulated results

shown in Table (3.2)–(3.4). Moreover, no peaks appeared at the position of the lattice plane,

which satisfied the systematic absence of reflection. From these results, the Fourier conversion

images of the molecular packing structures in the spin-coated films well coincided with the

measured XRD patterns.

(a) (b)

(c) (d)

Fig. 3.6 Fourier conversion images of the modeled molecular packing structure in spin-coated
films of (a) C5PcH2, (b) C6PcH2, and (c)–(d) C10PcH2 in the direction of the
columnar axis as shown in Figs. 3.4(a), (c), (e), and (f), respectively. Cross marks in
the Fourier conversion images show the peak positions.

Besides, molecular stacking periodicity was also confirmed by Fourier analysis. Figures

3.7(a) and 3.7(b) show the schematic diagrams, in which the Pc cores were tilted in the same

and alternating directions, respectively. The tilt angle and stacking periodicity of the Pc cores

were presumed to be the same as the molecular packing structure of C6PcH2 shown in Fig.
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(a) (b)

(c) (d)

Fig. 3.7 Schematic of (a) monoclinic and (b) herringbone structures and Fourier conversion
images of (c) monoclinic and (d) herringbone structures as shown in Figs. 3.6(a), (b),
respectively. The tilt angle and stack periodicity of the molecules are the same as the
molecular packing structure of C6PcH2 shown in Figs. 3.4(c),(d).

3.4(d). The Fourier conversion images of Figs. 3.7(a) and 3.7(b) are shown in Figs. 3.7(c)

and 3.7(d), respectively. The (002) and (004) planes of C6PcH2 were detected at the normal

direction of the substrate. The direction of the (002) plane was parallel to the normal direction

of the substrate in both the schematic diagrams shown in Figs. 3.4(c) and 3.4(d); therefore, the

XRD peaks based on the (002) plane appeared in both the cases of the Fourier conversion images

shown in Figs. 3.6 and 3.7. Therefore, the XRD peak based on the (002) plane was detected

regardless of the molecular orientation in the spin-coated film. Hence, the peak intensity of the

(002) plane was higher than that of the (101) plane, and the result agrees with the X-ray rocking

data shown in Fig. 3.5(a).
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Considering the high-wavenumber domain, two peaks were detected at (Qx,y, Qz) = (12.8,

6.9) and (12.8, 10.4) (nm−1) in Fig. 3.7(c), while three peaks were detected at (Qx,y, Qz) =

(12.8, 6.9), (12.8, 8.6) and (12.8, 10.4) (nm−1) in Fig. 3.7(d). These peaks were based on the

molecular stacking periodicity, and the peaks at (Qx,y, Qz) = (12.8, 6.9), (12.8, 8.6) and (12.8,

10.4) (nm−1) corresponded with the (014), (015), and (016) planes of C6PcH2, respectively.

The periodic interval of the intercolumn distance shown in Fig. 3.7(a) is 18.2 Å, while that

shown in Fig. 3.7(b) is 36.4 Å; therefore, the peak based on the (015) plane disappeared in

Fig. 3.7(c) because it satisfies the systematic absence of reflection. Moreover, no peak based

on the stacking period of C6PcH2 along the column axis existed in Fig. 3.7(b), which was

also consistent with the XRD pattern. Consequently, the crystal structure determined by XRD

analysis was ascertained to be consistent with that calculated by Fourier analysis.

3.4 Conclusions

The molecular packing structure and molecular orientational order of C5PcH2, C6PcH2, and

C10PcH2 in spin-coated films were studied by using the GIWAXS measurement. The column

structures of C5PcH2, C6PcH2, and C10PcH2 were maintained in the spin-coated films. The

molecular packing structures of C5PcH2 and C6PcH2 in the thin film were determined to be

the centered rectangular structure, while that of C10PcH2 was determined to be a rectangular

structure. The lattice constants of C5PcH2, C6PcH2, and C10PcH2 were (a, b, c) = (19.8,

4.8, 31.4), (20.3, 4.8–5.0, 36.4), and (24.2, 19.8, 5.0) (Å), respectively. The molecular packing

structures of C5PcH2 and C6PcH2 were similar to the β-type crystals measured by single-crystal

X-ray analysis. Additionally, the tilt angle of the Pc core in the column axis was determined.

The column axes of C5PcH2, C6PcH2, and C10PcH2 were parallel to the substrate plane, i.e.,

planar oriented polycrystals existed in the spin-coated films of C5PcH2, C6PcH2, and C10PcH2.

The crystal structures determined by XRD analysis were ascertained to be consistent with those

calculated by Fourier analysis.
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Chapter 4.

Molecular alignment control and molecular pack-

ing structure in thin film

4.1 Introduction

The columnar liquid-crystalline (LC) semiconductor, C6PcH2, exhibits high carrier mobility

along the column axis. For realizing device applications with high performance, the control

of the molecular alignment must be important. For the device configuration of the field-effect

transistor (FET), the column axis of C6PcH2 should be parallel to the channel direction of FET,

i.e., uniaxially planar alignment in thin films is necessary. In contrast, for conventional solar

cells, homeotropically molecular orientation must be there in thin-film active layers.

Uniaxially planar oriented thin films of C6PcH2 have been realized by unique techniques

such as heated spin-coating [66], [67] and contact freezing method utilizing the supercooled

state [68], [69]. These fabrication processes were carried out at the temperature of the LC phase

of C6PcH2, and undesired cracks generated in the films in the cooling process because of the

volumetric shrinkage, which is a crucial problem for the FET application. To avoid the thermal

shrinkage, the process must be conducted at room temperature. Moreover, it is expected that

molecular oriented thin films can be realized by controlling the speed and direction of the crystal

growth. Uniaxial planar alignment of columnar LC materials in thin films have been reported

using a printing method such as the zone-casting method [32]. In this study, a bar-coating

method was used as a candidate method for fabricating uniaxially planar oriented thin films of

C6PcH2 [70].

Homeotropic alignment of C6PcH2 in a conventional sandwich-cell structure with two glass

plates, used for LC display devices, has been reported by thermal annealing through the LC
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phase [71], [72]. This homeotropic alignment process has been used to investigate the unique

properties of columnar LC materials, in which the homeotropic alignment is induced in the LC

phase without the air interface [65]. However, the sandwich-cell structure with two glass plates

might restrict the processability of mass production of the columnar LC materials. Solution-

processed homeotropically oriented thin films of columnar LC materials utilizing the polymer

layer instead of the glass substrate have been proposed [73], and they seem to be available for

the homeotropic alignment of C6PcH2. In this study, fabrication of homeotropically oriented

thin films of C6PcH2 was carried out by applying the reported method for C6PcH2.

The carrier transport properties in the thin films are strongly related with the molecular

packing structure; thus, analysis of the molecular packing structure in the thin film is important

for discussing electrical conduction. Though the molecular packing structure in the uniaxially

planar oriented thin films must be ordered three-dimensionally (3-D) like a single-crystal, the

analysis method for the molecular packing structure in the 3-D oriented thin film is yet to be

established. As explained in Section 1.3.2, the 3-D periodic structure has 3-D information in the

reciprocal lattice space, such as the plane interval, tilt angle, and azimuthal angle. However, it is

difficult to detect all XRD peaks by the general GIWAXS technique even if the two-dimensional

(2-D) detector was used. The modified GIWAXS method is needed for determining the 3-D

periodic structure in the thin film.

In this study, the GIWAXS technique with sample rotation was proposed as a modified

GIWAXS method for clarifying the 3-D periodic structure in a molecularly oriented thin film.

Using the modified analysis method, 3-D information of the reciprocal lattice points could be

obtained as with the single-crystal X-ray structure analysis, and details of the molecular packing

structure in the thin films could be determined. The 3-D molecular packing structure in the

molecularly oriented thin film is discussed by simulating the diffraction pattern by using the

single-crystal structure of C6PcH2 discussed in Chapter 2.
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4.2 Fabrication of uniaxially planar oriented thin films

4.2.1 Materials and sample fabrication method

The C6PcH2 thin films were fabricated in the following manner. Glass substrates were cleaned

with water, chloroform, acetone, and isopropyl alcohol by ultrasonication and then treated with

UV-ozone. The C6PcH2 thin films were fabricated on the glass substrate by the bar-coating

method. A schematic diagram of the bar-coating process is shown in Fig. 4.1. A 9.6-mm-

diameter coating bar, around which a 0.05-mm-diameter metal wire was wound, was fixed on

the glass substrate. C6PcH2 was dissolved in p-xylene at a concentration of 60 g/L, and the

solution was added dropwise onto the coating bar, and then the glass substrate was moved in

the horizontal direction at a speed of 30 µm/s. A small amount of the solution passed through

the space between the wound metal wire and the glass substrate, resulting in the formation of

a uniform film with a thickness of approximately 170 nm.

The film thickness and surface morphology of the thin film were observed by an atomic force

microscope (AFM) (KEYENCE VN-8000 and Digital Instruments Nanoscope IIIA). Polarizing

optical microscopy images and polarized absorption spectra of the thin film were obtained with a

polarized optical microscopy system (Nikon Eclipse LV 100 POL) and an attached spectrometer

(Hamamatsu PMA-11).

Fig. 4.1 Schematic diagram of the bar coating process.
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4.2.2 Optical anisotropy and surface morphology

Figure 4.2 shows the typical polarized optical microscopy images of the bar-coated C6PcH2

thin film observed with the crossed polarizers. Some striations perpendicular to the direction

of the crystal growth, which were considered to be caused by a mismatch between the crystal

growth rate and sweep speed, were observed. The results indicated that the thin film consisted

of poly-crystals. These images were uniformly bright and dark at the diagonal and extinction

positions, respectively, which indicates that a uniform and uniaxial molecular oriented thin

film was obtained with an area of approximately 1 mm2. The polarized absorption spectra

of the thin film are shown in Fig. 4.3. When the polarization direction of the incident light

was parallel or perpendicular to the crystal growth direction, the absorbance based on the Q-

band of phthalocyanine was minimum or maximum, respectively. The absorbance should be

maximum if the polarization direction of the incident light is parallel to the in-plane direction

of the phthalocyanine core. Therefore, it is considered that the column axis was parallel to the

crystal growth direction.

(a) (b)

Fig. 4.2 Polarized optical microscopic images of the thin film observed with crossed polarizers
in (a) extinction and (b) diagonal position.
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Fig. 4.3 Polarized absorption spectra of the aligned thin film. The incident light was parallel
(black line) or perpendicular (red line) to the crystal growth direction.

Figure 4.4 shows an AFM image and surface profile of the thin film. Terraces and steps with

a height of 2 nm, which corresponded to the lattice spacing of the (002) plane in the C6PcH2

β-type crystal, were observed. This result implies that the crystal growth occurred during the

film formation by the bar-coating method; moreover, the lattice vector of the (002) plane was

perpendicular to the substrate.

Fig. 4.4 AFM image and surface profile of the aligned thin film. The profile corresponds to the
white line in the image.
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4.3 Crystal structure analysis in uniaxially planar oriented thin films

4.3.1 Measurement setups

The GIWAXS measurement of a thin film was carried out at room temperature in the BL46XU

beamline at SPring-8. The schematic diagram of the GIWAXS measurement setup is shown in

Fig. 1.7. The X-ray diffraction was detected with a two-dimensional (2-D) position-sensitive

detector (Dectris PILATUS 300K) equipped on a Huber eight-axis diffractometer. The wave-

length of the X-ray was 1.0 Å and the incident angle was 0.12◦. The GIWAXS measurement

was carried out, while the thin film was rotated counterclockwise at a speed of 24◦/min.

4.3.2 Theoretical analysis method

The calibration method of the XRD pattern in a Qx,y–Qz plane has been already described using

Eqs. (3.1)–(3.3). The GIWAXS measurement with the fixed sample can be obtained a 2-D XRD

pattern in the Qx,y–Qy plane, while the GIWAXS measurement with the sample rotated can be

obtained a 3-D XRD pattern. That is, the XRD pattern in a Qx–Qy plane can be calculated

as well as that in a Qx,y–Qz plane, and the XRD patterns can be evaluated in the azimuthal

direction. Assuming Qz = 0, a Qx–Qy plane in a polar coordinate system can be calculated as

follows,

|Qx,y| =
2
√
2π

λ

√
1− cos

(
tan−1 Lx

Ldet

)
, (4.1)

φ = tan−1
1− cos

(
tan−1 Lx

Ldet

)
sin

(
tan−1 Lx

Ldet

) + φsam, (4.2)

where, |Qx,y| is the distance from the origin of the reciprocal space, i.e., |Qx,y| =
√
Q2

x +Q2
y; φ

is a angle from the |Qx| axis, Lx is the distance in the plane direction from the position of the

direct beam on the 2-D detector, and φsam is the angle of sample rotation.

The simulation of the XRD patterns was also carried out in the following manner. In the

simulation, the analyzed data of the β-type C6PcH2 single-crystal, which has a monoclinic

structure with a space group P21/n, a = 20.7430, b = 9.7984, c = 36.0961 Å, α = 90, β =

93.8750, and γ = 90◦ as shown in Table. 2.1, were used.

The peak positions were simulated in the following manner. The reciprocal lattice vector G
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was calculated by

G = ha∗ + kb∗ + lc∗, (4.3)

where, h, k, and l are Miller indices, and a∗, b∗, and c∗ are basic reciprocal lattice vectors.

The coordinates of the reciprocal lattice points (Gx, Gy, Gz) were calculated by

Gx = 2π
h

a
, (4.4)

Gy = 2π

[
h

a
(− cot γ) +

k

b
(sin γ)−1

]
, (4.5)

Gz =
2π

u sin γ

[
h

a
(cosα cos γ − cosβ) +

k

b
(cosβ cos γ − cosα) +

l

c
sin2 γ

]
, (4.6)

where, a, b, c, α, β, and γ are the unit-cell parameters, and u = (2 cosα cosβ cos γ − cos2 α −

cos2 β+sin2 γ)1/2 [74]. Intersection points of the reciprocal lattice vector and Ewald sphere were

calculated by

φ = cos−1
λ
(
G2

x +G2
y +G2

z

)
4π

√
G2

x +G2
y

− tan−1 Gx

Gy
, (4.7)

where, φ is the rotation angle of the measured sample. From these equations, the positions

of the XRD peaks can be calculated. The peak intensity was calculated by Eqs. (1.8)–(1.12)

and confirmed by using the RIGAKU PDXL 2.6 software. Relative factor RF was calculated to

evaluate the difference between observed and measured peak intensities, and RF is calculated

by

RF =

∑
||FO| − |FC||∑

|FO|
× 100, (4.8)

where, FO and FC are the observed and calculated value of the peak intensity, respectively.

4.3.3 Determination of molecular orientation

Figure 4.5(a) shows the XRD patterns when the incident X-ray was parallel to the crystal growth

direction in the bar-coating method. Qx,y and Qz are the wavenumbers in the in-plane and out-

of-plane directions of the bar-coated thin film, respectively, and Qy is the wavenumber in the
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direction parallel to the sweep direction. Wavenumbers Q were given by the equation,

Q = 2π/d, (4.9)

where, d is the lattice spacing. Spotty XRD patterns were detected because the C6PcH2

molecules were aligned on the glass substrate. Periodic XRD peaks were detected at Qx,y

= 3.10 nm−1 (20.2 Å) in the in-plane direction. The periodic structures in the in-plane direc-

tion correspond to the lattice constant a (20.7 Å) of β-type C6PcH2 as shown in Fig. 4.5(b).

Moreover, a strong XRD peak, which corresponds to the (002) plane of β-type C6PcH2 (18.0

Å), was detected at Qz = 3.52 nm−1 (17.8 Å) in the out-of-plane direction. The measured

lattice intervals were coincident with the lattice parameters of β-type C6PcH2; therefore, the

molecular packing structure in the bar-coated thin film was similar to that of the C6PcH2 β-type

single-crystal, and the molecular stacking was parallel to the crystal growth direction.

(a) (b)

Fig. 4.5 (a) XRD patterns of the thin film when the incident X-ray was parallel to the crystal
growth direction of the bar coating method. (b) Molecular packing structure of
C6PcH2 in the direction of the crystal growth direction of the bar coating method.

Figure 4.6(a) shows the azimuthal dependence of the XRD pattern, obtained by integrating

the XRD patterns for the in-plane direction while the thin film was rotated by 360◦. Using

the GIWAXS technique involving sample rotation, it was possible to determine the azimuthal
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distribution in the film, which is not possible using the conventional GIWAXS technique with

a fixed sample. A spotty XRD was clearly obtained owing to the small azimuthal distribution

based on the high orientational order in the thin film. The XRD peaks with the periods of 3.13

nm−1 (20.1 Å) and 6.26 nm−1 (10.0 Å) were detected, which almost corresponded to the lattice

constants a (20.7 Å) and b (9.80 Å) of β-type C6PcH2, as shown in Fig. 4.5(b).

(a) (b)

Fig. 4.6 (a) Azimuthal dependence of the XRD patterns of the thin film. (b) Molecular
packing structure of C6PcH2 viewing from directly above the position.

From these results, molecular packing structure and molecular alignment direction in the

bar-coated thin films were clarified. The column axis of C6PcH2 in the bar-coated thin film was

clarified to be parallel to the sweep direction of the wire-bar. This result could be discussed

based on the crystal growth rate. The β-type C6PcH2 crystals were needle-like, as shown in Fig.

2.3(d), and the crystal growth rate along the column axis is relatively high. In the bar-coating

technique, the sweep direction is parallel to the crystal growth direction; therefore, the direction

of the high crystal growth rate was considered to be parallel to the sweep direction.

The molecular orientation distribution in the azimuthal direction was evaluated by the X-

ray rocking curve. Figure 4.7 shows the rocking curves of the (101) plane of β-type C6PcH2

in the bar-coated thin film. The intensity was calculated by the integration of intensity in the

area around the peak position of the (101) plane, which is (Qx,y, Qz) = (3.13, 2.07) (nm−1).

Many peaks appeared at the sample rotation angles of 169–178◦ and 349–358◦. The reciprocal
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lattice points of the (101) plane existed on the Qx–Qz plane, and the sample rotation angles

satisfying the diffraction conditions were calculated to be 178.6 and 358.6◦ by Eq. (4.7), i.e.,

the calculated results almost coincided with the measured ones. The peak width of the XRD

peak was approximately 8–9◦, and the number of XRD peaks were 7. The peak width of the

XRD peak represents the distribution in the azimuthal direction, and the irradiation area of

X-rays were approximately 40 µm×1 cm; therefore, the distribution in the azimuthal direction

in the thin film fabricated by bar-coating was considered to be approximately 8–9◦ in the area

of 40 µm×1 cm. The number of peaks represents the number of domains with the different

orientation; therefore, at least seven domains existed in the area of 40 µm×1 cm.
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(a) (b)

Fig. 4.7 Rocking curve of the (101) plane of β-type C6PcH2 in the bar-coated thin film.
Sample rotation angles were in ranges (a) 0–360◦ and (b) 160–195◦. The intensity was
calculated by integration of the intensity in the area around the peak position of (101)
plane, which is (Qx,y, Qz) = (3.13, 2.07) (nm−1). Arrows in Fig. 4.7(b) represent the
diffracted peaks.

4.3.4 Three-dimensional molecular packing structure

Figure 4.8 shows the XRD patterns measured by the GIWAXS method when the thin film was

rotated counterclockwise by 0, 30, 60, 90, 120, and 150◦. The spotty XRD patterns in the

longitudinal direction can be clearly observed because the Miller index l is independent of the

azimuthal (Qx,y) direction. The values of Qx,y at the XRD peaks and the sample rotation angle

fulfilling the Bragg’s diffraction qualification depended on the Miller indices h and k. The values

of Qz at the XRD peaks mainly depended on the Miller index l. The Miller indices estimated

by using the single crystal structure are shown in Fig. 4.8.
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Strong peaks based on the (12l) (l = -7, -6, -5, 5, 6) planes were detected at (Qx,y, Qz)

= (13.2, 9–12) (nm−1), as shown in Figs. 4.8(c) and 4.8(d), because these diffraction surfaces

almost correspond to the periodic surfaces based on the inter-core distance of C6PcH2. Further-

more, these results were in agreement with the XRD patterns of spin-coated films as shown in

Fig. 3.3.

(a) (b) (c)

(d) (e) (f)

Fig. 4.8 XRD patterns and Miller indices of the thin film when the thin film rotated
counterclockwise by (a) 0, (b) 30, (c) 60, (d) 90, (e) 120, and (f) 150◦. Here, the angle
when the incident X-ray was parallel to the crystal growth direction of the bar coating
method was set to be 0◦.

4.3.5 Simulation of diffraction patterns

Figure 4.9 show the XRD patterns simulated using the data for C6PcH2 single crystals when the

thin film was rotated counterclockwise by 0, 30, 60, 90, 120, and 150◦. The simulation was carried

out assuming that the (002) plane was parallel to the Qz direction. The shape of the peak in the

simulation was postulated to possess a normal distribution, the standard deviation of which was

assumed to be 0.01 nm−1 in the out-of-plane and in-plane directions and 2◦ in the azimuthal
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direction. Comparison of Figs. 4.8 and 4.9 shows that the simulated peak positions reproduced

the observed ones. Table 4.1 show the observed and simulated relative peak intensities in Figs.

4.8 and 4.9, respectively. By comparing the observed peak intensities with the simulated ones,

RF was evaluated to be 0.48 by Eq. (4.8), which was higher than the typical value obtained

by single crystal analysis; however, this value was similar to the reported value of a previous

study by using the highly oriented thin film [74]. The quality of the crystal in the bar-coated

thin film was inferior to the single crystal; however, the highly oriented polycrystalline thin films

could be fabricated. It is considered that such uniform and uniaxially oriented thin films were

obtained because of the properties of C6PcH2, such as high solubility, high crystallinity, and

uniaxial crystal growth along the molecular packing direction. The uniaxially oriented thin film

is expected to be used in electronic device applications, such as organic thin film transistors.

(a) (b) (c)

(d) (e) (f)

Fig. 4.9 Simulated patterns of the thin film by using the data of C6PcH2 single crystal when
the angles between the direction of the incident X-ray and the a axis of C6PcH2 were
(a) 0, (b) 30, (c) 60, (d) 90, (e) 120, and (f) 150◦.
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Table 4.1 Observed and simulated relative peak intensities in Figs. 4.8 and 4.9, respectively.
The peak intensity based on the (002) plane was assumed to be 100. Simulated
peak intensities were calculated by the single-crystal structure.

Miller index (103) (011) (202) (110) (202) (111) (012) (111) (112) (112)

Measurement 1.62 0.13 0.07 0.16 0.11 0.49 1.84 1.15 1.07 1.54
Simulation 1.4 0.2 0.1 0.3 0.1 0.7 1.9 3.3 2.6 2.2

Miller index (013) (210) (202) (211) (113) (105) (212) (301) (014) (204)

Measurement 0.97 0.18 0.11 0.61 1.17 0.14 0.14 0.62 0.30 0.63
Simulation 0.7 0.4 0.4 0.1 0.9 0.5 0.5 1.0 0.4 0.3

Miller index (114) (213) (213) (303) (214) (310) (311) (311) (115) (312)

Measurement 1.50 0.28 0.78 1.98 0.15 0.85 0.67 0.32 1.80 0.31
Simulation 0.5 0.1 0.7 1.6 0.3 1.9 0.9 0.3 1.8 0.2

Miller index (214) (215) (305) (402) (313) (314) (020) (402) (021) (120)

Measurement 0.21 0.72 0.99 0.92 0.93 2.89 1.78 1.03 0.21 0.45
Simulation 0.2 1.0 0.4 0.4 0.4 3.0 0.4 1.2 0.6 0.1

Miller index (121) (022) (121) (314) (122) (404) (122) (410) (411) (023)

Measurement 0.87 0.28 0.95 1.54 0.16 0.35 0.29 0.91 1.26 2.21
Simulation 1.2 0.1 0.6 1.0 0.1 0.1 0.1 1.0 1.5 0.9

Miller index (411) (412) (123) (220) (404) (222) (024) (307) (124) (223)

Measurement 1.22 0.83 1.39 1.17 0.60 3.44 2.73 1.80 1.11 0.47
Simulation 2.5 1.2 1.5 1.2 0.3 3.4 0.4 1.0 0.4 0.4

Miller index (413) (124) (224) (125) (414) (125) (225) (027) (127)

Measurement 0.36 2.50 1.75 3.41 0.26 8.92 1.10 6.74 6.29
Simulation 0.1 1.0 1.3 2.1 0.1 6.6 0.5 1.0 2.5

4.4 Homeotropically oriented thin film

4.4.1 Sample fabrication method and measurement setups

Glass substrates were cleaned with an alkaline solution (Furuuchi Chemical Semico Clean 56) and

water by ultrasonication, and then treated with UV-ozone. C6PcH2 was dissolved in chloroform

at a concentration of 60 g/L, and the solution was spin-coated onto the glass substrates at a speed

of 500 rpm, as shown in Fig. 4.10(a). The film thickness was estimated to be approximately 450

nm by the optical absorption measurement of spectrophotometry (Shimadzu UV-3150). PVP

(Aldrich Mw 25,000) was dissolved in methanol at a concentration of 40 g/L, and the solution

was spin-coated onto the C6PcH2 layer at a speed of 3000 rpm, as shown in Fig. 4.10(b). Figure

4.11 shows the molecular structure of PVP. The film thickness was estimated to be approximately

160 nm by a surface profilometer (Veeco DEKTAK 150). The sample was heated to 175 ◦C in

the isotropic phase of C6PcH2 at a rate of 20 ◦C/min, and cooled down to room temperature
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at a rate of 10 ◦C/min. The homeotropic alignment of C6PcH2 as shown in Fig. 4.10(c) was

expected in this study.

(a) (b) (c)

Fig. 4.10 Schematic diagrams of (a) the C6PcH2 spin-coated thin film as grown, (b) the
C6PcH2 thin film covered with the PVP layer, and (c) the C6PcH2 thin film covered
with the PVP layer after thermal treatment at 175 ◦C.

OH

n

OH

Å

Fig. 4.11 Molecular structure of PVP.

The polarizing optical microscopy (POM) images were obtained with a polarized optical 

microscopy system (Nikon Eclipse LV100 POL). Molecular alignment in the thin films was 

investigated by a GIWAXS technique, which was carried out in the BL46XU and BL18B2 

beamline at SPring-8 with the approval of JASRI (No. 2016A1776 and 2017B1745). The 

wavelength of the X-ray was 1.0 and the incident angle was 0.12◦. A 2-D position-sensitive 

detector (Dectris PILATUS 300K) was used as an X-ray detector. The GIWAXS measurement 

was carried out at room temperature under atmospheric pressure or at 160 ◦C under a pressure 

of approximately 10−3 Pa.
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4.4.2 Molecular orientation in homeotropic alignment process

In the GIWAXS measurement of the C6PcH2 thin films, characteristic XRD patterns, as shown

in Fig. 4.12, were observed in a four-step-fabrication process: (i) the film state spin-coated as

grown, (ii) covered with the PVP layer, (iii) heated to 175 ◦C and then set at 160 ◦C, and

(iv) cooled down to set at room temperature. The XRD pattern of the C6PcH2 thin film

prepared by spin-coating in the first step is shown in Fig. 4.12(a). Many arc-shaped pattens

were observed in the diffraction image. In general, a spot-like diffraction pattern appears from a

single crystal or a highly oriented condensed matter, while a circular diffraction pattern appears

from a randomly oriented substance, such as a powder sample, because of the averaging of

the diffracted intensity at each scattering angle. Therefore, this figure seems to indicate that

phthalocyanine molecules were slightly aligned in the thin film prepared by spin-coating. Two

strong peaks were detected at (Qx,y, Qz) = (0.00, 3.60) and (2.80, 2.00) (nm−1), from which the

plane intervals were calculated to be 17.5 and 18.3 Å, respectively. These two strong peaks in

Fig. 4.12(a) seem to originate from the intercolumn distance, which are correspond to the (002)

and (101) planes of C6PcH2 β-type crystal, respectively. Strong peaks at (Qx,y, Qz) = (12.87,

8.47) and (12.93, 11.33) (nm−1) were observed, the plane intervals of which were estimated to

be 4.08 and 3.65 Å, respectively, and they were interpreted to be based on the intermolecular

distance, and corresponding to the (125) and (126) planes of C6PcH2, respectively. Therefore,

the direction of the c axis of C6PcH2 was clarified to be perpendicular to the substrate.

In the second step, the XRD pattern of a C6PcH2 layer covered with a PVP layer is shown

in Fig. 4.12 (b). The pattern was almost similar to that in Fig. 4.12(a), which indicates that

the molecular packing structure and molecular alignment in the C6PcH2 layer remained after

coating the PVP layer, and that the diffraction originating from the PVP layer was too weak to

recognize.

When the sample was heated up to 175 ◦C in the isotropic phase and then cooled down

to 160 ◦C in the LC phase (the third step), the XRD pattern changed markedly, as shown in

Fig. 4.12(c). The arc-shaped patterns as shown in Figs. 4.12(a) and 4.12(b) disappeared, and a

sharp and circular XRD pattern was detected at |Q| = 3.59 nm−1 (17.5 Å), which corresponds

to the intercolumn distance, and a broad XRD pattern was detected at |Q| = 17.13 nm−1 (3.67

Å), which corresponds to the intermolecular distance. Here, |Q| is the wavenumber calculated
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(a) (b)

(c) (d)

Fig. 4.12 XRD patterns of (a) the C6PcH2 spin-coated thin film as grown, (b) the C6PcH2

thin film covered with a PVP layer, (c) the C6PcH2 thin film covered with the PVP
layer at 160 ◦C, and (d) the C6PcH2 thin film covered with the PVP layer after
thermal treatment at 175 ◦C. The cooling rate from 175 ◦C to room temperature was
10 ◦C/min, and the measurements for (a), (b), and (d) were carried out at room
temperature.

by the equation, |Q| =
√
Q2

x,y +Q2
z. The broad XRD pattern indicates the disordered molecular

stacking distance in the LC phase and the homeotropic alignment induced between the PVP

layer and glass substrate. According to a previous study, C6PcH2 forms a pseudo-disordered

columnar mesophase in the LC phase [23]. Assuming the pseudo-disordered columnar mesophase

of C6PcH2, the column interval was calculated to be 17.5 × 2/
√
3 = 20.2 Å, which coincided

with the reported value [23].

Cooling down to room temperature in the crystal phase as the final step, the marked change

could be also found in the XRD pattern, as shown in Fig. 4.12(d). The circular XRD pattern,
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which is completely different from those of Figs. 4.12(a)–(c), appeared. The circular XRD

pattern implies the low molecular orientation order in the thin film. The strong diffraction at

|Q| = 3.60 nm−1 (17.4 Å), based on the intercolumn direction and corresponds to the (002) plane

of the C6PcH2 β-type crystal, was detected. The diffraction for the intermolecular direction was

detected at |Q| = 15.24 nm−1 (4.12 Å) and 17.31 nm−1 (3.63 Å), which corresponds to the (125)

and (126) planes of the C6PcH2 β-type crystal, respectively. The diffraction intensity based

on the intermolecular interval in the out-of-plane direction was much higher than that in the

in-plane direction; that is, the homeotropic alignment of C6PcH2 molecules in the thin film still

remained in the final step via phase transition from the LC to crystal phase. Therefore, the

homeotropic alignment in the thin film was induced in the LC phase of the third step and was

maintained after the cooling process involving the phase transition.

4.4.3 Cooling rate dependence of molecular orientation

Figure 4.13 shows the cooling rate dependence of the XRD patterns of the films. Some peaks

were obtained with the low cooling rate. When the films consist of small domains of C6PcH2,

diffraction from each domain is weak; therefore, XRD patterns without any strong peak are

obtained. however, for the films comprising of large domains, diffraction from each domain is

strong; therefore, XRD patterns with peaks are obtained. These XRD patterns imply that the

domain sizes of C6PcH2 increased with decreasing cooling rates. For the cooling rates of 2

and 1 ◦C/min, some peaks were detected at Qx,y = 12–13 nm−1 and Qz = 9–12 nm−1. The

peak positions were almost the same as for those based on the intermolecular distance in the

film prepared by spin-coating, as shown in Fig. 4.12(a). The results indicate that the planar

orientations tend to form with decreasing cooling rates.

The details of the molecular alignment in the thin film was investigated by the X-ray rocking

curve. Figure 4.14 shows the XRD intensity based on the molecular stacking distance of C6PcH2

as a function of the tilt angle from the normal direction of the substrate. The intensity at various

tilt angles was evaluated by integrating the intensity in |Q| = 14–19 nm−1 in Fig. 4.13. The

XRD peak at 0◦ must indicate the homeotropic alignment of C6PcH2 in the thin film. The signal

around the tilt angle of 0◦ cannot be measured because of the fixed incident angle of X-rays.

For the cooling rate of 10 ◦C/min, the XRD intensity monotonously decreased as the tilt

angle increased, i.e., homeotropic alignment was induced. The XRD patterns changed as the
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(a) (b)

(c) (d)

Fig. 4.13 XRD images of the C6PcH2 thin film covered with the PVP layer after thermal
treatment at 175 ◦C. The cooling rates from 175 ◦C to room temperature are (a) 10,
(b) 5, (c) 2, and (d) 1 ◦C/min.

cooling rate decreased, and for the cooling rate of 1 ◦C/min, the XRD peak appeared around

the tilt angle of 50◦. The peaks were based on the stacking periodicity of the planar alignment

of C6PcH2; therefore, planar orientation tends to be induced with decreasing cooling rates.

The domain size of C6PcH2 in the films was observed by POM. Figure 4.15 shows the cooling

rate dependence of the POM images of C6PcH2 layers covered with PVP layers after thermal

annealing, as shown in Fig. 4.10(c). The domain size of C6PcH2 increased with decreasing

cooling rates. The results agreed with the XRD patterns as shown in Fig. 4.13.

The molecular alignment in the thin films was discussed by considering the domain shape.

The domain size of C6PcH2 increased, and planar alignment was induced with decreasing cooling

rates. In the case of small domains, the crystal growth occurred at various points in the films,
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Fig. 4.14 XRD intensity based on the molecular stacking distance of C6PcH2 as a function of
the tilt angle from the normal direction of the substrate. The intensity was integrated
from the intensity of |Q| = 14–19 nm−1 in the XRD pattern, as shown in Fig. 4.13.
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(a) (b)

(c) (d)

Fig. 4.15 POM images of the C6PcH2 thin film covered with the PVP layer after thermal
treatment at 175 ◦C. The cooling rates from 175 ◦C to room temperature are (a) 10,
(b) 5, (c) 2, and (d) 1 ◦C/min.
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and the crystal growth parallel to the substrate was suppressed because of the domain boundary.

In the case of large domains, the crystals can grow in the direction parallel to the substrate. The

crystals of C6PcH2 were needle-like, and the crystal growth rate along the molecular stacking

direction of C6PcH2 is larger than that along the intercolumn direction. Thus, in the case of

a low cooling rate, large domains were formed, and the crystal growth parallel to the substrate

occurred, and the column axis tends to be parallel to the substrate, i.e., planar alignment was

induced.

4.5 Discussion

The X-ray rocking curve measurement is a well-known evaluation method for the oriented thin

films. The peak width of the rocking curve shows the orientation distribution in the thin film.

In this study, the oriented thin film was evaluated by the GIWAXS measurement with sample

rotation, and the difference between the measured and calculated peak intensities in the XRD

patterns, i.e., RF was calculated. RF shows the difference between the modeled and effective

positions of the atoms in the crystal lattice. Therefore, RF can indicate the degree of certainty of

the modeled crystal structure. In this section, the calculation technique of the detailed molecular

packing structure was proposed by using RF.

As an ideal XRD analysis for the thin films, it is desired that the details of the molecular

packing structure in the thin films should be determined only from the XRD patterns without

clarifying the single-crystal structure. However, it is logically difficult because of the phase

problem. The XRD patterns express time-averaged X-ray diffraction, and phase information of

the X-ray could not be extracted. Since both the intensity and phases of X-rays are needed for

the calculation of the molecular packing structures, the problem could not be solved. However,

XRD patterns are easily calculated from the data of the molecular packing structure as shown

in this study.

In a previous study, the details of the molecular packing structure in the thin film prepared

by thermal evaporation were determined from the XRD pattern [74]. The schematic diagrams

of the simulation process are shown in Fig. 4.16. This simulation process consists of four steps.

Firstly, the molecular packing structure in the film is assumed. Secondly, the XRD pattern is

calculated from the assumed molecular packing structure. Thirdly, the simulated XRD pattern

is compared with the measured one, and RF is calculated as discussed in Section 4.3.5. Finally,
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this process is repeated by using various kinds of assumed molecular packing structures, and the

minimum RF can be obtained. In the case of the minimum RF, the assumed molecular packing

structure is considered to be close to the real molecular packing structure.

Fig. 4.16 Schematic diagram of the simulation procedure to determine the detailed molecular
packing structure in the thin film by the GIWAXS technique.

The simulation procedure is considered to be suitable for the 3-D oriented films, such as the

uniaxially planar oriented thin films in this study. In thin films with the 3-D periodic structures

like a single-crystal, the azimuthal dependence of the XRD pattern should be obtained. The unit

lattice can be easily determined because the XRD peaks can be clearly splitted. For example,

in this study, Qx, Qy, and Qz axes almost corresponded to the a, b, and c axes of the C6PcH2

β-type crystal, respectively. For films with ramdom orientation in the azimuthal direction, all

XRD peaks overlapped in the Qx,y–Qz plane, and the determination of the unit cell becomes

difficult, resulting in low accuracy. By rotating samples in the GIWAXS measurement, the XRD

peaks can be distinguished, and peak intensity with high precision can be calculated. For these

reasons, the simulation procedure utilizing the 3-D oriented films is considered to be effective

for the determination of the molecular packing structure in the films.

4.6 Conclusions

The uniaxially planar orineted thin films of C6PcH2 were fabricated by the bar-coating method,

and its 3-D crystal structure was investigated by the GIWAXS method with a sample rotation.

The fabricated thin film exhibited optical anisotropy in a large area and possessed molecular-

size steps on the surface. From the analysis of the XRD patterns and the results of GIWAXS
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measurement and by comparison with the simulations, it was clarified that the molecular packing

structure in the thin film three-dimensionally coincided with that of the C6PcH2 single crystal

and that the molecular stacking was parallel to the crystal growth direction.

Moreover, the XRD patterns were simulated by using the molecular packing structure ob-

tained by single-crystal X-ray structure analysis, and RF was calculated. The simulation process

of the detailed molecular packing structure in a uniaxially planar oriented thin film by using RF

was proposed, and the effectiveness of the GIWAXS measurement utilizing a uniaxially planar

oriented thin film was indicated.

The homeotropic alignment of C6PcH2 in the thin film was realized by the thermal treatment

of the C6PcH2 thin film covered with the PVP layer, and the molecular alignment in the thin

film was investigated by the GIWAXS method. The homeotropic alignment was induced in the

LC phase, and the molecular alignment was maintained at room temperature in the crystal

phase. Moreover, the molecular alignment direction depended on the cooling rate from the LC

phase of C6PcH2, and the homeotropic alignment in the thin films was indicated to be induced

in the case of the rapid cooling.
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Chapter 5.

Carrier transport properties of molecularly ori-

ented thin films and device applications

5.1 Introduction

Generally, columnar LC semiconductors exhibit a high carrier mobility along the column axis.

Electrical anisotropy of a columnar LC semiconductor, hexa-perihexabenzocoronene (HBC)

derivatives, have been reported [32], [41]. Oriented thin films of HBC derivatives have been fabri-

cated by zone casting or solution casting on substrates with the pre-oriented poly(tetrafluoroethylene)

films, and FETs utilizing oriented thin films were developed. The mobilities parallel and perpen-

dicular to the column axis were 5× 10−3 and 1.0× 10−5 cm2/Vs, respectively, i.e., the mobility

parallel to the column axis was two orders of magnitude higher than that perpendicular to the

column axis.

C6PcH2 is also predicted to exhibit a high carrier mobility along the column axis by the

density functional theory (DFT) calculation as mentioned in Chapter 2; however, the electri-

cal anisotropy has not been experimentally clarified yet. In the previous works, the electrical

anisotropy of HBC was obtained by the FET measurement; thus, the FET measurement was

an effective method for clarifying electrical anisotropy. However, the transistor devices utilizing

C6PcH2 films have not been reported. This chapter discusses the fabrication of the FETs uti-

lizing the uniaxially planar oriented thin films by bar-coating, as described in Chapter 4. The

electrical anisotropy of C6PcH2 was investigated by the transistor measurement. The carrier

mobility is discussed by taking the simulated mobility by the DFT calculation into consideration.

Solar cells utilizing molecular oriented thin films are also discussed in this chapter. The

solar cells with a bulk hetero-junction of C6PcH2 and 1-(3-methoxycarbonyl)-propyl-(6,6)C61
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(PCBM) have been studied, and the fabrication conditions such as the buffer layer [75], phase

separation structure [76], [77], [78] , and kinds of acceptor materials [79] were optimized. How-

ever, solar cells utilizing the molecularly oriented thin films have not been reported. Considering

the device configuration of conventional organic thin-film solar cells, the homeotropic alignment

in the thin film should be developed because of the efficient carrier transport along the column

axis of C6PcH2. In this chapter, the fabrication of the bulk heterojunction solar cells utilizing

the aligned C6PcH2 by thermal treatment through the LC phase is discussed as with Chapter

4, and the solar cell performance was measured. The photovoltaic properties are discussed by

taking the carrier mobility into consideration.

5.2 Field effect transistors utilizing planar oriented thin films

5.2.1 Sample fabrication method

Figure 5.1(a) shows the schematic structure of a typical bottom gate and top contact type FET,

which consists of six parts: the gate electrode, insulating layer, surface modifying layer, carrier

transport layer, hole injection layers, and source/drain electrodes. In this section, the surface

modifying layer, carrier transport layer, and hole injection layers were optimized.

Surface modifying layers were prepared in the following manner. Surface of an n+ Si substrate

covered with a 300-nm-thick SiO2 layer was cleaned with an alkaline solution (Semico Clean 56,

Furuuchi Chemical) and water by ultrasonication and then treated with UV-ozone. Polyimide

(JSR AL1254), hexamethyldisilazane (HMDS), or decyltrichlorosilane (DTS) was used as a

surface preparation agent, and the surface modifying layer was fabricated onto the SiO2/Si

substrate. The molecular structures of polyimide, HMDS, and DTS are shown in Fig. 5.2. A

several-nm-thick polyimide layer was formed on the SiO2/Si substrate by spin-coating the 20-

times-diluted solution with γ-butyrolactone. In general, a rubbed polyimide layer is used as an

alignment layer in LC studies, but the rubbing process was not carried out here. HMDS and DTS

layers were formed by vapor deposition at 130 and 150 ◦C for 2 h in a hermetic container under

nitrogen atmosphere, respectively, and then excess surface preparation agents were cleaned with

toluene by ultrasonication.
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Fig. 5.1 (a) Schematic structure of a typical bottom gate and top contact type FET. (b)
Energy levels of C6PcH2, MoO3 and Au.
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Fig. 5.2 Molecular structures of (a) polyimide, (b) HMDS, and (c) DTS.

Molecularly oriented films of C6PcH2 were used as carrier transport layers, which were pre-

pared by the following manner. C6PcH2 thin films were fabricated onto the surface modifying

layers by a bar-coating technique under air atmosphere. The substrate temperature was main-

tained at 40 ◦C. A 9.6-mm-diameter coating-bar, around which a 0.05-mm-diameter metal wire

was wound, was fixed on the substrate. C6PcH2 was dissolved in p-xylene at a concentration of

10, 20, 40, and 60 g/L, and the solution was added dropwise onto the coating-bar, and then the

coating-bar was moved in the horizontal direction at a speed of 30, 120, or 200 µm/s.

A MoO3 film was deposited onto the C6PcH2 thin film by thermal evaporation at a thickness

of 10, 15, 20, 25, or 30 nm as a hole injection layer, and then a 40-nm-thick Au film was deposited
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onto the MoO3 layer by thermal evaporation as a source/drain electrode, and then the devices

were completed as shown in Fig. 5.1(a). Thrmal evaporation was carried out under a pressure of

approximately 10−4 Pa. Figure 5.1(b) shows the energy levels of C6PcH2, MoO3, and Au. The

HOMO level of C6PcH2 is almost equivalent to the work function of MoO3 [25]. The channel

length (L) and channel width (W ) were 100 µm and 2 µm, respectively. The channel direction

of the FETs was parallel or perpendicular to the sweep direction of the wire-bar.

5.2.2 Measurement setups

The surface free energies of the surface-modified SiO2/Si and glass substrates were measured

by the following manner. First, 4 µL of water or diiodomethane was dropped onto the modified

substrate, and the contact angle was measured using the half-angle technique. The surface free

energy was calculated by the Owens-Wendt method [80],

γL(1 + cos θ) = 2
√

γdSγ
d
L + 2

√
γhSγ

h
L, (5.1)

where, γS and γL are surface free energies of a modified substrate and solvent, respectively, and 

superscripts d and h refer to the dispersion force and hydrogen bonding components, respectively. 

Table 5.1 shows the components of surface free energies of water and diiodomethane [80].

Table 5.1 Components of surface free energy for water and diiodomethane.

Surface free energy (mN/m)
γdL γhL γL

Water 22.1 50.7 72.8
Diiodomethane 44.1 6.7 50.8

The film thickness of C6PcH2 films was estimated by surface profile measurement with

atomic force microscopy (AFM; Keyence VN-8000) and optical absorption measurement by

spectrophotometry (Shimadzu UV-3150). Polarizing optical microscopy images and the surface

morphology of the thin films were obtained with a polarized optical microscope system (Nikon

Eclipse LV100 POL) and an AFM system (Shimadzu Digital Instruments Nanoscope IIIA),

respectively.

Transfer and output characteristics of the FETs were measured using a semiconductor pa-
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rameter analyzer (Agilent 4155C) under a pressure of approximately 1 Pa at room temperature.

The field effect mobility of the C6PcH2 film was evaluated from the transfer characteristics of

the FETs by Eq. (1.3).

5.2.3 Surface preparation agent

Table 5.2 summarizes the contact angles of water and diiodomethane on the modified substrates,

and surface free energy was calculated using contact angles. The surface free energy of the

SiO2/Si substrate without surface modification was the highest at 73.52 mN/m, and that of a

polyimide layer was determined to be 57.43 mN/m. In the case of a SiO2/Si substrate without

surface modification, the hydrogen bonding component was higher than the dispersion force

component; in contrast, for a polyimide layer, the dispersion force component was higher than

the hydrogen bonding component. The wettability depends on the surface free energy of the

substrate and solvent and was enhanced when the surface free energy of the substrate was

close to that of the solvent. The hydrogen bonding component of water is higher than the

dispersion force component; therefore, water exhibited good wettability on a SiO2/Si substrate

without surface modification, and the dispersion force component of diiodomethane is higher

than the hydrogen bonding component; therefore, diiodomethane exhibited good wettability on

a polyimide layer.

The surface free energies of the SiO2/Si substrate modified by HMDS and DTS were 33.89

and 35.13 mN/m, respectively, which were lower than those of a SiO2/Si substrate without

surface modification or polyimide layer. Water and diiodomethane exhibited poor wettability

on the SiO2/Si substrate modified by HMDS and DTS because of the low surface free energy.

The surface energy depends on the surface condition of the SiO2/Si substrate, and the terminal

functional group of HMDS and DTS is a methyl group. Therefore, the surface free energy of

HMDS was considered to be close to that of DTS.

Wettability of the modified substrates was tested for the C6PcH2 films fabricated by the

bar-coating method. Figure 5.3 shows the photographs of the C6PcH2 films on various kinds

of substrates prepared by bar-coating. The green region represents the C6PcH2 films, and

the blue region represents the SiO2/Si substrates. That is, C6PcH2 films could be fabricated

on the SiO2/Si substrates without surface modification and modified by a polyimide layer;

however, it could not be fabricated on the SiO2/Si substrates modified by DTS and HMDS. As
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Table 5.2 Contact angle of water and diiodomethane on modified substrates and components
of surface free energy.

Contact angle (◦) Surface free energy (mN/m)
Water Diiodomethane γdS γhS γS

Silicon dioxide 0 37.85 28.93 44.59 73.52
Polyimide 52.94 13.89 41.96 15.48 57.43
HMDS 79.84 55.89 27.20 6.69 33.89
DTS 92.28 48.49 33.96 1.18 35.13

mentioned above, the surface free energy of the SiO2/Si substrates without surface modification

and modified by a polyimide layer was higher than that of the SiO2/Si substrates modified by

DTS and HMDS. Generally, the low surface free energy of the substrate causes poor wettability

and suppression of nucleations [81]. In the bar-coating method, the nucleation occurred at the

start point of film formation, and crystals grew from the crystalline nucleus. In the case of

the SiO2/Si substrates modified by DTS and HMDS, the nucleation was suppressed, and the

C6PcH2 films cannot be fabricated. The surface state of the SiO2/Si substrates without surface

modification was considered to be unstable because it was difficult to keep the surface clean

after ozone cleaning [82]. Therefore, a PVP layer was considered to be suitable as a surface

preparation agent, and used as a surface preparation agent in this study.

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

Fig. 5.3 Photographs of the samples prepared by bar-coating C6PcH2 solution on SiO2/Si
substrates (a) without surface modification and modified by (b) polyimide, (c) DTS,
and (d) HMDS layers.
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5.2.4 Film fabrication conditions

The film thickness depends on the condition of the bar-coating method, such as used solvent,

substrate temperature, sweep rate of the wire bar, and concentration of solution. The molecular

orientation depends on the film thickness owing to the surface free energy of the substrate [83].

Moreover, the film thickness is considered to affect the carrier transport properties, which can

be explained as follows. In the case of a bottom gate and top contact type FET, charge carriers

are injected from the electrodes, and transported in the carrier transport layer near a SiO2 layer.

Thus, the carrier transport from the top side to the bottom side of the carrier transport layer,

i.e., the carriers were transported in the thickness direction. C6PcH2 tends to form a columnar

structure, and uniaxially high carrier transport properties were observed along the column axis.

Assuming uniaxially planar oriented thin films of C6PcH2, the column axis of which is parallel

to the channel direction of an FET, the channel direction is parallel to the column axis when

the thickness direction is perpendicular to the column axis. The carrier transport properties

were considered to be limited by the conduction along the thickness direction. Therefore, thin

and uniaxially oriented films of C6PcH2 are suitable for FET application.

In this study, C6PcH2 films with various film thicknesses were fabricated by controlling the

film fabrication conditions, such as sweep rate of the wire bar and concentration of solution.

Figure 5.4 shows solution concentration dependence of the film thickness of C6PcH2. The film

thickness linearly increased depending on the solution concentration at any sweep rate, and the

proportionality factors between the film thickness and the solution concentration were calculated

to be 2.92, 0.71, and 0.44 nmL/g for the sweep rates of 30, 120, and 200 mm/s, respectively.

The proportionality factors were inversely proportional to the sweep rate of the wire bar, i.e.,

the film thickness is proportional to the fabrication time.
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Fig. 5.4 Solution concentration dependence of the film thickness of C6PcH2 at various sweep
rates of the wire-bar.

Molecular alignment in the film was investigated by polarized optical and atomic force mi-

croscopy. The uniaxially planar oriented thin films of C6PcH2 were obtained when the film

was thicker than 20 nm; the detailed data are given in the Appendix. As mentioned above,

thin and uniaxially oriented films of C6PcH2 are suitable for the FET application; therefore, a

solution concentration of 60 g/L and a sweep rate of 200 mm/s are appropriate conditions for

FET application.

Figure 5.5 shows the typical polarized optical microscopy images of the thin film prepared

by bar-coating, which were observed with crossed polarizers. These images were uniformly dark

and bright at the extinction and diagonal positions, respectively, which indicates that a uniform

and uniaxial molecular oriented thin film was obtained in an area of approximately 1 mm2. As

shown in the bright image at the diagonal position, some lines almost parallel to the coating-

bar sweep direction were observed. The lines were considered to be caused by the domain

boundaries, resulting in the sub-mm-wide domains in the thin films. In the domains, short-line

patterns perpendicular to the coating-bar sweep direction were also observed. It is considered

that these line patterns were formed by the volumetric shrinkage along the column axis during

solvent evaporation.
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(a) (b)

Fig. 5.5 Polarized optical microscopy images of the thin film observed with crossed polarizers
in (a) extinction and (b) diagonal positions.

The AFM image and surface profile of the C6PcH2 thin film are shown in Fig. 5.6(a).

The bright and dark regions existed in the AFM image, and each surface seems to be flat in the

profile. That is, the terrace and step morphology appeared on the film surface. A similar surface

structure was reported for the single crystals of organic molecules [64]. In order to estimate the

step height, the statistical distribution of the height value was analyzed from Fig. 5.6(a). As

shown in Fig. 5.6(b), two peaks, which should correspond to the upper and lower terraces, could

be found, and the average step height was evaluated to be approximately 1.71 nm. The value

of the average step height corresponded to the lattice spacing of the (002) plane (1.80 nm) in

β-type C6PcH2, which agreed with the molecular packing structure in the bar-coated thin film

measured by the GIWAXS technique, as shown in Fig. 4.5.
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Fig. 5.6 (a) AFM image and surface profile of the thin film of C6PcH2. The profile corresponds
to the black line in the image. (b) Statistical distribution of height value for Fig. 5.6
(a).

5.2.5 Hole injection layer

The thickness of the hole injection layer was optimized by the FET measurement. The channel

direction of the FETs was parallel to the sweep direction. Figures 5.7(a)–(c) show the output

and transfer characteristics of the FETs with various thicknesses of the MoO3 layer. For the

FET without any MoO3 layer, the transfer and output characteristics could not be measured

because of the high energy barrier between the Au electrodes and C6PcH2 layer as shown in

Fig. 5.1(b).

In the transfer characteristics, the value of the square root of the drain current (ID) at -50 V

of drain voltage (VD) was plotted against the various gate voltage, while the drain current at -50

V of gate voltage (VG) was plotted against the various drain voltage in the output characteristics.

As shown in Fig. 5.7(a), the drain current was saturated at approximately -30 V, regardless of

the thickness of MoO3. The linear characteristics of ID-VD at a low drain voltage were obtained

owing to the low energy barrier between the C6PcH2 and MoO3 layers as shown in Fig. 5.1(b).

The saturation characteristics implied typical behaviors of p-channel FETs in the accumulation

mode. The saturated drain currents at -50 V were -0.39, -0.85, -1.21, -0.99, and -0.67 µA when

the thickness of the MoO3 layer were 10, 15, 20, 25, and 30 nm, respectively, i.e., the highest

drain current was observed when the thickness of the MoO3 layer was 20 nm.
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Fig. 5.7 MoO3 thickness dependence of (a) output and transfer characteristics of FETs on (b)
a semi-log scale and (c) square root of the same data on a liner scale. (d) Hole
mobilities of FETs with the uniaxially planar oriented thin films of C6PcH2 as a
function of MoO3 thickness.

As shown in Fig. 5.7, the drain current increased as the gate voltage increased. The on/off

current ratio was estimated to be 102–103, and the hole threshould voltages were determined to

be -22.6, -21.3, -20.5, -17.2, and -12.3 V when the thicknesses of the MoO3 layer were 10, 15,

20, 25, and 30 nm, respectively, i.e., the hole threshould voltage decreased as the thickness of

the MoO3 layer increased. The result indicated that smooth hole injection from the electrode

occurred as the thickness of the MoO3 layer increased.

Figure 5.7(d) shows the hole mobilities of FETs with the uniaxially planar oriented thin

films of C6PcH2 as a function of MoO3 thickness calculated by Eq. (1.3). The hole mobilities

were calculated to be 6.9×10−3, 1.4×10−2, 2.2×10−2, 1.1×10−2, and 6.1×10−3 cm2/Vs when

the thicknesses of the MoO3 layer were 10, 15, 20, 25, and 30 nm, respectively, i.e., the highest

hole mobility was observed when the thickness of the MoO3 layer was 20 nm. The resistance of
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MoO3 increased as the thickness of the MoO3 layer increased, and the carrier mobility of FET

was estimated to be lower than the essential mobility of the thin film. As mentioned above, the

increase in the thickness of MoO3 induced smooth hole injection from the electrode. Therefore,

the suitable thickness of MoO3 was determined to be 20 nm

5.2.6 Measurement of electrical anisotropy

The relationship between the hole transport and structural anisotropy in the C6PcH2 films was

investigated. Figure 5.8 shows the POM image of FET observed with crossed polarizers in

the diagonal position. The channel direction is perpendicular to the crystal growth direction of

C6PcH2. Uniform color of the planar oriented films was observed, which indicated that uniformly

oriented thin films were fabricated. Figure 5.9 shows the output and transfer characteristics of

the FETs, the channel direction of which was parallel or perpendicular to the column axis of

C6PcH2. In the transfer characteristics, the value of the square root of the drain current at -50

V of the drain voltage was plotted against different gate voltages, while the drain current at -50

V of the gate voltage was plotted against various drain voltages in the output characteristics.

As shown in Fig. 5.9(a), the drain currents parallel and perpendicular to the column axis

were saturated at approximately -40 V and -30 V of the drain voltages, respectively. Both

FETs exhibited linear characteristics of ID-VD at the low drain voltage because of smooth hole

injection from the source electrode owing to the low hole barrier as shown in Fig. 5.1(b). The

saturation characteristics of both devices implied typical behaviors of p-channel FETs in the

accumulation mode. As shown in 5.9(b), the drain current increased as the gate voltage swept

from 0 V to -50 V regardless of the direction of the molecular orientation, which indicates the

typical p-type behavior of FET. The on/off current ratio was estimated to be more than 103

and the hole threshold voltage of the two devices was approximately -20 V.
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Fig. 5.8 Polarized optical microscopy image of the transistor observed with crossed polarizers
in diagonal position. The channel direction is perpendicular to the crystal growth
direction of C6PcH2.
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Fig. 5.9 (a) Output characteristics of FETs. (b) Transfer characteristics of FETs on a semi-log
scale (dotted line) and the square root of the same data on a liner scale (solid line).
The channel direction was parallel (black line) or perpendicular (red line) to the
column axis of C6PcH2.

Similar measurements were carried out for 18 and 23 transistors, the channel directions of

which were parallel and perpendicular to the column axis of C6PcH2, respectively, and the

field effect mobility was calculated by Eq. (1.3). Figure 5.10 shows the histogram plots of the

field effect mobility parallel and perpendicular to the column axis. 95% confidence intervals

of the mobilities parallel and perpendicular to the column axis were (1.54 ± 0.24) × 10−2 and

(2.10± 0.23)× 10−3 cm2/Vs, respectively. The hole mobility parallel to the column axis in the

molecular oriented thin films was approximately 7 times higher than that perpendicular to the

column axis. According to the single crystal X-ray structure analysis of β-type C6PcH2 at 273
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K, as shown in Figs. 2.4(c) and (d), the intermolecular distance along the column axis is 3.644

Å and the intercolumn distance is approximately 20 Å. Therefore, the π-π interaction parallel

to the column axis of C6PcH2 is expected to be stronger than that perpendicular to the column

axis.
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Fig. 5.10 Histgram plots of the field effect mobility (a) parallel and (b) perpendicular to the
column axis of C6PcH2 for 18 and 23 transistors, respectively.

The electrical anisotropy of HBC derivatives, which are discotic LC materials, has been

reported, and the mobility parallel to the column axis was two orders of magnitude higher than

that perpendicular to the column axis [32], [41]. That is, the electrical anisotropy of HBC

derivatives was higher than that of C6PcH2. The alkyl chains and intercolumn distance of

HBC derivatives were longer than those of C6PcH2; therefore, the π-π interaction along the

intercolumn direction of HBC derivatives is considered to be weaker than that of C6PcH2.

5.3 Solar cells utilizing homeotropically oriented thin films

5.3.1 Sample fabrication method

A solar cell with the molecularly oriented thin film was fabricated by the following way. An

indium-tin-oxide (ITO)-coated glass substrate was cleaned with an alkaline solution and water

by ultrasonication and then treated with UV-ozone. A 6-nm-thick MoO3 film was thermally

evaporated onto an ITO-coated glass substrate at a rate of 0.1 Å/s as a hole transport layer

under a vacuum of about 10−4 Pa. C6PcH2 of 42.8 mg and PCBM (Frontier carbon) of 3.64 mg

were dissolved in 1mL chloroform, which indicates that the molar ratio of C6PcH2:PCBM was
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9:1. Figure 5.11 shows the molecular structure of PCBM. In the sandwich-cell type solar cells

with the C6PcH2:PCBM bulk heterojunction layer, the highest power conversion efficiency was

obtained at the same molar ratio of C6PcH2:PCBM [72]. The C6PcH2:PCBM mixed solution

was spin-coated onto the MoO3 layer in a glove-box filled with nitrogen gas. The film thickness

was estimated to be approximately 400 nm by the surface profilometer. A 160-nm-thick PVP

layer was spin-coated onto a C6PcH2:PCBM layer. The sample was annealed at 165 ◦C in the

isotropic phase of a blended film of C6PcH2 and PCBM for 1 min, and then rapidly cooled down

to room temperature. In order to remove the PVP layer completely, methanol was spin-casted

four times onto a sample at the speed of 3000 rpm. An 80-nm-thick aluminum layer as a counter

electrode to the ITO electrode was deposited onto the active layer through a shadow mask by

thermal evaporation under a pressure of approximately 10−4 Pa. The active areas of the solar

cells were 2×2 mm2.

O

OHOCH3

O

Fig. 5.11 Molecular structure of PCBM.

5.3.2 Measurement setups

The charge carrier mobility in the solar cells was determined by a photo-induced charge carrier 

extraction by linearly increasing the voltage (Photo-CELIV) in a vacuum at room temperature. 

The synchronized beam of a Q-switched Nd:YAG pulsed laser (CryLaS FTSS355-50) was irradi-

ated from the ITO-layer side of the solar cells. The wavelength, pulse width, and pulse repetition 

rate of the laser were 355 nm, 1 ns, and 20 Hz, respectively. Triangle pulses in reverse bias were
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applied between the electrodes using a function generator (Hewlett Packard 8112A). The delay

time between the laser radiation and voltage impression was 4 µs, and the magnitude of the

applied voltage changed from 0 to 3 V in 10 µs. The generated transit current was recorded

using a digital oscilloscope (Teledyne LeCroy HDO4054). The carrier mobility µ was calculated

using the following equation [84].

µ =
2d2

3At2max

[
1 + 0.18 ∆J

J(0)

] , (5.2)

where, d is the thickness of the active layer, A is the voltage rise speed, tmax is the time to

reach the extraction current maximum, J(0) is the capacitive displacement current, and ∆J is

difference between the maximum current and J(0). The delay time between the laser radiation

and voltage impression was changed from 0.2 µs to 14 µs and the charge recombination rate

during transport of the solar cell was also estimated. The number of collected charges n(t) was

calculated by using the effective bimolecular lifetime τB as follows [85], [86],

n(t) =
n(0)

(1 + t/τB)
γ , (5.3)

where, γ is a time-independent parameter.

The absorbance spectrum was measured using a spectrophotometer (Shimadzu UV-3150).

The current density-voltage characteristics (J-V ) were measured using a source meter (KEITH-

LEY 2400) and full spectrum solar simulator (Bunkoukeiki OTENTO-SUN IIIP2) at a 100

mW/cm2 irradiation intensity (AM1.5G). The external quantum efficiency (EQE) spectra were

measured using a photosensitivity measurement system (Bunkoukeiki SM-250NA) with xenon

lamp light passing through a monochromator as a light source. The J-V characteristics and

EQE spectrum were measured in vacuum at room temperature.

5.3.3 Carrier transport properties

In order to investigate the effect of the homeotropic alignment for the electrical properties, the

carrier mobility in the C6PcH2:PCBM blended thin films of the solar cell structures was esti-

mated by using the photo-CELIV method. Figure 5.12 shows the transient current wave forms

of the C6PcH2:PCBM blended thin films with and without the homeotropic alignment process.
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The typical transient current in the photo-CELIV method, which consisted of a capacitive com-

ponent and a photo-generated component, was observed. In the case without the homeotropic

alignment process, the time to reach the extraction current maximum tmax was 3.02 µs, and the

carrier mobility was calculated to be 1.16×10−3 cm2/Vs by using Eq. (5.2). In contrast, tmax

was 0.60 µs with the homeotropic alignment process, and the carrier mobility was calculated

to be 4.31×10−2 cm2/Vs. The carrier mobility in the thin film enhanced by 37 times through

the homeotropic alignment process. For the device configuration used in this study, the carrier

transport properties perpendicular to the substrate could be measured by the photo-CELIV

method; therefore, it is considered that the mobility enhancement was based on the carrier

transport along the column axis of C6PcH2.
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Fig. 5.12 Photo-CELIV curves of the solar cells (a) with and (b) without the homeotropic
alignment process. The red and black lines represent the transient current density
waveforms with and without light irradiation, respectively.

The life time of the carriers was also measured by the photo-CELIV method. Figure 5.13

shows the number of collected charges as a function of the delay time between the laser radiation

and voltage impression of the solar cells with and without the homeotropic alignment process.

The number of collected charges was estimated by integration of the difference between the

transient current of the C6PcH2:PCBM blended thin films, with and without light pulse. The

plots indicated the measurement results with and without the homeotropic alignment process.

In the case with the homeotropic alignment process, n(0), τB, and γ in Eq. (5.3) were calculated

to be 1.79×1015 cm−3, 2.63 µs, and 1.07 by the least squares method, respectively. In the case

without the homeotropic alignment process, n(0), τB, and γ were calculated to be 3.48×1015
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cm−3, 5.31 µs, and 1.14, respectively. The fitting lines were displayed as solid lines in Fig. 5.13,

and show good agreement with the experimental data.

The number of the collected charges in the case with the homeotropic alignment process

was lower than that without the homeotropic alignment process. This can be explained by

the low exciton dissociation efficiency. The C6PcH2:PCBM blended thin films were annealed

at the temperature of the LC phase in the homeotropic alignment process. Large domains

of C6PcH2 are formed in the LC phase, and decrease the domain boundary. Charge carriers

were generated at the domain boundary between C6PcH2 and PCBM. As described in Section

1.2.5, probability of the arrival of the exciton at the boundary between the donor and acceptor

materials depend on the area of the boundary, and the probability affect the number of the

charge carriers. Therefore, the low generated charge carriers were obtained in the case with the

homeotropic alignment process.

Life time in the case with the homeotropic alignment process was shorter than that without

the homeotropic alignment process. The life time of carriers largely depend on the carrier diffu-

sion length, and carrier diffusion length (L) can be calculated by the equation L =
√

kBTµτB/q;

kB and q are Boltzmann’s constant and elementary charge, respectively. From this equation,

the carrier diffusion length was determined to be proportional to the square root of the carrier

mobilities; therefore, short life time in the case with the homeotropic alignment was considered

to be caused by the high carrier mobility.
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Fig. 5.13 Number of collected charges as a function of the delay time between the laser
radiation and voltage impression of the solar cells. The red and black plots indicate
the measurement results in the cases with and without the homeotropic alignment
process, respectively. The red and black lines indicate the fitting lines of the red and
black plots by Eq. (5.3), respectively.

5.3.4 Photovoltaic properties

Figure 5.14 shows the absorption spectra of the C6PcH2:PCBM blended films with and without

the homeotropic alignment process. The absorption peaks in the wavelength ranges of 300-400

and 600-800 nm, called B and Q band, respectively, were similar to those of the conventional

non-substituted Pcs [87]. Without the homeotropic alignment process, the absorption spectrum

almost coincides with that of the C6PcH2:PCBM blended film reported previously. The ab-

sorption spectrum of the C6PcH2:PCBM blended film after the homeotropic alignment process

exhibited a slight difference from that without the homeotropic alignment process. The shoul-

ders around 400 and 760 nm, corresponding to the absorption edges of the B and Q bands,

respectively, appeared, and the spectral shapes of the B and Q bands became broader. Such

a spectral change, which must be caused by the directional changes of the molecular plane or

column axis of C6PcH2, is one of the effects of the optical properties.
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Fig. 5.14 Absorption spectra of C6PcH2:PCBM blended spin-coated thin films. The red and
black lines indicate the cases with and without the homeotropic alignment process,
respectively.

Figure 5.15 (a) shows the J-V characteristics of the solar cells with and without the homeotropic

alignment process. Without the homeotropic alignment process, the device performance seemed

to be low, and the short-circuit current density (Jsc) and fill factor (FF) were especially quite low

at 0.11 mA/cm2 and 0.116, respectively. Using the homeotropic alignment process, the device

performance markedly enhanced. That is, the Jsc and FF values increased to be 1.07 mA/cm2

and 0.345, respectively, and the power conversion efficiency was calculated to be 0.30% owing to

the open-circuit voltage of 0.816 V. In the spectra of the external quantum efficiency as shown

in Fig. 5.15 (b), the efficiency not only enhanced, but the spectral width also became broader.

Since the shoulders around the absorption edges for the B and Q bands appeared as shown in

Fig. 5.14, the photo-current generated by light irradiation at the corresponding wavelengths

of around 400 and 760 nm markedly enhanced. The enhancement in Jsc could be explained

by the improved efficiency due to the increased carrier mobility and the broadened wavelength

range for photo-sensitivity. Although the carrier mobility seems easy to understand, the detailed

mechanism is still not clear at this stage, because the carrier species, holes or electrons, could

not be distinguished in the mobility measurement. It is supposed, however, that the carrier

balance of the holes and electrons might be improved by considering the mobility enhancement

in the solar cells.
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Fig. 5.15 (a) Current density-voltage characteristics of solar cells under the AM1.5G (100
mW/cm2) solar-illuminated condition and (b) EQE spectra of the solar cells. The
red and black lines indicate the cases with and without the homeotropic alignment
process, respectively.

5.4 Discussion

The electrical anisotropy of C6PcH2 was clarified by the FET measurement. The mobility val-

ues parallel and perpendicular to the column axis were estimated to be (1.54±0.24)×10−2 and

(2.10±0.23)×10−3 cm2/Vs, respectively. In the films prepared by bar-coating, the β-type crys-

tals were fabricated. The mobility parallel and perpendicular to the column axis of C6PcH2

β-type crystals was simulated to be 1.486, 3.8×10−5 cm2/Vs by the DFT calculation, as men-

tioned in Chapter 2. Besides, hole mobility of 1.4 cm2/Vs was evaluated by the time-of-flight

(TOF) measurement [23].

The marked electrical anisotropy of C6PcH2 was found by the transistor measurement as

mentioned above; however, the field effect mobility along the column axis was approximately

102 times lower than the mobility obtained by the DFT calculation and TOF measurement,

which is a problem to be solved. For the DFT calculation, the ideal hopping conduction along

the column axis was assumed. Furthermore, in the case of the TOF measurement, the arrival

time of the charge carrier to the counter electrode was measured when the fastest carrier path

was measured. In the case of the FET measurement, the current density was strongly related

with the mobility, but the average charge mobility in the FET devices was measured. Hence,

the carrier mobility of FETs was affected by various factors, such as injection resistance from

the electrode to organic layer, and structural defects. In the micrograph shown in Fig. 5.5(b),
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many short-line patterns exist. These patterns in the thin film might be structural defects such

as cracks, which may disturb the carrier transport parallel to the column axis. The cracks

were considered to be caused by a mismatch between the crystal growth rate and sweep speed;

therefore, the optimization of the film fabrication conditions was considered to be essential.

The field effect mobility perpendicular to the column axis was approximately 102 times

higher than the simulated mobility. An orientational disorder of C6PcH2 might occur around the

interface between the polyimide and the C6PcH2 layer, and the entire column axis of C6PcH2

was not completely perpendicular to the channel direction, resulting in the carrier transport

route between the electrodes.

The effects of homeotropic alignment of C6PcH2 in the thin film should be useful for the solar

cell applications, and were actually exhibited in the optical and electrical properties as mentioned

above. At this stage, the power conversion efficiency of the solar cell with the homeotropically

oriented thin film was still low, which is also a problem to be solved. One of the reasons for this

phenomenon the blend ratio of C6PcH2:PCBM. The optimized molar ratio of PCBM for the

C6PcH2-based bulk-heterojunction solar cells was reported to be about 40 mol% [52]. Though

the annealing temperature dependence of the photovoltaic properties was also reported at the

blend ratio of 40 mol% [78], the device performance deteriorated in the annealing process at

higher than 75 ◦C due to excessive phase separation resulting from the large domain formation.

Moreover, in the case of 40 mol%, the LC phase could not be found in the thermal measurement

of a mixture of C6PcH2 and PCBM, such as differential scanning calorimetry, unlike the case of

10 mol% [72], [88]; therefore, the thermal treatment at 165 ◦C disordered the molecular alignment

instead. At the PCBM molar ratio of 10 mol% adopted in this study, the LC phase appears

between 135 and 153 ◦C in the cooling process, and the molecular alignment was maintained

in the fast cooling process as mentioned above; however, the balance of the hole and electron

mobilities should be improved.

For realizing the high performance of the C6PcH2-based thin-film solar cells with the homeotropic

alignment, control of the phase separation of the donor and acceptor materials is essential. In-

terpenetrating heterojunction type organic solar cells might be one of the ways to control the

phase separation [89], [90], [91]. Two types of materials, which exhibit high and low solubility

in an organic solvent, are needed for the fabrication of interpenetrating heterojunction films.

C6PcH2 exhibits low solubility in diiodeoctane (DIO) solvent, while PCBM exhibits high solubil-
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ity; therefore, interpenetrating heterojunction films of C6PcH2 and PCBM should be fabricated.

By using this process, the phase separation in the C6PcH2 thin film is controlled, and the solar

cell properties is assumed to be enhanced.

5.5 Conclusions

FETs with the molecularly oriented thin film of C6PcH2 were fabricated, and the electrical

anisotropy of C6PcH2 was investigated. Fabrication conditions of the FETs, such as surface

modifying layers, carrier transport layers, and hole injection layers, were optimized. The uni-

form thin film of C6PcH2 prepared by the bar-coating technique exhibited uniaxially optical

properties in an area of approximately 1 mm2, and step-terrace structures were found on the

film surface. The field effect mobility parallel and perpendicular to the column axis of C6PcH2

were determined to be (1.54±0.24)×10−2 and (2.10±0.23)×10−3 cm2/Vs, respectively, and it

was clearly demonstrated that the hole transport along the column axis of C6PcH2 was predom-

inant in the thin film. The carrier mobility of C6PcH2 was compared with the simulated carrier

mobility by DFT calculation, and the electrical anisotropy was ascertained to be consistent with

the experimental results.

The homeotropic alignment of C6PcH2 in the thin film was realized by the thermal treatment

of the C6PcH2:PCBM blended thin film covered with the PVP layer. The bulk-heterojunction

solar cell utilizing the homeotropically oriented thin film was fabricated, and the carrier transport

and photovoltaic properties were investigated. Introducing the homeotropic alignment process,

the carrier mobility in the thin film and the solar cell properties were enhanced. The homeotropic

alignment process was effective for C6PcH2-based solar cell applications.
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Chapter 6.

Conclusions

In this dissertation, the molecular alignment control of the columnar liquid-crystalline (LC)

materials, C6PcH2, and crystal structure analysis in the molecularly oriented thin films were

investigated. The important realizations from each chapter can be summarized as follows.

Chapter 2 describes the fabrication of the single-crystals of C5PcH2, C6PcH2, and C6TBTAPH2

and the crystal structure was clarified by the single-crystal X-ray structure analysis. Two types

of crystal polymorph of C5PcH2, C6PcH2, and C6TBTAPH2, called α-type and β-type crystals,

were clarified to exist, and the thermal phase transition from the α-type to β-type crystals was

observed. The stability of the crystal polymorphs was discussed by taking the Gibbs’ free en-

ergy into consideration, and the selective crystal growth of the crystal polymorphs was realized.

Moreover, the carrier mobility was simulated by the density functional theory calculation, and it

was clarified that α-type crystals of C5PcH2 and C6PcH2 exhibit high carrier mobility. Though

devices utilizing the α-type crystals of C5PcH2 and C6PcH2 have not been reported, the high

device performance is predicted by using the α-type crystals of C5PcH2 and C6PcH2.

In Chapter 3, molecular packing structures in the spin-coated thin films of C5PcH2, C6PcH2,

and C10PcH2 were investigated by the grazing incidence wide-angle X-ray scattering (GIWAXS)

technique. The column structures of C5PcH2, C6PcH2, and C10PcH2 were maintained in the

spin-coated films, and the planar orientation of the columns was induced in the spin-coated

films. The molecular packing structures of C5PcH2 and C6PcH2 were determined to be a cen-

tered rectangular structure, and that of C10PcH2 was determined to be a rectangular structure.

Additionally, the lattice constants and tilt angles of the Pc cores in the columns of C5PcH2,

C6PcH2, and C10PcH2 were determined. The assumed molecular packing structures were as-

certained to be consistent with those calculated by Fourier analysis.

In Chapter 4, the molecular alignment control of C6PcH2 in the thin films was investigated.
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First, the uniaxially planar oriented thin films of C6PcH2 were fabricated by the bar-coating

method, and uniaxially planar orientation in the thin films was confirmed by the polarized and

atomic force microscopy. Additionally, its three-dimensional crystal structure was clarified by

the GIWAXS technique with a sample rotation. The molecular packing structure in the thin

film coincided with that of the β-type C6PcH2 single-crystal, and the column axis of C6PcH2

was clarified to be parallel to the crystal growth direction. Moreover, the XRD patterns were

simulated by the crystal structure obtained by single-crystal X-ray analysis, and the difference

between the measurement and simulated result was calculated. The simulation process of the

detailed molecular packing structure utilizing the difference was proposed and the effectiveness

of the GIWAXS measurement utilizing a uniaxially oriented thin film was indicated.

Secondly, a C6PcH2 film was covered with a polymer layer, and the homeotropic alignment

of C6PcH2 in the thin films was induced by the thermal treatment through the LC phase.

Additionally, the molecular alignment in the thin film was clarified by the GIWAXS technique.

The homeotropic alignment was induced in the LC phase, and the molecular alignment was

maintained at room temperature in the crystal phase.

In Chapter 5, field-effect transistors (FETs) and solar cells utilizing the molecular oriented

thin films of C6PcH2 were fabricated, and the carrier transport and solar cell properties were

investigated. First, the fabrication conditions of the FETs, such as surface modifying, carrier

transport and hole injection layers, were optimized, and FETs utilizing the uniaxially planar

oriented thin films were fabricated, and the electrical anisotropy of C6PcH2 was investigated.

The field effect mobilities, parallel and perpendicular to the column axis of C6PcH2 were de-

termined to be (1.54±0.24)×10−2 and (2.10±0.23)×10−3 cm2/Vs, respectively, and the hole

transport along the column axis of C6PcH2 was indicated to be predominant in the thin film.

Secondly, solar cells utilizing the homeotropically oriented thin films was fabricated, and the

carrier transport and solar cell properties were investigated. The carrier mobility and solar cell

properties were enhanced by inducing the homeotropic alignment, and homeotropic alignment

process was effective for the C6PcH2-based solar cell applications.

The molecular orientation control was carried out by using the unique properties of the

columnar LC materials. For the fabrication of the uniaxially planar orientated thin film, the

relatively high crystal growth rate along the column axis was used, and the column axis was

parallel to the crystal growth direction. For the fabrication of the homeotropically oriented thin
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film, the homeotropic alignment in the LC phase was used, and the molecular alignment was

maintained after the cooling process. Owing to clarification of the molecular packing structure

in these highly oriented thin films, development of an analysis process for the detailed three-

dimensional (3-D) molecular packing structure is essential. The detailed 3-D molecular packing

structure in the highly oriented thin films was determined by the GIWAXS technique with a

sample rotation.

In conclusion, molecular alignment control in the thin films utilizing columnar LC semicon-

ductors and clarification of the detail crystal structure in the molecularly oriented thin films

were realized.
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T. Pakula, and K. Müllen, “A zone-casting technique for device fabrication of field-effect

transistors based on discotic hexa-peri-hexabenzocoronene”, Adv. Mater., 17(6), 684–689

(2005).

[33] H. Minemawari, T. Yamada, H. Matsui, J. Tsutsumi, S. Haas, R. Chiba, R. Kumai, and

T. Hasegawa, “Inkjet printing of single-crystal films”, Nature, 475(7356), 364 (2011).

[34] R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, and T. A. Witten,

“Capillary flow as the cause of ring stains from dried liquid drops”, Nature, 389(6653), 827

(1997).

[35] J. Kim, N. Yamasaki, T. Hayashi, M. Katayama, H. Yoshida, H. Moritake, A. Fujii, and

M. Ozaki, “Effect of column disorder on carrier transport in columnar discotic liquid crystal

evaluated by applying precisely controlled shear stress”, Jpn. J. Appl. Phys., 52(10R),

101701 (2013).

[36] S. A. Casalnuovo, K.-C. Lim, and A. J. Heeger, “Reversible optical anisotropy and induced

rigidity in polydiacetylene films”, Makromol. Chem., Rapid Communications, 5(2), 77–81

(1984).

117



[37] M. Onoda, Y. Manda, and K. Yoshino, “Anisotropy of absorption and photoluminescence

spectra of stretched poly (3-alkylthiophene)”, Jpn. J. Appl. Phys., 29(8R), 1490 (1990).

[38] S. Nagamatsu, W. Takashima, K. Kaneto, Y. Yoshida, N. Tanigaki, K. Yase, and K. Omote,

“Backbone arrangement in“ friction-transferred”regioregular poly (3-alkylthiophene) s”,

Macromolecules, 36(14), 5252–5257 (2003).

[39] N. Van Aerle, M. Barmentlo, and R. Hollering, “Effect of rubbing on the molecular orien-

tation within polyimide orienting layers of liquid-crystal displays”, J. Appl. Phys., 74(5),

3111–3120 (1993).

[40] J. C. Wittmann and P. Smith, “Highly oriented thin films of poly (tetrafluoroethylene) as

a substrate for oriented growth of materials”, Nature, 352(6334), 414–417 (1991).

[41] A. M. van de Craats, N. Stutzmann, O. Bunk, M. M. Nielsen, M. Watson, K. Müllen,
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Appendix

Optimization of fabrication conditions for bar-

coated films

Figure A.1 shows the POM images of bar-coated thin films, which were observed with crossed

polarizers. A bar-coated thin film was fabricated under the following conditions; sweep rate v

of 30, 120, and 200 µm/s, and the solution concentration n of 10, 20, 40, and 60 g/L. Brush-like

domains in the case of (v, n) = (200 µm/s, 10 g/L), (120 µm/s, 10 g/L), and (200 µm/s, 20 g/L)

were observed, which indicate that the uniaxial orientation in the thin film was not induced. The

dark and bright domains in the images changed to the bright and dark ones when the polarizers

were rotated by 45◦, respectively, which indicated that the difference in the color of the domains

was caused by the difference in the direction of the molecular orientation of C6PcH2. All of

these films were thinner than 20 nm, as shown in Fig. 5.4. In the other cases, uniformly dark

and bright images were obtained at the extinction and diagonal position, respectively, which

indicated that a uniform and uniaxial molecular oriented thin film was obtained.

Figure A.2 shows the AFM images and surface profiles of the bar-coated films, fabricated at

a sweep rate of 200 µm/s and the solution concentration of 20 or 60 g/L. The island growth can

be seen in Fig. A.2(a), which is the an initial state of a typical film formation process. In this

cases, many nuclei were formed in the thin films, and the uniaxially oriented thin film could not

be fabricated. This result must be caused by a short supply of C6PcH2. In contrast, terrace

and step morphology was observed on the surface of a single-crystal (Fig. A.2(b)). The results

indicate that uniaxial crystal growth occurred in the thin film.
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Fig. A.1 POM images of bar-coated thin films, observed with crossed polarizers. The
bar-coated thin film was fabricated under the following conditions: the sweep rate of
30, 120, and 200 µm/s, and the solution concentration of 10, 20, 40, and 60 g/L.

(a) (b)

Fig. A.2 AFM images and surface profiles of a bar-coated thin films of C6PcH2, fabricated at a
sweep rate of 200 µm/s and the solution concentration of (a) 20 or (b) 60 g/L. The
profiles correspond to the white lines in the images.
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