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Abstract

Organic-inorganic interface has attracted much attention because the interface plays
important roles in recent functional organic semiconductor devices. So far, simple oxides
such as ZnO and TiO, have often been adopted to investigate the nature of the interface.
On the other hand, multiple oxides such as perovskite type ones possess various fasci-
nating functionalities such as high temperature superconductivity and half metallicity,

which are expected to be utilized in future organic semiconductor devices.

A simple method for fabricating organic semiconductor/perovskite oxide junctions
is deposition of organic molecules onto the oxide surface. Here, how the initial molec-
ular layer is formed on the oxide as a consequence of molecule-oxide interaction is of
significant importance, because it often determine the structure and orientation of the
organic layer as a whole which finally governs the performance of devices. Vapor de-
position techniques such as vacuum deposition and molecular beam epitaxy have been
used to study the organic ultrathin layers deposited on oxide substrates, however, they
have difficulty in observing weak interaction at the interface due to the kinetic deposition

process.

In my research, ultrathin organic layers were formed by two types of wet pro-
cesses: Langmuir-Blodgett (LB) method and so-called immersion method. In the former
method, two octaoctyloxy metallophthalocyanines MOOPcs with flexible substituents

and different central metals (M = Cu, Zn) were compared in order to understand the



molecular orientation and Langmuir monolayer formation on hydrophilic substrates. In
the latter method, ultrathin layers of the phthalocyanine FePcCl were prepared on sin-
gle crystals of perovskite oxides, LaAlO5(100) (LAO) and SrTiO5(100) (STO) that have

different surface termination, LaO and TiO, layers, respectively.

Surface pressure-area isotherms (7-A curves) of MOOPcs in the LB method showed
that the surface pressure gradually increased reflecting their flexible octyloxy chains.
The limiting areas were 1.04 nm? and 1.33 nm? for CuOOPc and ZnOOPc, respectively.
These molecules indicated different isotherms at lower surface pressure due to different
orientation of the monolayers, in spite of almost the same molecular structure. Such
difference in isotherms resulted in different surface morphology observed by AFM, as
follows. The ZnOOPc film showed an assembly of islands with partial coverage. The
height of the ZnOOPc islands was about 1.6 nm, which is much smaller than the lat-
eral size of ZnOOPc molecule with long octyloxy chains. Hence, the islands were the
assembly of the monolayers whose molecular plane was inclined towards the surface,
due to hydrophilic nature of the central metal Zn. CuOOPc monolayer showed a flat
and homogeneous surface, and its molecular plane was expected to be less inclined. The
effect of different central metal was also observed for films deposited at a higher surface

pressure.

From the time evolution measurements of water trough area after the application
of surface pressure, it was found that ZnOOPc only showed rapid decrease in trough
area at 20 mN/m. This result indicated that the high surface pressure induced further
compression to maintain the surface pressure. Accordingly, ZnOOPc became densely
packed at the high surface pressure probably because of intermolecular attractive in-
teraction dominating over the hydrophilic interaction as described above. The UV-vis

absorption spectra observed this compression and suggested more effective transfer of
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ZnOOPc Langmuir monolayers than those of CuOOPc. X-ray reflection (XRR) mea-
surements revealed a smaller thickness of ZnOOPc monolayer transferred at 3 mN/m,

supporting the molecular orientation in LB monolayers proposed above.

In immersion method, AFM images of FePcCl ultrathin layers on LAO and STO
substrates after immersion in 0.3 mM pyridine solutions of FePcCl and drying showed
significantly different surface coverage between LAO and STO, indicating the prefer-
ential molecular adsorption on LAO. Such difference in adsorption amount was also
confirmed by X-ray photoemission spectroscopy (XPS). The surface termination of each
substrate is known to be TiO, for STO(100) and LaO for LAO(100). Thus, it is pos-
sible that the surface termination affected the molecular adsorption. Density functional
theory (DFT) calculation was performed to evaluate and compute adsorption energy of
the molecule on each surface. As a result, the adsorption energy on LaO of LAO(100)
was found to be larger than that on TiO, of STO(100) by about 3 eV, being consistent
with the experimental observations. These results indicate that surface termination layer
of perovskite oxide influences the adsorption behavior of the phthalocyanine molecules.
For estimation of molecular orientation, linear dichroic (LD) ratio, which reflects the
orientation of transition dipole moment, was measured to deduce the average angle of
phthalocyanine plane normal with respect to substrate normal. From visible absorption
spectroscopy for FePcCl on STO(100) using polarized light, the LD ratio as a function
of incident light angle was evaluated. By comparing the experimental spectra with the
theoretical curves at different orientation angles, the orientation angle was deduced to
be 39°. This indicates that the molecular plane was not in perfectly horizontal geometry,
but was inclined towards the surface. Moreover, crystal truncation rod (CTR) measure-
ments, being a surface analysis method to observe scattered X-ray, was also conducted.
By analyzing the experimental scattering intensity spectra assuming surface models, the

orientation of adsorbed molecules on LAO substrate was estimated, suggesting close

il



planar geometry with respect to the substrate surface.
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Chapter 1

General introduction

1.1 Organic-inorganic junctions

In past several decades, electronic multilayer devices with laminated structure, such
as MOSFET transistors [1], solar cells [2] and LED [3], have given a great impact on our
daily lives. In main-stream electronics, they are composed of inorganic materials such as
silicon, silicon oxide, and gallium nitride. In addition to the inorganic materials, recently
organic materials have attracted much attention as components in electronic devices. For
example, organic field-effect transistors (OFET) [4, 5], organic LED (OLED) [6, 7], and
organic photovoltaics (OPV) [8-10] are representative devices to which researchers and
companies have devoted their resources recently. Such organic devices are considered
to be superior in several points such as low cost, flexibility, light weight and easy man-
ufacturing. These features are derived from natures of the organic materials used as
the active layers. However,while they are called as “organic” devices, inorganics are
also still used as insulating layers, electrodes and so on in those devices; silicon oxide
insulator/organic semiconductor channel in OFET, titanium oxide electron collecting
layer/organic bulk heterojunction in OPV [11], and, ZnO/conducting polymer for ultra-
violet photodetector [12], etc. Thus, it can be said that organic-inorganic junctions or

interfaces are playing main rolls and should be paid attention.
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At the interfaces, molecular orientation is one of the most important parameters
which affect device performances because generally molecules have anisotropic chemi-
cal structures, compared with inorganic materials whose components are isotropic parti-
cles like atoms and ions. For example, the single crystal of pentacene, which is a basic
material to be used in OFET, exhibits highly anisotropic hole mobility. Figure 1.1 shows
a photograph of pentacene single crystal used for OFET and a polar plot of hole mobility

depending on the hole transport direction, showing high anisotropy [13].

(a) (b) 25 1 330

S S
130

Figure 1.1 (a) Top view of the single crystal pentacene used for FET. The arrows in-
dicate channel directions. (b) Polar plot of the maximum mobility (filled square) and
the mobility at gate voltage Vi = —10 V (open square) [13]. Reprinted with permission
from Applied Physics Letters 88, 252106 (2006). Copyright 2006, AIP Publishing LLC.

In this example, orientation of the pentacene molecules is related to mobility anisotropy
within in-plane direction. As in such an in-plane case, we also have to pay attention to
out-of-plane molecular orientation with respect to the interfaces, although appropriate

orientation depends on the purpose of applications.

1.2 Ultrathin layers of organic materials

1.2.1 Effects of ultrathin layers

Among organic-inorganic collaborations/interfaces, one of the extreme forms is an

organic ultrathin layer on the inorganics. Herein, “ultrathin” layer means a few, one, or

2
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less than one monolayer of organic materials. Ultrathin layers have been utilized not only
for influence on structural quality of organic-inorganic junctions, but also for interesting

functions originating from interactions between ultrathin organics and inorganics.

The former applications are frequently reported in researches aiming at multilayer
electronic devices. K. Itaka ef al. have shown improvement in morphology and crys-
tallinity of Cg, thin film grown on pentacene monolayer [14]. A change in crystal-
lographic direction of thin films was observed with and without insertion of graphen,

which is a nanocarbon material, by S. S. Roy et al.(Figure 1.2) [15].

Figure 1.2 Scanning electron micrograph of copper phthalocyanine thin film ther-
mally evaporated on bare glass (upper area) and on graphene modified glass(lower area).
Left schematic images indicate orientation of copper phthalocyanine in the film [15].
Reprinted with permission from The Journal of Physical Chemistry Letters 3, 873
(2012). Copyright 2012 American Chemical Society.

1.2.2 Ultrathin layers of macrocyclic molecules

For the latter application mentioned in the previous subsection, macrocyclic molecules
such as porphyrins and phthalocyanines (Figure 1.3), which can contain central metal
ions, are the representative ones. Porphyrins and phthalocyanines are significant organic

functional material classes, well known as organic dyes. They have large 7-conjugated

3
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systems, so that they have been researched as representative organic semiconductors,
especially for phthalocyanines. The macrocycles have been traditionally used as dye

sensitizers [16—18], catalysts in electrochemical reactions [19,20], and so on.

() (b)

N\
>N N-
N N

N N~

\ ~

N

Figure 1.3 Structural formulae of (a) metallophthalocyanine and (b) metalloporphyrin.
M in the formulae represent metal ions in the center of the molecules.

Moreover, recently those in a flat geometry with respect to the metal substrates
are receiving a lot of attention in terms of a kind of magnetic interaction [21-23]. N.
Ballav and co-workers summarized metalloporphyrins and metallophthalocyanines bear-
ing spins on magnetic metals [24]. In such systems, due to the surface-molecule interac-
tion involving spin-polarized electrons in the macrocyclic molecule and surfaces, a kind
of hybrid state is generated and ferromagnetic or antiferromagnetic coupling can be in-
duced (Figure 1.4). Furthermore, external chemical stimuli, which are small molecules
such as NO and NH; being able to coordinate molecular central metals, can engineer
the magnetic coupling. In such researches, X-ray magnetic circular dichroism (XMCD)
spectroscopy is often utilized to describe the magnetic properties of molecules and sub-
strates because the measurement is suitable to detect the properties elementally specif-
ically. Figure 1.4 (b) shows Mn-specific XMCD spectra of Mn porphyrin on cobalt
substrate before and after exposure to NO gas. The sign inversion indicates change of

magnetic coupling between Co and Mn in porphyrin from ferromagnetic to antiferro-
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magnetic.
a b f ‘ ' T
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Figure 1.4 (a) Schematic image of a macrocyclic molecule with central Mn ion on a fer-
romagnetic Co substrate. A thick arrow in Co indicates magnetization direction, which
couples with Mn ferromagnetically.(b) Mn specified XMCD spectra of Mn porphyrin
on cobalt substrate before and after exposure to NO gas [24]. Reproduced in part from
Ref. [25] with permission of The Royal Society of Chemistry.

As mentioned here, the macrocyclic molecules are important materials because they
are expected to exhibit interesting properties, collaborating with inorganics at the sur-
faces. Thus they, in ultrathin layer forms, should be paid more attention and studied

furthermore on various inorganics.

1.3 Oxides as inorganic materials

As inorganic materials mentioned in the above sections, metals and oxides are main

materials, which collaborated with organic materials.

Metal-organics junctions have been well researched so far, where metals are used as
electrodes, magnetic materials, and even magnetic electrodes, because the junctions are
basic components in electronics including organic materials. Since injection of electrons
or holes from metal electrodes to organic layers, relationship between work function of
metals and the energy levels of organics have gained attention [26]. In addition, organic

molecules often become targets of scanning tunneling microscope (STM) observation in

5
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atomic or molecular resolution [27-30].

As oxides, simple oxides such as zinc oxide, titanium dioxide and tin dioxide have
attracted attention, which have been used with organics, making the best use of their
relatively small band gap. For example, the oxides are utilized in dye sensitized solar
cells (DSSC) for collecting electrons from excited adsorbed molecules [9,16-18,31] due
to their semiconducting nature and suitable energy levels. As seen in this example, gen-
erally porous or polycrystalline forms of oxides are mainly adopted for catalysts, mul-
tilayer electronic devices, and etc. to exhibit traditional functions such as electron/hole
transport layers and insulation as seen in MgO with large band gap. In contrast, single
crystalline oxides with defined high-quality surface for junction with organics have not

been researched well [12,32].

In addition to the famous simple oxides, there are of course a variety of other ox-
ides expected for applications such as electronic devices. Doped simple oxides are well
known for such applications. Representative materials are indium doped tin oxide (ITO)
and niobium doped titanium dioxide (TNO) [33], which are applied to indispensable

transparent conductive electrodes for OPVs [8, 10, 11].

Furthermore, multiple oxides, which are containing two or more kinds of metals in
their chemical formulae, have been attracting much attention recently. Especially, the
perovskite type oxide is one of the most intriguing classes among multiple oxides. Basic
perovskite oxides are represented as ABO5, where B cation is surrounded octahedra of
oxide anions (Figure 1.5). As a famous and practical one, BaTiO; is known as a ferro-
electric material having high permittivity [34,35]. La, ,Sr,MnO; (LSMO) is being paid
more and more attention to be applied for spintronic devices due to its ferromagnetic
half-metal property meaning ~100% spin polarization at the Fermi level [36,37]. Half

metallicity is favorable for efficient spin injection, for example, in organic spin valve
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devices, so that LSMO can replace ferromagnetic metals as electrodes [38—40].

)y © Bcation

N 1 © Oxygen anion

Figure 1.5 Crystal structure of cubic perovskite oxide ABO;.

Like these perovskite oxides, multiple oxides with exotic properties have become
more and more fascinating as new candidates for electronics materials, where they are

expected to be used not only with inorganics but also with organics [38—41].

1.4 Organic ultrathin layer formation on inorganics

Methods of organic layer formation are classified into the following two types;

vapor process and wet process.
1.4.1 Vapor process

Vapor processes such as thermal vapor deposition and molecular beam epitaxy are
basically prevailing methods to prepare organic layers of extended 7-conjugated systems
like phthalocyanine. By utilizing (ultrahigh) vacuum condition, one can control growth
of organics even within monolayer or less level. Additionally, such condition can also

provide clean environment and substrate surface as well as high chemical purity [42].

On formation of thin layers, various interactions are concerned. To express such

interactions when vapor process is used for deposition onto the solid substrates, sur-

7
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face and interface energies are raised. Generally, the surface energies and/or adsorbate-
adsorbate and adsorbate-surface interactions are linked to the several growth modes such
as layer plus islands (Stranski-Krastanov), layer-by-layer (Frank-van-der-Merwe), and
island growth (Volmer-Weber) [42,43]. To be strict, some dynamic parameters, which
are the flux of adsorbates, the adsorption and desorption probabilities, and diffusion pro-
cess, should be considered because the growth is actually a non-equilibrium process [43].
Moreover, in addition to the situation of inorganics, there are some important points spe-
cial to the formation of organic layers, which is derived from individual shape of the
molecules regarded as an anisotropic particle. One of the most representative points to
think about is internal degrees of freedom, in other words, orientation of the adsorbed
molecules, as mentioned in Section 1.1. In that context, “edge-on” and “face-on” orien-
tations are typical geometry for m-conjugated molecules. Another example specific to
organics is epitaxy, which is frequently used to obtain single crystalline thin films of inor-
ganic materials with particular orientation on oriented substrates. In the molecular case,
strain, which is stored in epitaxial growth, can be accommodated more highly despite of
great difference in lattice constant between the inorganic substrate and molecules, be-
cause softer van der Waals interaction is more important in the system. Thus, so-called

“van der Waals epitaxy” and ‘“quasi epitaxy” can be observed [42].

Turning to molecular orientation on inorganic solids, adsorbate-adsorbate and adsorbate-
surface interactions are greatly related to the orientation as well as growth modes men-
tioned above. So, deposition on different types of substrates can influence the coming
molecules, resulting in different types of orientation. Deposition of aromatic molecules
like phthalocyanines on metal or metal oxide substrates is one of the most typical cases.

In the case of metals, the substrates generally show wettability to the molecules, where
the molecule-substrate interaction is significantly stronger than the molecule-molecule

one. That has been explained by covalent or w-bonding between adsorbate and sub-
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strate in literatures [44,45] about unsaturated hydrocarbons. As a result, m-conjugated
molecules are adsorbed in planar geometry. On the other hand, interactions between
adsorbates and substrate generally play a less important role on metal oxide substrates.
Consequently, the molecules will show an orientation with aromatic plane nearly perpen-
dicular to the substrate surface, where the intermolecular interactions should be maxi-
mized. Actually, H. Ohta et al. have reported (highly controlled) phthalocyanine deposi-
tion on atomically flat ITO surface, where the molecular orientation has taken “edge-on”

type (Figure 1.6) [32,46].

(a)
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Figure 1.6 (a) An out-of-plane X-ray diffraction pattern of vanadyl phthalocyanine thin
film grown on epitaxial ITO thin film. (010), (020), and (030) peaks belong to the
phthalocyanine film. (b) A schematic cross-sectional view of vanadyl phthalocyanine
grown on ITO(111) surface. Reproduced in part from Ref. [46]. Copyright 2003 John
Wiley and Sons.

1.4.2 Wet process

Wet process is another practical method to obtain ultrathin layers. Although va-
por process is superior in terms of the cleanness, controllability, and homogeneity, wet
process is more feasible and can provide unique structure characterized by molecular
orientation, properties and etc. Wet process can deal with molecules which cannot be
used in vapor process, such as soluble and large molecular-weight molecules and even

polymers.
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Langmuir-Blodgett method

Langmuir-Blodgett (LB) method is one of the most famous and examined tech-
niques for making organic layer-by-layer films. Briefly speaking, monolayers of organ-
ics are formed by utilizing air-water interface and then transfered onto solid supports
repeatedly, resulting in layer-by-layer films. The detailed fabrication process will be

introduced in Chapter?2.

Generally the condition of spread molecular monolayer on water subphase, named
Langmuir monolayer, is checked by surface pressure depending on occupied area per
molecule [47]. The surface pressure, 7, can be monitored by Wilhelmy plate surface
tension device [48]. It is defined as the difference between surface tension of pure water

(1) and the molecular monolayer (y); T = ¥ — 7.

An ideal surface pressure-area (7-A) isotherm is shown in Figure 1.7 [47,48]. As
the area per molecule decreases, the surface pressure 7 gradually increases, accompanied
by phase transitions of the spread two dimensional monolayer, which has some analogy
with the three-dimensional matters. When the area is large, floating layer can be seen as
two dimensional gaseous phase. As the monolayer is compressed, the phase will show
a change to liquid-expanded one which is linked to three dimensional liquid, followed
by transition to liquid-condensed one, where structural coherence should exist within
short range. Besides, for some materials like stearic acid, the compressed monolayer
can reach to the solid phase with a steep increase in the pressure. When the surface
pressure increases to a much higher level, the monolayer will collapse. Figure 1.7 is a
typical schematic illustration, and an actual experimental 7-A curve highly depends on

the spread organic materials.

10
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Figure 1.7 An ideal surface pressure-area (7-A) isotherm with phase transitions.
Schematic view of molecular state on the subphase for each phase is also shown.

Langmuir monolayer should be transferred onto the solid substrate for a promising
application: layer-by-layer multilayer formation can be realized by transfer onto the
substrate one by one in LB method. When transfer is carried out only once, organic

monolayer, that is, ultrathin layer can be obtained.

In addition to traditional amphiphiles like fatty acids, aromatic molecules, including
phthalocyanines, have also been studied for fabrication of LB films, being expected to
be used in electronics applications. Thanks to organic synthesis techniques, we can
synthesize a variety of aromatic molecules tethering various substituents which influence

film structure and properties, where the molecular structure can be even asymmetric [49].

For example, conducting LB films have been reported, where tetrathiafulvalene
(TTF) and/or tetracyanoquinodimethane (TCNQ) derivatives, which are electron-donor
and electron-acceptor aromatic molecules, respectively, have often been adopted [47].

TTF and TCNQ frameworks are known as components of charge-transfer salts [50],

11
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showing mixed valence which is needed for generating electron or hole carriers in or-
ganic conductors. For use in LB method, they are derivatized by some hydrophobic
(and hydrophilic) substituents to be amphiphiles so that they can be soluble in spread-
ing volatile solvent and be monolayer on water subphase. To have mixed valence to
be conductive, their LB films are oxidized (or reduced) by vapor oxidants such as I, or

electrochemical reactions [51].

As for phthalocyanines’ LB method, it is expected that their substituted macro-
cyclic structures exhibit cofacial stacking leading to columnar assemblies horizontal to
subphase and discotic mesophases(Figure 1.8) [47], so that anisotropic nature in elec-
tronic properties should be observed [52]. Anisotropy of phthalocyanine LB films can

be confirmed by some optical measurements using polarized light source [53].

Column Axis

B

Figure 1.8 Schematic view of columnar assemblies on a solid support by vertical trans-
fer. Phthalocyanine derivatives listed on the right side are some candidates to form
columnar assemblies. Adapted with permission from Langmuir 13, 6568 (1997) [54].
Copyright 1997 American Chemical Society. Reprinted with permission from Chem.
Rev. 104, 5479 (2004) [47]. Copyright 2004 American Chemical Society.

In addition to the columnar phthalocyanine LB film structure, where the molecular

plane is standing to the substrate, achieving other inclined orientation, in an extreme case

12
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it is flat geometry of the plane, is also of great interest. For such a purpose, constructing
suitable amphiphilic phthalocyanine by polar (hydrophilic) and/or non-polar (hydropho-
bic) substituents is needed. Basically, hydrophilic substituents serve as a “weight” which
is prone to sink into water subphase, and in contrast hydrophobic substituents such as
alkyl chains serve as a “float” on the water surface [55]. For example, macrocyclic
molecules with the strong polar substituents either at the center or at the peripheral sites
of the ring have been reported. A silanol group at the center of phthalocyanine was
used in the former case and tetrapyridinium porphyrazine, which has similar structure
to phthalocyanine, with four cation pyridinium moieties was adopted in the latter case,
where aliphatic chains are also tethered in both cases [56]. Even if the much less polar
substituents such as ether groups at the periphery are incorporated, tilted or flat lying ori-
entation is possible when highly hydrophobic groups, that is, long alkyl chains enough

to incline the phthalocyanine ring are adopted (Figure 1.9) [57].
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Figure 1.9 7-A isotherms of copper phthalocyanines listed on the bottom part. C18PcCu
shows a rapid increase in surface pressure at the most larger area. It corresponds to a
face-on type orientation of the phthalocyanine ring plane [57]. Reprinted from Thin
Solid Films, 301, Y. Matsuzawa, T. Seki, K. Ichimura, “Spontaneous aggregation of oc-
taalkoxyphthalocyanine metal complexes at an airwater interface”, 162-168, Copyright
1997, with permission from Elsevier.

In addition to the effect of polar/non-polar substituents on the molecular orienta-
tion, central metal dependence of the orientation was also reported in tetraamido ph-
thalocyanines. In the report, authors mentioned that difference in coordination of water

molecules lead to the result [58].

Liquid phase adsorption

Other than LB method, adsorption of the molecules on inorganic solids in solution
is another candidate to form organic ultrathin layers. Adsorption, either in gas phase or in
liquid phase, is typically classified into two types; physisorption and chemisorption [48]
[59]. Physisorption is induced by van der Waals interaction consisting of dipole-dipole
force, dipole-induced dipole force, and London dispersion force, while chemisorption is

based on chemical bond interactions such as covalent bond and electrostatic force.
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Comparing adsorption in liquid phase (solid/liquid interphase) with that in vapor
phase (solid/gas interface), effects of temperature and pressure on adsorption is smaller
in liquid phase, although the adsorption phenomenon is analyzed in the basis of ad-
sorption isotherms (see [48]) used in vapor phase case, which means liquid case can be
recognized as analogous phenomena with vapor case. For example, the ratio of solution
concentration to the saturated solubility (C/Cy) corresponds to the ratio of adsorbate
partial pressure to the total pressure (P/Py) in vapor phase. However, in contrast to the
vapor phase adsorption, competitive adsorption of solvent molecules against adsorbates
(solute molecules) should be considered. Besides, solubility depending on solvent is
a significant factor having a great effect on adsorption behavior, since C/Cy changes

according to solvent.

One of the most famous organic ultrathin layers by adsorption in liquid phase
on inorganic solids is self-assembled monolayers (SAMs) consisting of amphiphilic
molecules, which can be mainly classified to chemisorption layers. Formation mech-
anism of SAMs is derived from active moiety like a thiol group of the SAM molecule
anchored to solid surface and intermolecular interaction between aliphatic chain moi-
eties depending on the length. Representative examples are followings; alkanethiols on
gold [60, 61], alkyl carboxylic acids or alkyl phosphonic acids on metal oxides such
as sapphire [39, 62, 63], and alkyl silanes on SiO, surfaces. Such SAMs have been
expected for potential applications [64,65] such as corrosion inhibition and surface pat-
terning. Besides, by adding and varying tail groups, which are the other-side moieties
of the aliphatic chains against active groups, it is possible to tailor properties of SAMs
surface.Recently, tail groups of SAMs have also been utilized for advanced applications,
including organic FETs of organic semiconductors [66,67] and construction of surface

metal-organic-frame (MOF) [68].
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Other types of SAMs or SAM like ultrathin layers, where long aliphatic chains are
not necessarily included, have also been reported and applied. For example, the report
by H. Yip et al. noted benzoic acid-based SAMs with several substituents to engineer
energy level at interface for an electronics application [69]. Moreover, macrocyclic aro-
matic molecules like porphyrins and phthalocyanines have been reported to be adhered
to inorganic solid surface through peripheral substituents [70, 71]. As for axial anchors
through macrocyclic center, thiol groups to the gold substrate [60, 72], central metal-
oxygen bond to simple metal oxides [16, 17], and etc. have been used, although porous

metal oxides were targets in the latter case.

Adsorption of macrocyclic aromatics on conductive metal surface without chemisorbed
anchoring groups by wet process has been a subject of scanning tunneling microscopy
(STM). S. Yoshimoto et al. have observed self-organization of the molecules in planer

geometry at molecular resolution by in-situ STM in solution [28, 73].
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1.5 Purpose of this study

As mentioned in the previous sections, usage of organic ultrathin layers on the inor-
ganic solids is receiving great attention in the context of recent electronics applications.
Among the inorganic materials I mentioned, multiple oxides have been researched and
have been expected as candidates of materials used in electronics with interesting func-
tionalities [38, 40, 74-76]. However, utilization of ultrathin organic layers with such
oxides has not been focused well so far [39]. Thus, I took an interest in formation
of organic ultrathin layers on oxide surface. As organics used in my study, phthalocya-
nines were paid attention since they are representative as conjugated aromatic molecules,
which can exhibit appealing properties such as redox and/or photophysical functions and
even chemical stability. In addition, they can store a (transition) metal ion in their center
of the molecular structure, so that they sometimes carry magnetic properties utilizing un-
paired spins of metals, which would serve in some applications mentioned in the above

sections [24].

Looking at formation methods, one may think about vapor processes in vacuum
condition at first. Nevertheless, although they are superior in clean environment and
substrate surface as well as high chemical purity [42], the orientation of deposited ph-
thalocyanine will take “edge-on” type, which may limit or reduce their inherent ability
and applicability to some interesting functions [24,77]. Accordingly, I took note of wet
process, not vapor process, to form phthalocyanine ultrathin layers having orientation

other than‘“‘edge-on”.

I tried two methods as wet process in my study of Ph.D corse; Langmuir-Blodgett
(LB) method and, so called, immersion method. Aiming at ultrathin phthalocyanine

layers on multiple oxide substrates in the future, I paid attention especially to the effects
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of interactions involved with formation of the layers and tried to estimate molecular

orientation on solid supports.
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Chapter 2

Experimental techniques

In this chapter, some of the experimental techniques are described, which were used
for LB method (Chapter3) and “immersion method” (Chapter4) to obtain ultrathin layers

of phthalocyanines and to investigate their structure.

2.1 Langmuir-Blodgett (LB) method [47,48]

This technique was contrived and developed in an early stage by Irving Langmuir

and Katharine Blodgett [78].

As I mentioned in the previous chapter, the layer of molecules spread on water
surface is called as a Langmuir monolayer. After it is transfered to a solid substrate, it

turns to be called as a Langmuir-Blodgett film.

LB method generally starts with preparing an aqueous subphase in a LB trough.
The trough is essentially treated with superhydrophobic coating, which is also applied

for movable barrieres to skim the subphase surface.

To obtain a Langmuir monolayer on a water subphase, the target molecule is dis-
solved in a organic solvent that will normally not react with and dissolve to the subphase.

Then the droplets of the solution are placed on the aqueous subphase by a suitable im-
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plement such as a microsyringe. The solvent used here has to spread over the surface of
the subphase to transport the solute spreading over together, otherwise the droplets re-
mains like “lens” shape on the subphase without spreading. To judge whether the placed

solvent droplet will spread over or not, a spread coefficient S has been defined as;

S = Ya—Yo — Ya/b

= Wo—2% , 2.1

where ¥, and 7, are surface tentions of the subphase (aqueous phase) and the solvent,
respectively, and Y, is interfacial tension. W, is work of adheasion, which is defined

as;

Wa=Ya T~ Yy - 2.2)

When S > 0, the solvent will spread, which is suitable for the molecule of Langmuir
layer. In contrast, when § < 0, the solvent remains a “lens”-shape droplet. Considering
volatility together, chloroform or hexane is frequently used as solvent because the spread
solvent has to evaporate to form Langmuir monolayer of the solute. We have to pay
attention for the droplets of the solution not to sink into the subphase when they are

placed on, especially for chloroform due to its relatively large density.

After solvent evaporation, the molecular monolayer is gradually compressed by the
barrier(s) as skimming the surface of the subphase. During the compression, the condi-
tion of the Langmuir monolayer is monitored by recording surface pressure (defined as
T =Y — 7, see Chapter 1.) against area per molecule (surface-pressure (7-A) isotherm).
The surface pressure data were collected by Wilhelmy-plate method. In this method,
surface tension was estimated from a drawing force mg into the subphase added to a

thin plate by meniscus, a filter paper herein, when it touches the surface of the subphase
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(Figure 2.1). Surface tension ¥ is expressed by;

mg

2(L+Ly) 23

’}/:

where L and L are noted in Figure 2.1. In my study, a piece of filter paper was hung and

tied to a pressure sensor of an equipment.

¢ ¢

|mg

Wilhelmy plate

AN

Figure 2.1 Schematic illustration of the surface tension measurement using the Wil-
helmy plate.

The evolution of the Langmuir monolayer state according to rising surface pressure
is explained in Chapterl. By extrapolating the 7-A curve to 7 = 0, a limiting area can

be found, which represents an actual occupied area per molecule on the subphase.

Then, to fabricate a Langmuir-Blodgett film, it is needed for the Langmuir mono-
layer to be transferred onto a solid substrate at a certain surface pressure. The transfer
is traditionally carried out by vertical lifting of the substrate, meaning that the substrate
is withdrawn from or dipped into the subphase with its surface plane perpendicular to
the surface of the subphase. The substrate should be made sufficiently hydrophilic or
hydrophobic for the better transfer. Actually, the orientation of the molecules such as
amphiphiles in the film is changed according to hydrophilicity/hydrophobicity and mov-

ing direction of the substrate during transfer.
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In contrast to the vertical lifting method (Figure 1.8), horizontal lifting is possible
for transfer of the Langmuir monolayer (Figure 2.2). In this case, the hydrophobidized
surface of the substrate is suitable because amphiphile molecules at the subphase surface,

for example, are turning their hydrophobic groups out to the air phase.

hydrophobidized

/ substrate

___— amphiphiles

subphae

Figure 2.2 Schematic image of the horizontal lifting method for transfer of Langmuir
monolayer.

For an indication to evaluate the transfer process, transfer ratio (TR) is often used,
which is noted in the following Chapter 3 in detail. When TR is close to 1, the transfer

can be regarded as good one.

In this study, LB method was performed using an equipment to fabricate LB films

purchased from USI Co. Ltd. with two barriers for compression.

2.2 Atomic force microscopy (AFM) [79-81]

Atomic force microscopy (AFM) has enabled us to observe topography of a sample
surface microscopically, even in nanometer resolution. AFM is a member of scanning
probe microscopy (SPM) family. Scanning of a probe, which detects atomic force inter-
action between the probe and the surface, over a certain area of a sample can provide us

information about surface topography.
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Assuming van der Waals force as attractive force, an interaction between two atoms

involving repulsive force can be described as Lennard-Jones type potential;

Vis(r) = Uy [(?) 2, (r_oﬂ , (2.4)

r

where the potential takes the minimum —Ujy when the interatomic distance becomes
r = ro. Then, assuming that the interaction can be integrated linearly, an interaction

between an atom and flat surface can be expressed by the sum of the potentials to be;

r(l)z r(6)
Vatom-surface (Z) =npsUo | -5 — 53 , (2.5)

where p; is the number density of the surface atoms and z is the distance from the surface
to the atom. A force operating on the atom is described by differential of the potential

with respect to z;

S

Fitom-surface (Z) = EPSUO SZ]() - Z_4 . (2.6)
Eventually, the atomic force is detected with a probe supported by a cantilever with a
certain spring constant k. The probe apex consists of not an atom of course, but of several
atoms showing small curvature (~ nm). Considering these things, an actual relationship

between the distance and the force is represented like curves in [82], which is called as

force curve obtained from AFM experiments.

23



CHAPTER 2. EXPERIMENTAL TECHNIQUES

" k,=0.105 Nm [t F(2)
k,=0.06 N'm

Figure 2.3 (Broken lines) Force curves using cantilevers with different spring constant.
(Solid line) Lennard-Jones potential curve [82]. Reprinted from Surface Science Re-
ports, 34, B. Cappella, G. Dietler, “Force-distance curves by atomic force microscopy”,
1-104, Copyright 1999, with permission from Elsevier.

When we measure surface of hard solids such as oxides, usually the cantilever with
the probe is scanned in the region where repulsive force is dominant (F(z) > 0). Dur-
ing the scanning, the atomic force detected by the probe is kept constant by a feedback
system. The force is related to the displacement of the probe, which is detected by an
optical system using laser light reflected at a backside of the cantilever. In the system,
reflected laser proceeds to a position sensitive detector (PSD, Figure 2.4), where the po-
sition of received laser depends on bending of the cantilever derived from the displace-
ment (optical-lever type system). That signal is utilized for feedback of piezoelectric
sample stage to keep the displacement, resulting in constant force. The feedback values

are mapped to depict topography of the sample.
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PSD

laser

cantilever probe

ey

Piezoelectric stage

Figure 2.4 Schematic image of optical-lever system in AFM to detect displacement of
the probe.

Such measuring mode which keeps the force constant mainly in the repulsive region
is called as contact mode AFM. Moreover, tapping mode AFM, which is also called as

dynamic force microscopy (DFM), is also used for surface observation.

In DFM, an oscillated cantilever by a piezoelectric excitation component is made
approach close to a sample and contact cyclically (cyclic contact field, Figure 2.5). Then,
a change in the oscillation amplitude of the cantilever, which depends on the force be-
tween the probe and the surface, is utilized for feedback as in the case of the contact

mode.
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Cyclic
contact field
—

Non-contact field
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Set point ~ p

Amplitude

Probe-sample distance

Figure 2.5 Relationship between oscillation amplitude and probe-sample distance. The
amplitude is determined at a set point in cyclic contact field for scanning a sample.

In terms of a resonance frequency property of the oscillated cantilever, resonance

curve is shifted according to the force between the probe and the sample, resulting in

amplitude modulation (Figure 2.6, called as Q curve).
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amplitude

Excitation frequency

Figure 2.6 Oscillation amplitude plots against frequency (Q curve). A set point fre-
quency is near the resonance frequency. If the probe receives interaction, resonance
frequency will shift and then amplitude at the set point will also change.

Q-value of the Q curve is an indication of the oscillation property, which is defined
as an inverse of full width at half maximum (FWHM). The higher the Q-value is, the

better sensitivity the measurement shows.

In contrast to contact mode AFM, DFM can reduce damage on a sample during
scanning due to only periodic contact to the sample. For further decrease in damage, use
of cantilevers with small spring constant k and small oscillation amplitude are effective.

In chapter4, I utilized a cantilever with small k, even 3.5 N/m, to record clear images.

In this study, a commercial SPM system (E-sweep, Hitachi High-Tech Science Cor-

poration) was used for AFM measurements.

2.3 Ultraviolet-visible absorption spectroscopy [83]

In absorption spectroscopy, absorbance A is determined as;
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I
A=—logs . 2.7)
0

where I and Iy are the intensity of transmitted and incident light. In a measurement for
a molecular solution sample (Chapter4), absorbance is also described by Lambert-Beer

law as follows;

I
A= —logl— =¢&lc (2.8)
0

where € is the absorption coefficient, / is the optical path length (cell size, in this study

[ =1 cm), and c is the concentration of the solution.

However, supporting substances such as optical cells (for solution) and substrates
(for thin film) are practically measured together. Thus the absorbance is estimated by;

T
A=—log—

T (2.9)

where T and Ty are the transmittance of a sample (including a support) and a blank.

Moreover, in polarized absorption spectroscopy measurements at various incident
angles in my study (Chapter4), effects of reflection were corrected. Reflectance is sig-

nificantly different between s- and p-polarized light according to Fresnel equations [84];
2

coso — ”%1 —sin’ o

Ry = (2.10)

COSOC—l-\/n%] —sin® o

2 2 02
Ny, COS O — 4/ ny; — sin” o

R, = , 2.11D)
”%1 cos o + \/”%1 —sin?a

where R and R, are the reflectance for s- and p-polarized light, o is the incident angle

2

and ny; is the refractive index of medium 2 against medium 1. Reflectance of s- and
p-polarized light for a ny; = 2.42 system is plotted against incident angle in Figure 2.7.
The angle at which reflectance of p-polarized light becomes 0 is called as Brewster’s

angle.
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Figure 2.7 Reflectance for (red line) s- and (blue line) p-polarized light at an interface of
medium 1 (incident side) and medium 2. The refractive index ny; is 2.42, which equals
to that of SrTiO5 at 660 nm [85].

In this study, ultraviolet-visible absorption measurements were performed by a

spectrophotometer system from JASCO.

2.4 X-ray reflectivity (XRR) measurement [86]

In XRR measurements, X-ray incident light is irradiated to a flat sample at a grazing
incident angle. It is a non-destructive method to evaluate properties of thin film samples

such as thickness, even if a multilayer sample is measured.

X-ray generally shows total reflection due to smaller refractive index of the sample
than that of the air. Once incident angle exceeds the total reflection angle, the X-ray
intrudes into the sample and reflection intensity decreases in proportion to the fourth
power of the incident angle. This attenuation of reflection intensity is analyzed. In

(multilayer) thin film samples, there is interference of X-ray with X-ray reflected at each
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interface, which provides characteristic reflection spectrum with oscillation structure.
An oscillation period of the reflection spectrum is related to the thickness; thicker films

exhibit shorter oscillation periods.

In practical, XRR spectra can be analyzed by fitting experimental curves with sim-

ulation ones like Figure 2.8, using a suitable software.

—— CuPc on glass
6 \ — - simulation

Intensity (arb. unit)
[Ey
(@]

-

0 1 2 3 4 5
2theta (degree)

Figure 2.8 XRR profile of a thermally deposited copper phthalocyanine thin film on a
glass substrate with a simulation curve. The estimated thickness is about 16 A.

In this study, XRR spectra were measured and recorded by D8 Discover system

from Bruker AXS. Leptos software package was used for simulation.

2.5 X-ray photoemission spectroscopy (XPS) [48,87]

In XPS, photoelectrons excited by X-ray irradiation are analyzed to investigate elec-

tronic structures of target samples. This technique is surface sensitive due to very short
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mean free path length of electrons. Photoelectrons within only several tens A from sur-
face can escape from the sample without energy loss, resulting in the surface-sensitive

measurement.

In a XPS equipment, kinetic energies of photoelectrons are detected to know their
binding energies in the sample. The binding energies are obtained by following an equa-

tion that;
Ey=hv—E,—¢ ., (2.12)

where E}, is the binding energy, AV is the energy of irradiated X-ray, Ej is the detected
kinetic energy, and ¢ is the work function of the equipment. Thus, the detected kinetic

energy provides information about binding energy.

Because the binding energy of an electron in an inner shell is at a characteristic en-
ergy region, element-specific analysis is possible. Intensity of photoelectrons is plotted
against binding energy to be called as energy distribution curve. Peak shift in that plot is
correlated to the valence of the element, from which chemical states of the element can

be estimated.

In this study, a commercial XPS system (PHIS000 VersaProbe, ULVAC-PHI) was

used for XPS measurements.

2.6 Crystal truncation rod (CTR) analysis [88-91]

X-ray crystal truncation rod (CTR) analysis enables us to obtain information about a
crystalline solid surface to estimate its structure. X-ray CTR represents X-ray scattering

from a crystal truncated in any direction, in other words, by surface.

The diffraction pattern of a perfectly infinite crystal is known to consist of narrow

0 functions at the reciprocal space lattice points, where the Laue conditions are fulfilled
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three dimensionally. However, in the case of finite-size effect concerned, the diffrac-
tion peaks are changed from & functions to broadened ones depending inversely on the
dimension of the crystal. Thus, diffuse streaks can be observed connecting the Bragg
points for the finite size crystal. In case of a substrate type crystal which can be re-
garded to be infinite in surface plane direction and finite in surface normal direction,
the diffraction intensity diffuses especially to the direction perpendicular to the surface
in reciprocal space. So, crystal truncation “rod” scattering with large intensity nodes at

Bragg points can be observed.

To estimate the structure from the experimental scattering profile, a structural model
and its structural factor Fj;,; are needed;

Fyy = ije—BjQz/(167r2)627ri(hxj+kyj+12j)’ (2.13)
J

where f is the atomic scattering factor, B is the Debye-Waller parameter, Q is the mo-
mentum transfer, 4,k, [ are the diffraction indices, and x;,y;,z; are the position in frac-

tional coordinates.

In this study, the structural factor was calculated based on cubic bulk perovskite
oxide lattice. Thus, a simple surface coordinate system was defined that the lattice vector
a; and a; are in the surface plane and a3 is perpendicular to the surface plane, where
negative direction of z axis corresponds to the outward side of the surface. The total
structural factor of the surface scattering is provided by the sum of surface and bulk

contributions like;

Foum = surf + Fpuik ) (2-14)

where the boundary separating the surface region and the bulk region is set to be z =0

as shown in Figure 2.8.
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surface
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Figure 2.9 Schematic image of the surface structure model with a z coordination axis
for calculation of the structural factor. z > 0 region consist of the bulk crystal. z < 0
region represents surface layer. However, its coordinate has to be considered on a basis
of bulk crystal lattice. A rectangle in bulk region represents a bulk unit cell.

Fyurr and Fp, are represented as;

sur face
unit_cell .
Emrf _ fjeje—BjQz/(16712)627tl(hxj'+kyj+lz]') (215)
J
0 oy . .
Foap = ), Fe™el® (2.16)
j:oo

where F,, is the bulk unit cell structural factor;

bulk
uni;l cell ) ) .
Fu _ Z fje_BjQ /(1671’ )eZEZ(hXj-i-kyj-f—le) . (217)
J
0 is the occupancy parameter and « is the attenuation factor, which results in that just a
finite amount of unit cells is summed to be F},;. It is then described as;

1

Fouie = Fuy— i, -

(2.18)
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In this study, only (00L) line profiles were used, so that x and y coordinates of the
atoms in the models had not to be considered (2 = 0 and k = 0). Only z coordinates were

significant.

The CTR scattering measurements (Chapter4) was performed using BL-4C at the

Photon Factory, KEK, Japan by collaborators. The intensity of X-ray was 12.4 keV.

2.7 Calculation method [92,93]

In my study, density functional theory (DFT) calculation was performed to estimate

adsorption energy of phthalocyanine on perovskite oxides.

In DFT method, properties of a system is expressed by functionals of electron den-
sity. DFT is based on the two Hohenberg-Kohn theorems [94] that (1) an external po-
tential can be determined by a non-degenerated ground state electron density uniquely
(2) trial electron density provides lager energy functional than minimum energy for the
system, otherwise provides the minimum energy when the trial electron density is equal

to the ground state.

Actually, DFT calculation is performed with Kohn-Sham equations [95];

7l2
(—%Vz +veff) Vi =&Y . (2.19)

Within this fictitious Kohn-Sham system, where we think about non-interacting
particles under the Kohn-Sham potential V¢, the equation is solved self-consistently as
the trial electron density will be equal to the density obtained from Kohn-Sham orbitals,

which is provided by;
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N
n(r) =Y lwi(r)* . (2.20)

The Kohn-Sham potential can be expressed as;

0Exc|n]
on(r) ’

Verr(r) :Vext(r)+e2/ |:l(_rr),’dr’+ (2.21)

where the last term is the exchange-correlation potential functional Vxc[(n)].

Approximation of the exchange-correlation functionals is one of the most important
factors for solutions of the equation with better precision. Representative approximations
are local density approximation (LDA) level and generalized gradient approximation
(GGA) level, which depends on the gradient of the density as well as the density itself

[96].

In this study, I used two calculation packages. Gaussian09* was used for optimizing
the structure of the phthalocyanine molecules. Unrestricted B3LYP (Becke 3-Lee-Yang-
Parr) level functional was adopted with 6-31+G(d) basis set. VASP (Vienna ab initio
Simulation Package) [97] was used for calculation of surface adsorption models. GGA-
PBE (Perdew-Burke-Ernzerhof) level functional was adopted, using a plane-wave basis
set whose cutoff energy was 400 eV with PAW (Projector Augmented Wave) pseudopo-
tential. The Brillouin zone was sampled only at the gamma point (k-point sampling). The

contribution of van der Waals (dispersion) interaction to calculated total energies was

*Gaussian 09, Revision B.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M.
A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji,
M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E.
Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand, K. Raghavachari,
A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene,
J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O.
Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G.
Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J.
B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2010.
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simulated by using the semiempirical correction method DFT-D2 [98]. In this method,

the total energy is expressed as

Eprr-p2 = Exs—prr + Eagisp » (2.22)

where Exg_ppr is an usual Kohn-Sham energy and E;q), 1s a dispersion correction term.
The correction is calculated as follows;
Nat— 1 Ny ClJ
Edzsp = —S6 Z Z 6 fdamp rlj ) (2.23)
i=1 j= i+1 7 j
where sg is a global scaling factor (herein 0.75 for PBE), N, is the number of atoms in

the system, Cl6] is a dispersion coefficient for atom pair ij, r;; is an interatomic distance,

and fgamp 1s a damping function, which is described as;

1
1 4 e—d(rij/Rj—1)

faamp(1ij) = , (2.24)

where d is a damping parameter and R;j is a sum of van der Waals radii. C¢ and Ry can

be obtained by;

cl =/cicl (2.25)

RY =R +R)} (2.26)

Parameters Cg and Ry needed for the correction are implemented in VASP for elements
from H to Xe, however, not for La. Those for La were determined by myself according

to [99,100].
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Chapter 3

Langmuir-Blodgett method

3.1 Introduction

LB method is one of the wet processes used to fabricate multilayers with well-
defined molecular orientation and controllable thickness. For LB films of phthalocya-
nines, peripheral substituents such as bulky tert-butyl group and long alkyl chains are
required to be dissolved in hydrophobic organic solvent, so that the solution can be
spread at air-water interface. In order to control the molecular orientation in Lang-
muir monolayer on water subphase, it would be effective to select proper peripheral
substituents because characters of substituents such as length and hydrophilicity have
crucial effects on molecular orientation at air-water interface, resulting in peculiar sur-
face pressure-area isotherms (7-A curves), as mentioned in Chapterl. In some cases,
central metals of phthalocyanines also influence the orientation because of difference in

metallomacrocycle-water interactions, i.e. the hydrophilicity [58].

In this chapter, we fabricated LB monolayers of octaoctyloxy metallophthalocya-

nine (MOQPc, central metal M = Cu and Zn) and copper tetra(tert-butyl) phthalocyanine

Parts of this chapter have been published in e-Journal of Surface Science and Nanotech-
nology. Reprinted from e-J. Surf. Sci. Nanotech., 13, “Effect of Central Metals on Langmuir-
Blodgett Monolayers of Phthalocyanines with Flexible Substituents”, S. Kojima, T. Fukumura,
T. Hasegawa, 155-158, Copyright 2015, with permission from The Surface Science Society of
Japan.
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(CuTTBPc) as a reference. The former is representative phthalocyanine molecule con-
taining flexible long hydrophobic substituents, whereas the latter is one of the phthalo-

cyanines with rigid structure.

MOOQPcs are expected to be inclined to some extent due to the alkyl chains on water
subphase. I compared effects of central metals not only on the orientations but also on
transfer of the Langmuir monolayers onto solid supports, of which process should be
important for the use of the phthalocyanine monolayer with interesting multiple oxides.
Although I used glass substrates here, withdrawing vertical transfer onto the hydrophilic
surface was adopted in anticipation of collaboration with multiple oxide substrate instead

because clean oxide surface is inherently hydrophilic.

AFM measurements, absorption spectroscopy and XRR measurements were per-

formed to discuss the LB monolayers.

3.2 Experimental details

CuTTBPc, CuOOPc and ZnOOPc (Sigma-Aldrich) were used without further pu-
rification. CuTTBPc, CuOOPc, and ZnOOPc were dissolved in chloroform (Wako
Chemical), where each concentration was 2.2 x 107* M, 9.0 x 107> M, and 9.0 x 10~
M, respectively. Glass plates were used as substrates. The surface of substrates were
made hydrophilic by immersion in CH;OH:HCI aq followed by conc. H,SO, aq, and
were rinsed by ultrapure water. The LB equipment of USI Co. Ltd. was used. The sub-
strate was dipped into ultrapure water in advance. Each solution of the phthalocyanine
was spread onto ultrapure water in the trough at 15 —20 °C. After the evaporation of
the solvent, the floating layer was compressed by two barriers at a rate of 2 — 3 mm/min.
Surface pressure was kept at 3 or 20 mN/m for 15 min before deposition. LB monolayer

was deposited by withdrawing the glass substrate at a rate of 0.4 and 2 mm/min for CuT-
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TBPc and MOOPc, respectively. The surface morphology of the films were measured by
atomic force microscope in tapping mode using cantilevers with nominal spring constant
of 28 N/m. Absorption spectra of the films in ultraviolet-visible region were measured in
air by JASCO V-670. X-ray reflectivity measurements were performed by D8 Discover

system from Bruker AXS.

3.3 Results and discussion

3.3.1 n-A isotherms and estimation of orientation

Figure 3.1 shows 7m-A curves for monolayers of CuTTBPc (Figure 3.1(a)) and
MOOPc (M = Cu, Zn) (Figure 3.1(b)). The limiting areas were 0.44 nm? , 1.04 nm?
, and 1.33 nm? for CuTTBPc, CuOOPc, and ZnOOPc, respectively. The 7m-A curve of
CuTTBPc increased abruptly around the limiting area, being consistent with the pre-
vious study [101]. This small limiting area indicates a perpendicular orientation to
the subphase with dense molecular packing [102]. In contrast, CuOOPc and ZnOOPc
showed gradual increase in the 7-A curves with significantly larger limiting area than
that of CuTTBPc. They were slightly smaller than the size of phthalocyanine frame-
work 1.7 nm? [58]. This result represents relatively in-plane alignment of the molecules
with small molecular packing density, originated from the eight long and flexible alkoxy
chains of MOOPcs. More quantitatively, the surface pressure of ZnOOPc started in-
creasing at a larger area than that of CuOOPc. Assuming that the area per Pc framework
is 1.7 nm? as mentioned in above, orientation angle of CuOOQOPc is estimated to be 52°,
and that of ZnOOPc to be 39° with respect to the surface. It is noted that in actual case,

the angles should be a bit larger because the molecules are tethering substituents.
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CuOQOPc and ZnOOPc formed different assembly at lower surface pressure. Hence,

not only peripheral substituents but also central metals influenced the orientation and
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the molecular assembly in the Langmuir monolayers. This result is probably due to
the hydrophilicity of metallomacrocycle, i.e. the difference in coordination of water
molecule to central metal [58]. On the other hand, both molecules showed similar 7-A
curves above the surface pressure of 20 mN/m. This result suggests similar assembly
of both molecules due to dominant intermolecular interaction between phthalocyanines
over the coordination of water molecule especially for ZnOOPc, however, the detailed

orientations were different as described below.

3.3.2 Langmuir monolayer transfer onto the substrate

Langmuir layers on water trough of each MOOPc phthalocyanine were transferred
onto glass substrates at lower and higher surface pressure. Area per molecule is clearly
different at lower pressure part but similar at higher pressure part as mentioned above
(Figure 3.1). Representatively, 3 mN/m for lower surface pressure and 20 mN/m for
higher surface pressure were adopted. On transfer, I evaluated Transfer Ratio (TR),

which is defined by,

_ Reduced trough area during transfer

TR = 3.1

Area of the substrate

TR indicates efficiency of transfer from water subphase to a substrate. The reduced area
during transfer can be estimate from Figure 3.2 showing time evolution of the trough area
after reaching a set point of surface pressure, 3 or 20 mN/m for each MOOPc monolayer.
The surface pressure was kept for 900 sec, and then the vertically immersed glass sub-
strate was withdrawn. Deposition was finished at 1410 sec. Accordingly, I estimated
TRs to be 0.47 (CuOOPc 3 mN/m), 0.56 (CuOOPc 20 mN/m), 0.82 (ZnOOPc 3 mN/m),
and 1.1 (ZnOOPc 20 mN/m), respectively. TR less than 1 suggests imperfect transfer of
Langmuir layer. Herein, CuOOPc, at both low and high surface pressure, showed obvi-

ously less values. This suggests that the Langmuir layer of CuOOPc has some difficulty
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in transferring to the vertically withdrawn substrate.
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Figure 3.2 Time evolution of the trough area after reaching prescribed surface pressure
for CuOOPc and ZnOOPc monolayers. Dotted lines are fitting curves until withdrawing
substrates.

For further discussion, absorption measurement for UV-visible region and atomic

force microscope (AFM) measurement should be considered.
3.3.3 AFM and UV-vis absorption measurement

Figure 3.3 shows atomic force microscope images for the monolayers of CuTTBPc,
CuOQOPc and ZnOOPc. Surface morphology of CuTTBPc monolayer transferred at 20
mN/m showed small circular aggregates (Figure 3.3(a)) probably due to the high surface
pressure [103]. MOOPc monolayers showed variable morphology depending on surface
pressure and central metals. For the surface pressure of 3 mN/m, CuOOPc monolayer
showed flat and homogeneous surface representing uniform distribution of molecules as

shown in Figure 3.3(b). On the other hand, the ZnOOPc film for the same surface pres-
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sure showed the assembly of islands with partial coverage as shown in Figure 3.3(d). The
observed difference in the surface morphology should be attributed to different molecu-
lar orientation, because each area at surface pressure of 3 mN/m was significantly differ-
ent as seen in Figure 3.1(b). The height of ZnOOPc islands was about 1.6 nm, which is

much smaller than the lateral size of ZnOOPc molecule containing long octyloxy chains.
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0 height (nm)  3.00 height (nm) 3.0

Figure 3.3 AFM images of LB monolayers deposited at different surface pressures. (a)

CuTTBPc at 20 mN/m. CuOOPc (b) at 3 mN/m and (c) at 20 mN/m. ZnOOPc (d) at 3
mN/m and (e) at 20 mN/m.

Considering TRs and morphology from AFM, TR of ZnOOPc 0.82 at 3 mN/m,
which is slightly less than 1, should be reasonable. On the other hand, CuOOPc at

3 mN/m showed homogeneous morphology although its TR is much worse. As for the
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monolayers at 20 mN/m, ZnOOPc showed the values close to unity and CuOOPc showed
a smaller value as in the case of 3 mN/m, while their surface does not have island-like

morphology.

To explain this situation, I measured absorption spectra at 3 different points for each
sample (Figure 3.4). The recorded spectra of CuOOPc samples showed large variation
in absorbance from one to another. On the other hand, the spectra of ZnOOPcs were
almost identical. These facts indicate that some parts of the substrate were not covered
by CuOOPc monolayer. In other words, CuOOPc LB monolayer is inhomogeneous
in a macroscopic sense. In the case of ZnOOPc, Langmuir layers are homogeneously

transferred to the substrates.
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Figure 3.4 Absorption spectra at different 3 points within each sample. CuOOPc (a) at
3 mN/m and (b) at 20 mN/m. ZnOOPc (c) at 3 mN/m and (d) at 20 mN/m.
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This difference in homogeneity of LB monolayer is surely attributed to the central
metals. Actually, the detailed mechanism of deposition from water subphase to the sub-
strate is unclear. However, hydrophilicity may play a main role because transfer to the
hydrophilic substrate should occur at the tip of meniscus. On withdrawing the substrate,
the Zn phthalocyanine molecules move onto the substrate with residual water due to its

familiarity with water.

Moreover, I compared UV-vis absorption spectra of the 4 samples with that of CuT-
TBPc in Figure 3.5, where, for CuOOPcs, I employed the spectra recorded at the center
region of each sample in Figure 3.4. In comparison with CaTTBPc monolayer, the ab-
sorbance of CuOOPc and ZnOOPc monolayers was smaller because of the lower pack-
ing density of the molecules. For CuOOPc monolayers, the absorbance was slightly
increased with increasing surface pressure, suggesting slight increase in the packing den-
sity. On the other hand, ZnOOPc showed different tendency. For the surface pressure
of 3 mN/m, the absorbance was smaller reflecting much inclined molecular orientation
of ZnOOPc molecules with partial coverage (Figure 3.3(d)), as was supported by the
significantly larger limiting area at the onset of surface pressure (Figure 3.1(b)). For the
surface pressure of 20 mN/m, however, the absorbance was nearly doubled, probably
due to the significantly compressed assembly by further compression during keeping the

surface pressure (Figure 3.2).
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Figure 3.5 Absorption spectra of LB monolayers deposited at different surface pres-
sures.

Figure 3.2 shows time evolution of the trough area after reaching a set point of sur-
face pressure, 3 or 20 mN/m for each monolayer. Among them, trough area of ZnOOPc
at 20 mN/m decreased rapidly, indicating that the high surface pressure induced further
compression to maintain the surface pressure. On the other hand, CuOOPc at 20 mN/m
did not show such decrease in surface pressure. Accordingly, ZnOOPc monolayer be-
came denser under further compression probably due to intermolecular 7-ring attractive
interaction. Some literatures about single crystal structure analyses of phthalocyanines
have reported that intermolecular distance between molecular planes depends on central
metals [104, 105]. Although these MOOPc LB monolayers are not the case of single
crystals, molecular planes of ZnOOPc molecules might be able to get closer at higher
surface pressure. Thus, 7-7 interaction of ZnOOPc might be more effective by releasing
coordinated water molecules, leading to the supported dense packing. However, some

of ZnOOPc molecules should still keep the coordination because LB monolayers are
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regarded as assemblies of many aggregates composed of several molecules [106], not
a single domain composed of the whole molecules. Then, since hydrophilicity of the
Langmuir monolayer was kept as a whole, the homogeneous transfer onto the substrate

was achieved.

Turning to UV-vis absorption spectra again (Figure 3.5), ZnOOPc monolayer at 3
mN/m has two absorbance peaks at 647 nm and 682 nm, while the monolayer at 20
mN/m has only one peak at 654 nm. The high surface pressure induced dense packing
of ZnOOPc molecules. Consequently, Q-band, which represents absorption band of
phthalocyanine around 600 - 700 nm, of ZnOOPc at 20 mN/m showed blue-shift possibly
due to the intermolecular interaction [107]. On the other hand, both absorption spectra
for 3 mN/m and 20 mN/m show almost the same shapes for CuOOPc representing the

similar molecular orientations irrespective of the surface pressure.

3.3.4 X-ray reflectivity measurement

X-ray reflectivity (XRR) measurement can provide information of thickness, which
is useful for estimating structures of the ultrathin layers. The thickness of the reference
CuTTBPc monolayer was evaluated as 2.1 nm from XRR, which was close to the in-
plane diagonal size of CuTTBPc, 1.95 nm [108]. This result supports the “edge-on” like

orientation of CuTTBPc monolayer.

I also performed XRR measurements for the MOOPc samples. Figure 3.6 shows
the obtained XRR curves and results of curve fitting for MOOPc LB monolayers. The es-
timated thickness is labeled on each panel. Among them, ZnOOPc monolayer deposited

at 3 mN/m showed especially small thickness.
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Figure 3.6 XRR curves of MOOPc LB monolayers. 4 experimental curves are plotted
together in (a). Each curve is shown separately with its simulated curve and estimated

thickness in (b)-(e).
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Now, I assume the sizes of octyloxy group and phthalocyanine framework to be 1
nm and 1.5 nm, respectively, to depict rough schematic models of the monolayer struc-

tures.

Considering these sizes and the thicknesses of monolayers, I proposed the mono-
layer structural models as shown in Figure 3.7. To be consistent with the relatively higher
thickness of CuOOPcs and ZnOOPc at 20 mN/m, the molecules should be “standing”,
turning their octyloxy groups to the side of the substrates. Among them, ZnOOPc at 20
mN/m is the most dense monolayer as mentioned above. On the other hand, ZnOOPc
at 3 mN/m should be different from such cases, considering from the smaller thickness.
The phthalocyanine framework of ZnOOPc at 3 mN/m may not be in a perfectly flat
geometry as discussed earlier. However, Pc framework is surely closer to the substrate,

compared with other MOOPc monolayers.
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Figure 3.7 Schematic images of the LB monolayer structural models estimated from
experimental results. Octyloxy group and phthalocyanine framework models are listed
on top of the figure with their assumed sizes.

3.4 Summary

In this chapter, effects of different central metals on the orientation and transfer
to the substrate were discussed using MOOPc molecules. At the low surface pressure
(3 mN/m), larger area per molecule of ZnOOPc implied its inclined orientation more
close to the subphase surface than CuOOPc. At the higher surface pressure (20 mN/m),
ZnOOPc showed greater compression in contrast to the case of the low surface pressure,
when the surface pressure was kept constant. CuOOPc and ZnOOPc also showed differ-
ent behavior when their Langmuir monolayers were transferred onto substrates. Trans-

fer ratio and UV-vis absorption spectroscopy suggested inhomogeneous transfer onto
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the hydrophilic substrates, while ZnOOPc monolayers were transferred homogeneously.
The UV-vis absorption spectra also supported the formation of more compressed assem-
bly of ZnOOPc at higher surface pressure. XRR measurements served for estimation of
the structures of the deposited films. ZnOOPc deposited at the lower surface pressure
showed significantly smaller thickness than others, indicating that its molecular plane
orientation should be closer to the substrate surface. These results represent that not
only peripheral substituent but also central metal significantly affect LB assembly of

phthalocyanine derivatives with flexible substituents by withdrawing vertical transfer.
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Chapter 4

Immersion method

4.1 Introduction

In this chapter, I tried to prepare phthalocyanine ultrathin layers by utilizing adsorp-
tion in liquid phase. Herein, I used oxide substrates unlike the previous chapter. Briefly
speaking, I immersed substrates into phthalocyanine solution to prepare samples. Thus,
I call this process as “immersion method” in this thesis. Among oxide substrates, per-
ovskite type oxides, which is one class of the multiple oxides, were deeply examined and
discussed for this immersion method because they have attracted attention and have been
expected as candidates of materials used in electronics with interesting functionalities as
mentioned previously in Chapter 1. Actually, no researches on adsorption on perovskite
oxide substrate in liquid phase have been reported except for SAMs formation of fatty
acids like stearic acid [39, 109], which makes this immersion method of the macrocyclic

molecule intriguing.

As perovskite oxides, I used LaAlO; (LAO) and SrTiO5 (STO) single crystalline
substrates with (100) facet surfaces. LAO and STO are representative substrates used for
epitaxial growth of high quality inorganic thin films by vapor process in ultra high vac-
uum condition. In addition, recently interface between LAO and STO(100) is attracting

great attention due to its interesting interface conductivity despite insulating properties
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of themselves [110]. Thus, their surface seems worth researching.

As a phthalocyanine molecule, I adopted iron phthalocyanine chloride (FePcCl)
in the adsorption experiment. Generally phthalocyanines without substituents showed
poor solubility into organic solvents due to large 7-7 interaction. However, pyridine
provides phthalocyanine solubility, and FePcCl especially dissolves even to 10 mg/ml
in catalog specifications (Sigma-Aldrich). Because I also tried mixed solvent which has
lower solubility than pure pyridine to investigate solvent effects as mentioned later, high
solubility of pyridine is quite suitable for adsorption experiments in which the molecules

remaining undissolved are unfavorable.

I expected that the molecules would be adsorbed with their plane parallel to the
substrate surface. Because FePcCl does not have an active group such as carboxyl group
used in fatty acid SAMs, molecule-substrae interaction is dominated by van der Waals
force which is generally weak. However, large planar molecular structure tends to ex-
hibit accumulated larger van der Waals force, where the energy/molecule can exceed
even 1 eV [42], and then planer geometry with respect to the surface should be dominant
to maximize van der Waals interaction [44]. In addition, molecule-molecule interaction,
which is generally a problem in vapor phase deposition of phthalocyanines on oxide sub-

strates, should be diminished in the liquid phase due to surrounding solvent molecules.

Subsequently to the preparation, I tried to estimate the orientation of adsorbed
molecules in some of the samples by two measurements/analyses; polarized absorption

spectroscopy and crystal truncation rod (CTR) analysis (the latter with collaborators).

In addition to the experiments, density functional theory (DFT) calculation was

carried out to evaluate adsorption behavior from the view point of adsorption energies.
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4.2 Experimental details

FePcCl (Sigma-Aldrich) was used without further purification. It was dissolved
in pyridine (Wako Chemical) to certain concentration. In a part of the following experi-
ments, pyridine was mixed with chloroform, tetrahyrofuran (THF), N-methylpyrrolidone
(NMP), and N, N-dimethylformamide (DMF) (all from Wako Chemical), respectively, to
be used as mixed solvents. Single crystalline perovskite oxide SrTiO5(100) (Shinkosha
Co., Ltd.) and LaAlO5(100) (K-and-R Creation Co., Ltd.) were used as substrates. STO
substrates had been treated by buffered hydrofluoric acid in advance by the supplier.
Both one-side and both-side polished substrates were purchased, the latter of which was
used for optical measurements. These substrates were immersed into solutions of iron
phthalocyanine chloride (FePcCl). After immersion, the residual solution was removed
by nitrogen gas blow and the substrates were dried in vacuum. The surface morphology
of the annealed substrates was measured by AFM in contact mode using a cantilever
with spring constant of 0.08 N/m. As for the immersed samples, AFM measurements
were performed in tapping mode using cantilevers with spring constant of 28 or 3.5
N/m. The oscillation amplitude was restrained to prevent the molecular layer from the
mechanical damage. Polarized absorption spectra in visible region were measured in
air by a spectrophotometer system from JASCO with a polarizer for incident light and
an attachment for reflection measurements. A homemade sample holder was used for

transmission measurements.
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4.3 Results and discussion

4.3.1 Preparation for oxide substrates with atomically flat step-terrace
structure

To observe fine images of adsorbed phthalocyanine layer, it is important to obtain
atomically flat surface of the oxide substrates. For satisfying the demand, annealing at
high temperature is one of the most effective ways. As mentioned in the above experi-
mental section, one-side or both-side polished substrates purchased from several suppli-
ers were used. LAO and STO substrates were annealed in air at 1200 °C and 1050 °C,
respectively, in an electric furnace, where the time for rising temperature was 2 h and
that for keeping set-point temperature was also 2 h in both cases. AFM images of the

oxide surface after annealing are shown in Figure 4.1.

A o 500nm |
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0 nm 041 O nm 0.52

Figure 4.1 AFM images of (a) LAO and (b) STO substrates after annealing in air at
high temperature.

It is noted that annealing at higher temperature may cause contamination of impu-
rities on the oxide surface. Actually, XPS Fe 2p spectrum of LAO surface annealed at
1200 °C showed a peak attributed to oxidized iron (Figure 4.2). To prevent this problem,
facing each surface of two substrates during annealing is effective (Figure 4.3). More-
over, as for LAO, this annealing procedure has tended to make step lines more straight,

compared with the annealing of individual substrates.
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Figure 4.2 Fe 2p XPS spectra of LAO substrates. During annealing, (red) surface is not
covered (blue) surfaces of the 2 substrates are faced each other.
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Figure 4.3 A schematic image of the substrates with their front-side surfaces faced
during annealing.

4.3.2 Survey of immersion and surface observation

The obtained atomically flat substrates were exposed to UV-O; treatment, followed

by immersion into FePcCl pyridine solution. Figure 4.4 shows visible light absorption
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spectra of FePcCl pyridine solution. I measured several times to examine the stability
of FePcCl in solution, several hours later after the first measurement. The observed
absorption spectrum was almost unchanged regardless of waiting time. Thus the pyridine

solution is durable for longer immersion time.
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Figure 4.4 Visible light absorption spectra of FePcCl dissolved in pyridine with con-
centration of 6.31 x 10~7 M. After the first measurement (red line), the solution was
measured again 1 h (blue), 6 h (green), and 24 h (sky blue) later.

LAO and STO substrates were investigated in several conditions. They were im-
mersed into 0.2 mM solution for several hours. Figure 4.5 shows AFM images observed
on the immersed substrates indicating small dots as adsorbates. LAO and STO sub-
strates are also immersed in solution with series of different concentrations (Figure 4.6).
Each series of AFM images on LAO or STO showed that apparent adsorption amounts
increased along with solution concentration, although samples immersed into higher

concentration solution may look very similar. (At least in the context of comparison
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between the lowest concentration and highest concentration solutions.)

0 nm 0.82 nm 0.51

M .
0 nm 1.16 O nm 0.66
Figure 4.5 AFM images of (a)(b)(c)(d) LAO and (e)(f)(g)(h) STO substrates after im-

mersion in 0.2 mM FePcCl pyridine solution for (a)(e) 1 h, (b)(f) 6 h, (c)(g) 12 h, and
(d)(h) 24 h.
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0 nm 1.60 0 nm 0.59

Figure 4.6 AFM images of (a)(b)(c) LAO and (d)(e)(f) STO substrates after immersion
in FePcCl pyridine solution for 5 min. (a) 0.4 mM (b) 0.8 mM, (c¢) 1 mM, (d) 0.2 mM,
(e) 0.4 mM, (f) 1 mM.

4.3.3 Further investigation on immersion method

According to the previous section, although it is subtle, appearances of the AFM
images implied that STO surface was relatively tidy even after immersion especially
when the concentration is low (see Figure 4.5, for example). For confirmation of this
thing and further investigation, I prepared samples on LAO and STO substrates again
by immersion in 0.3 mM solution (immersion time is 6 hours.). Herein, LAO substrates
were superposed during annealing as mentioned above. Figure 4.7 shows representative
surface morphology on LAO and STO. The figures indicate higher surface coverage on

LAO. I estimated coverage of the two figures by binarization of color information and
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counting pixels, resulting in 29% and 5%, respectively. This result implies difference in

adsorption behavior between LAO and STO.

Figure 4.7 AFM images of (a) LAO and (b) STO substrates after immersion in 0.3 mM
FePcCl pyridine solution for 6 h. (c¢) and (d) shows binarized images of (a) and (b),
respectively.

Nevertheless, because the coverage values themselves were low, the appearance
would vary depending on measured points and samples. As another method to compare
surface of the two substrates, I measured XPS spectra. N 1s peak intensity at several
points for several samples was investigated. Because phthalocyanine contains 8 nitrogen
atoms per molecule, the adsorption amounts could be compared by XPS peak intensity.
Representative XPS N 1s spectra and averaged peak intensity are shown in Figure 4.8,
indicating that the adsorption amount is different from each other. Considering the result
of AFM observation and XPS measurements, there is a possibility that FePcCl molecules
have a tendency to be adsorbed on LAO substrate preferentially, compared with STO

substrate.
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Figure 4.8 (a) Averaged XPS N 1s peak intensities of LAO and STO substrates im-
mersed in 0.3 mM FePcCl pyridine solution, and LAO substrate immersed in pure pyri-
dine. FePcCl structural formula is on together. (b) Representative XPS spectra for (a).

Such difference in molecular adsorption behavior on perovskite substrates was
also reported in the literature mentioned in the introduction section, where stearic acid
molecules were preferentially adsorbed on specific regions of STO(100) surface [109].
Although adsorption on different surface termination in a sample has not been discussed
in detail in my study, ABO5(100) substrates like LAO(100) and STO(100) should show
different kinds of termination layer, AO and BO, layer, respectively, as mentioned later
in the section about calculation. Figure 4.9 is a typical AFM image taken on a LAO
sample. Several parts of the surface in the figure seems to show less amounts of adsor-
bate than the other parts. This subtle difference might originate from the difference in

termination, as in the case of stearic acid example in the reference [109].
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0 nm 1.89

Figure 4.9 A representative AFM image of LAO substrate after immersion in 0.8 mM
FePcCl pyridine solution for 6 h.

When the solution concentration was higher, the difference in adsorption behavior
became unclear. Figure 4.10 shows AFM images of representative LAO and STO surface
immersed in 0.8 mM solution. I measured XPS spectra at several points of the two
samples, respectively, and Figure 4.11 represents their averaged N 1s peak intensity. It
revealed that intensity on LAO is larger, but difference is much smaller, compared with

the case of Figure 4.8.

0 nm 1.8 nm 1.8

Figure 4.10 AFM images of (a) LAO and (b) STO substrates after immersion in 0.8
mM FePcCl pyridine solution for 6 h.
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Figure 4.11 Averaged XPS N 1s peak intensities taken at several points of LAO and
STO substrates shown in Figure 4.10.

Then I also investigate solvent effect on adsorption behavior. Some mixed sol-
vents with pyridine were tried; chloroform, tetrahyrofuran (THF), N-methylpyrrolidone
(NMP), and N,N-dimethylformamide (DMF). I focused on solvent polarity in this ex-
periment. Looking at dipole moment of solvent molecules, those of chloroform and
THF are smaller, and those of NMP and DMF are larger than those of pyridine, respec-
tively. Generally, it is known that solvent polarity affects the formation of surfactant
molecular SAMs [59]. Figure 4.12 shows AFM images of LAO substrates immersed
in the 0.8 mM solutions with mixed solvents. Accordingly, the mixed solvents with
low polarity and those with high polarity exhibited clearly different adsorption behavior;
chloroform/pyridine and THF/pyridine mixed solvents showed greatly rough surface,
while NMP/pyridine and DMF/pyridine mixed solvents showed less adsorption. Such

difference in adsorption tendency depending on solvent polarity can be explained by the
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affinity of solvent molecules to the oxide substrates and FePcCl solubility in the mixed
solvents. I mean that solvents with higher polarity such as NMP and DMF may have
better affinity to the oxide surface due to inherent polarity of oxides derived from ionic
solid character, so that the solvent molecules prevent adsorption of the phthalocyanine
because adsorption in liquid phase is a competitive phenomenon. On the other hand,
solvents with lower polarity such as chloroform and THF may have worse affinity. Not
only this tendency about affinity but also poorer solubility of the phthalocyanine in the
mixed solvents than that in pure pyridine should contribute to larger adsorption amount.

pyridine idine=7:3
7 .'_:'-.‘j‘_:'_' % ———

L SR A
.

Figure 4.12 AFM images of LAO substrates after immersion in 0.8 mM FePcCl so-

lutions dissolved in different solvents for 6 h. (a) pure pyridine and mixed solvents
consisting of 30% pyridine and 70% (b) chloroform (c) THF (d) NMP (e) DMF.

From these experiments, it was shown that mixed solvents greatly influenced ad-
sorption behavior. However, considering the balance of roughness, homogeneity, and
adsorption amount, simple pyridine solution has been a choice so far. Thus, I continued

to use pyridine solution in subsequent experiments.

4.3.4 Linear dichroic ratio

The molecular orientation of adsorbed ultrathin layer, particularly, whether the

molecular plane is parallel to the substrate surface, is important information in my study.

67



CHAPTER 4. IMMERSION METHOD

To estimate the orientation, I measured polarized visible light absorption spectra at sev-
eral incident angles for linear dichroic (LD) ratio. LD ratio is defined as the following
equation [84];

ATy,
ATy

p 4.1)

where p is LD ratio, ATy, is the fractional s- or p-polarized light power absorbed by
a monolayer. Herein, to compensate reflected light effect, I measured reflectance as well

as transmittance, and referred to an equation;
AT, = ATTo+ ARR, , 4.2)

where Ty (Rp) is the transmittance (the reflectance) of a blank substrate, and AT (AR)
is the ratio of the difference in the transmittance (the reflectance) between the blank
and the sample with the monolayer against the blank transmittance (reflectance) [84].

Figure 4.13 illustrates the geometry absorption measurements.

(@)

front side

incident o (ultrathin layer)

light

Transmission measurement
(b)

incident
light a

Reflection measurement

Figure 4.13 Schematic images of optical (a) transmission and (b) reflection measure-
ment geometry.
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In this study, I chose an ultrathinlayer on STO substrate as a target of this experi-
ment because a high temperature annealed LAO substrate exhibited broadened absorp-
tion edge overlapping the visible Q-band of phthalocyanine. The sample was prepared
by immersion of a both-side polished STO substrate annealed at 1050 °C into 0.8 mM

pyridine solution of FePcCl.

Figure 4.14 shows transmission absorption (—log(1 — AT')) and reflection absorp-
tion (—log(1 — AR)) spectra. When AT and AR are enough small [84,111], the LD ratio
(Equation 4.1) is almost the same as the ratio between the left sides of Equation (4.2) for
p- and s-polarized light, where the absorption band areas of Figure 4.14 are assigned to

AT and AR instead.

69



CHAPTER 4. IMMERSION METHOD

0.008+
(@ ] .
0.006 1 i, 30°
g 7 45°
3 J [ o
@ / \n 60
'e 0004— /‘/ w \h r', 650
8 ”‘,ﬂ’ \ fl ||\
Ko} i ey H\j f
3 ‘

] N, 7 |
0.002 1 \‘J\ M\I’;‘\,ﬁ”f \i ‘ J_.\.,M Wiy \/ \J \b\ Iﬂ‘ M I
W ‘\r it 1 |

0.000 — . o
500 600 700 800
0.004- Wavelength (nm)
(b) o
g 0.003 . 45
. L
£ 0.002] P —65
< 0.0014 ;n” '\ L i # "' "} II ILWI fl' M ﬁ ’hl
FW w \ - I ‘u |' It}k I'lh'u, |," |||r-'
0.000 J Y M —— | ':' ”Ww !
500 600 700 800
Wavelength (nm)
(C) 0.0030+ _ g
0.00251 gg:
% 0.0020+ 60° \
£ 000159, ;B |
2 I/ Iﬂ ."‘ ,1
EO'OO‘ON&J.': | MW%M i ‘
0.0005 3 WAl VA o e ] ,,h Wl W M ]
0.0000 "\ﬁ ”jw Jk' [ W U]

500 600 700 800
Wavelength (nm)

(d) 00027 . . M ll |
0.000_. ‘\\h M\,,«.\,-. R TR ﬂjv"\ “WHA] Wﬁ‘ ' ."~|L
Q |
S -0.002- A \
S A 'JI i
£ 00049 A Al Al | \
3 -0.0061 | Al M S0
£ f\\\f v pl 45°
<C '0008 7 'J.” I\u N J'Il‘\N 600 ‘
Bl LAY LAl
-0.010 Vi b5
-0.012 ! ‘

500 600 700 800
Wavelength (nm)

Figure 4.14 (a)(b) Transmission and (c)(d) reflection absorption spectra of FePcCl on
STO substrate for (a)(c) s-polarized and (b)(d) p-polarized visible light at several inci-
dent angles.
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From a theoretical aspect, assuming that an ultrathin layer is azimuthally isotropic,

LD ratio can be expressed as [112];

2sinzocsin29)_1 , 43)

2
= | cos" o+
P ( 2 —sin’ 6

using an incident angle « and an orientation angle 6, which is the angle between ph-

thalocyanine plane normal and the substrate normal (Figure 4.15).

Figure 4.15 A schematic image for representing orientation angle 6. A green ellipse
represents the phthalocyanine molecule.

Figure 4.16 shows LD ratio vs incident angle o plots including experimental data
and theoretical curves for several orientation angles 8. Among the experimental plots, 6
points nearly fall on the curve assuming 6 = 40°. Averaging the 6 values estimated for

these points provided 39 + 2°.
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dichroic ratio p

Figure 4.16 LD ratio as a function of incident angle for several 6. Experimental data
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(diamond) and theoretically simulated curve (solid curve).

Then, I compared the obtained value with information from AFM observation. Fig-
ure 4.17(a) shows an AFM image of the STO sample, from which I estimated height
of the adsorbate to be about 7 A. Besides, considering the size of the molecule (Fig-
ure 4.17(b), calculated in the subsequent section), the estimated inclination 6 was about
21°, taking van der Waals radii into account. On the other hand, the height estimated
from 6 by LD ratio was about 10 A. Such comparison seems to indicate overestima-
tion of the LD ratio (or underestimation of the adsorbate height from AFM observation).

However, consideration of these results suggests that molecular plane might be inclined

towards surface plane, not in perfect horizontal geometry.
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Figure 4.17 (a) AFM image of STO substrates after immersion in 0.8 mM FePcCl
solutions for 6 h. (b) Optimized FePcCl model by DFT calculation (section 4.3.6) with
molecular sizes.

4.3.5 Crystal truncation rod analysis

In this section, a result of crystal truncation rod (CTR) scattering measurement will
be discussed. For this measurement, I prepared a LAO(100) sample immersed in 1.2 mM

pyridine solution of FePcCl. Figure 4.18 shows the surface morphology of the sample.

0 nm 273 0 nm 2.18

Figure 4.18 AFM images of LAO substrate used in CTR scattering measurement after
immersion in 1.2 mM FePcCl solution for 6 h. (a) and (b) show different recorded scales.

The scattering measurement and subsequent analysis were performed based on
crystal lattice of bulk LAO used as the substrate and along out-of-plane direction, that is,
(0O0L) line in reciprocal space. The CTR scattering profile of a bare LAO sample along

the (OOL) line is shown in Figure 4.19.

At first, surface LAO structure was estimated so that the square of the structural
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factor, |F|?, calculated according to the equation in Chapter 2 could fit with the ex-
perimental profile (by collaborators). The calculated values derived from the surface

structure along (00L) is also plotted in Figure 4.19.

The structural parameters such as out-of-plane displacement (dz) and occupancy of
the surface atoms are summarized in Figure 4.20 and Figure 4.21, where it was assumed
that the surface region corresponded to 4 unit cells. Assuming that the boundary at which
occupancy goes across 0.5 is defined as the surface, LaO layer should be the surface layer

of the LAO substrate.
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Figure 4.19 CTR scattering profile of a bare LAO sample (black cross) and |F|* cal-
culated from optimized LAO surface structure model (Figure 4.20 and Figure 4.21) (red
line) along the (O0L) line. r.l.u. represents reciprocal lattice unit.
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Figure 4.20 Displacement of atoms in LAO surface structure model optimized to fit with
the experimental CTR scattering. The horizontal axis represents fractional coordinates
of z direction which is perpendicular to the surface, where its unit equals to the lattice
constant of bulk LAO (3.79 A). Negative direction is pointing outwards from the surface.
Assuming no displacement, each atom is at z represented by the value of horizontal axis.
The vertical axis represents relative displacement dz from each z coordinate represented
by horizontal axis.
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Figure 4.21 Occupancy of atoms in the LAO surface structure model shown in Fig-
ure 4.20, assuming that atoms at the same z when no displacement exists show the same
occupancy.

To evaluate the phthalocyanine ultrathin layer on the LAO surface, normalization
of the intensity from the sample by that from bare LAO would be one of the solutions to
analyze a small change in the CTR scattering profiles originating from surface adsorp-
tion. Figure 4.22 shows normalized intensities. (CTR scattering measurements of the
immersed LAO and bare LAO were performed twice, respectively, so that four normal-
ized intensities are plotted, where each scattering intensity of the immersed LAO had

been normalized by that of bare LAO.)
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Figure 4.22 Normalized CTR scattering intensity of immersed LAO by that of bare
LAO.

By comparing the above experimental normalized intensities with the calculated
values from surface models with phthalocyanine on the LAO surface (in other words,
the square of the structural factor, |F ]2, of the surface model with the adsorbed ph-
thalocyanine normalized by that of the surface model without the phthalocyanine), the

molecular orientation was estimated qualitatively.

At first, I show the normalized values calculated from the models using ideal flat
surface, where LaO layer surface-terminated surface was assumed. A schematic image
of the calculated model is shown in Figure 4.23 and calculated results are summarized
in Figure 4.24. As the phthalocyanine molecular plane is tilting, the plots appears to be
complicated, compared with experimental ones (Figure 4.22). By changing the distance
between the surface and the molecule with the molecular plane parallel, I found that
the calculated plot of the model assuming the distance of 3.6 A well reproduces the

experimental results.
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Figure 4.23 A schematic image of the surface and molecule model used for calculation
of |F |2 along the (O0L) line. Several angles 6 and distance were tried for calculation.
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Figure 4.24 Normalized |F|? calculated from several models as shown in Figure 4.23
by that calculated from a model without the molecule.

Then, normalized |F|? of the models with the adsorbed phthalocyanine which takes
into account the optimized LAO surface structure mentioned above were calculated and

compared. In those models, occupancy of the phthalocyanine was adjusted to that of
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LaO layer in the surface model (Figure 4.22). As shown in Figure 4.25, the normalized
plot of the model in which the phthalocyanine in parallel geometry is away from LaO
layer (dz = 0) by 3.6 A seems consistent with the experimental plots to some extent.
Another plot represents a model in which molecular occupancy is modified with the
same arrangement of the molecule, showing much more similarity to the experimental
plots. Normalized |F|* of other models with tilted phthalocyanine were also calculated.
However, they were less consistent with the experimental plots as in the case of the ideal

flat LAO surface.
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Figure 4.25 Normalized |F|? calculated from two models, where the flat lying molecule
is on the optimized LAO surface structure. Normalized experimental plots are also
shown together.

By comparing the experimental plots with those calculated from the several models,
I found, even qualitatively, that orientation of the adsorbed phthalocyanine molecules on

the LAO substrate seems close parallel to the surface.
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4.3.6 Calculation of adsorption energy

Before DFT calculation, I will explain a possible reason for difference in adsorption
behavior mentioned in the above subsection. For such purpose, surface structure of
perovskite oxide substrate should be noted. Perovskite oxide ABO; with (100) plane is
known to be regarded as alterate stacking of AO and BO, layers as shown in Figure 4.26,
and thus there are two possibilities for surface termination, AO-termination or BO,-
termination. Turning to LAO and STO (100) which I used, it has been reported that LAO
and STO show LaO (as AO) and TiO, (as BO,) termination, respectively [113, 114].
Thus, I wondered if difference in surface termination would be a possible reason that
FePcCl showed preferential adsorption on LAO substrates. To discuss and support this

possibility, I conducted DFT calculation about this surface molecular adsorption model.

<100> A

Figure 4.26 A schematic image of perovskite oxide ABO; crystal structure, which is
regarded as repetitive AO and BO, layers along <100> direction.

At first, I attempted to construct and optimize surface structure of each perovskite
oxide by DFT calculation using VASP package. LAO and STO in cubic structure were
relaxed to obtain optimized lattice constant, where cell size was unfixed. The lattice

constants of LAO and STO were converged to be 3.81 A and 3.95 A, respectively.

Then, to express perovskite oxide surface, freestanding LAO and STO (100) slabs
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were considered (Figure 4.27). Thickness of the slabs corresponded to 5.5-unit-cell(u.c.)-
thick having LaO (for LAO) and TiO, (for STO) surfaces at both sides of the slabs, re-
spectively. These symmetric slabs were suitable when the structures were relaxed to be
optimized because of inner dipole counter. The basis of slabs were constructed as fol-
lows; 6 u.c. were accumulated vertically with 5-A-thick vacuum regions over both sides
of the slab to be simulation cells, followed by elimination of outermost AlO, (for LAO
slab) and SrO (for STO slab), respectively, resulting in symmetric 5.5-u.c.-thick slabs.
As a result, the slabs could express LaO and TiO, surface. The cell size parallel to the
surface was 1 x 1. These slab models were then relaxed with fixed simulation cell size

to obtain surface structures used for molecular adsorption models.

(b)

relaxed

Figure 4.27 (a) LAO and (b) STO slab models before and after relaxation. The parts of
the slabs surrounded by orange rectangles were picked and applied for adsorption model
(Figure 4.28).

Due to limitation of calculation cost, I picked up outermost 1-u.c.-thick parts from
calculated slabs as substrates for adsorption models (Figure 4.27). I expanded the 1-u.c.-

thick slabs to 5 x 5 cell size for ab plane of simulation cell considering the size of the
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FePcCl molecule. The individual FePcCl molecular structure was optimized in advance

by Gaussian09 package (Chapter 2).

An adsorption model was constructed by arranging the FePcCl molecule on the 5 x
5 LaO or TiO, substrate with the molecular plane parallel to the surface, some distance

(A) away from the outer oxygen atoms (Figure 4.28).

Side view

distance
~

LaO layer ¢
AlO,layer@ © @ ¢ ©Q ©¢ Q o Q o

Figure 4.28 Side and top views of a representative adsorption model of FePcCl on LaO
surface.

Total energy of each model was calculated by DFT-D2 method [98, 115] (experi-
mental section, Chapter2) including van der Waals energy contribution, without relax-
ation of the structure. Adsorption energy E,qs was estimated using the following equa-

tion [116];

Eads = Eslab/FePcCl - Eslab - EFePcCl 5 (4-4)

where Egab/repccls Eslab, and Erepect are the total energies of adsorption model, isolated
substrate model, and isolated molecular model, respectively, which were calculated un-

der the same condition.

To compare adsorption energies of LAO and STO models, I searched for the most
stable positions of the FePcCl molecule. At first, fixing the molecule-substrate distance,

several positions and rotation angles of the FePcCl against the substrate were tried. Con-
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sidering both perovskite oxide (100) surface and FePcCl molecule have C4, symmetry,
position 1, 2, and 3, where Fe atom in FePcCl is over the positions, and 0° and 45°
rotations were tried to estimate the adsorption energies here (Figure 4.29). As a result,
position 1 with 45° rotation and position 1 with 0° were found to be the most stable
arrangements for LAO and STO, respectively. Finally, the molecule-substrate distance

was optimized.

(a) Positions (b) Rotation 0° (c) Rotation 45°
W ,
® o | Q\’ ?
oy et
(] Q ® : ~¢ |
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Figure 4.29 (a) Top view of a 1-u.c. part of the LAO slab with position 1, 2, and 3
mentioned in the text. (b)(c) Top views of FePcCls rotated by 0° and 45° with respect to
the calculation cell.

The obtained adsorption energies were summarized in Table 4.1 with the molecule-
substrate distance. In addition to the adsorption energies on LaO and TiO, surface, those
on AlO, and SrO surface at the same molecular position were also calculated and listed.
Comparing these adsorption energies with previously reported values of phthalocyanines
on other inorganic surfaces, it can be said that they are reasonable, where —5.7 eV
(without van der Waals, —0.9 eV) of ZnPc on ZnO [117] and —5.9 eV (without van

der Waals, —0.32 eV) of MnPc on Cu [118] were calculated.

Looking at the total adsorption energies on LaO surface of LAO (100) and TiO,
surface of STO (100) in Table 4.1, the former value was found to be larger than the latter

value by about 3 eV, being consistent with experimental results.
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For further discussion, I separated adsorption energy into two contributions, van
der Waals interaction and others. Looking at the right columns of Table 4.1, it is found
that the contribution of van der Waals interaction dominates E,qq in any case of the cal-
culation. However, it is noted that such adsorption energy by DFT-D2 is likely to be
overestimated [117]. This seems especially for the case of LaO surface because some
parameters of La used for DFT-D2 were determined by myself (Chapter 2). Thus, the dif-
ference in E,qs should be attributed to the other dominant contribution. Actually, while
E,qs without van der Waals contribution on LaO gives a negative value, that on TiO,
shows a positive value. As for other surfaces, AlO, and SrO show positive and nega-
tive values, respectively. After all, considering such results summarized in Table 4.1,
I expected that the difference in E,qq originates from surface termination, i.e., whether
the surface is AO layer or BO, layer, which may lead to different adsorption behavior as

observed in my study.

Finally, I calculated the charge per molecule which belongs to adsorbed FePcCl
after E,4s calculation by summing up charges of atoms in the molecule, which was as-
signed to each atom by Bader’s charge analysis based on the charge density of the sys-
tem [119]. As a result, I found clear difference between LaO and TiO, surface: FePcCl
on LaO has a charge of —1.23/molecule and FePcCl on TiO, has —0.0833/molecule,
which should be related to the difference in adsorption energy in this calculated system.
Although such a strong charge transfer on LaO is not realistic, charge density distribu-
tion in a space between the surface and FePcCl should be significantly different. Thus,
some electronic interactions between molecules and substrate surface may be expected
to exist to some extent in practical cases, which might result in the preferable adsorption

on LAO.
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Table 4.1 Adsorption energies of FePcCl on different four surfaces

Surface (distance (A)) Eyqs (€V) ‘ E.4s (W/o vdW) (eV) E,qs (vdW) (eV)

LaO of LAO 2.8)  —5.68 ~0.93 —4.75
AlO, of LAO (2.9)  —2.80 0.86 —3.66
SrO of STO (2.7) ~3.83 —0.19 —3.64
TiO, of STO (2.9)  —2.51 0.67 ~3.18

4.4 Summary

In this chapter, I prepared phthalocyanine ultrathin layers on LAO(100) and STO(100)
by immersion method. On formation of the ultrathin layers, it was found that FePcCl
tended to show preferential adsorption on LAO to adsorption on STO especially in lower
solution concentration, which was observed by AFM and XPS measurements. Moreover,

a solvent effect on adsorption was confirmed that NMP and DMF suppressed the adsorp-
tion of the solute while THF and chloroform enhanced it too much. These results might

come from the difference in solvent polarity.

The molecular orientation on the substrates was estimated by polarized absorption
measurement and CTR scattering analysis. The former performed on the STO sample
indicated an orientation angle of 39°. The latter using LAO sample manifested planar
geometry of FePcCl with respect to the LAO substrate surface. These results suggested
that the phthalocyanine molecules were adsorbed with the molecular plane inclined to-

wards the surface and they are not in “edge-on” geometry.

Finally DFT calculations were performed for the adsorption energies to discuss the
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possibility that difference in the perovskite oxide surface structures influences molecular
adsorption. As a result of calculation, it was shown that adsorption energy on AO surface
is larger than that on BO, surface, suggesting that difference in surface termination of

perovskite oxides might contribute to the preferential adsorption.
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Chapter 5

General conclusion

In this dissertation, phthalocyanine ultrathin layers were prepared by two wet pro-
cesses; LB method in Chapter3 and immersion method in Chapter4. Then, discussion

on molecular orientation in the ultrathin layers was noted.

In Chapter3 for LB method, LB monolayers of MOOPcs and CuTTBPc were fab-
ricated at 3 or 20 mN/m surface pressure on glass substrates. The experimental results
showed CuTTBPc with rigid structure had edge-on like orientation. On the other hand,
MOOPcs took inclined orientation due to the alkyl chains. As for MOOPcs, effects of
different central metals were also suggested. At the surface pressure of 3 mN/m, 7-A
curves shows larger area per molecule of ZnOOPc, indicating that its molecular plane
was tilting towards the surface more than CuOOPc. At the higher surface pressure of
20 mN/m, in contrast, ZnOOPc showed further compression when the surface pressure
was kept constant. Cu and Zn difference has also an effect on the vertical transfer of
Langmuir monolayers. UV-vis spectra and XRR analyses supported and contributed
to the estimation of transferred monolayers. The difference should be attributed to the

hydrophilicity of the central metals.

In Chapter4 for immersion method, FePcCl ultrathin layers were prepared on LAO(100)

and STO(100) substrates by immersing them into the phthalocyanine pyridine solutions.
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From AFM and XPS measurements, it was shown that the molecules were likely to
be adsorbed on LAO preferentially to STO. The possible reason of different adsorption
behavior was discussed based on DFT calculation. As a result, it was revealed that dif-
ference in surface termination structure of perovskite oxide substrate (100) had an large
influence on adsorption energy. Indeed, LaO surface of LAO(100) showed larger ad-
sorption energy for FePcCl than TiO, on STO. Molecular orientation of FePcCl on the
substrates was investigated by polarized absorption spectroscopy and CTR scattering
analysis. The obtained results suggested that FePcCl on LAO and STO was close to flat

geometry, at least, not close to perpendicular geometry.

In conclusion, phthalocyanine ultrathin layers were formed on inorganic solids
by wet processes. Throughout this study, it was revealed that interaction between the
molecules and the scaffold, which was herein water subphase or perovskite oxide sub-

strate, can be a key factor for formation of the ultrathin layers by wet process.

This study would contribute to controllable formation of ultrathin organic layers
on oxides such as perovskite materials [109]. Recent progress in oxide fabrication
techniques enabled us to control surface termination [120]. Collaborated with such
techniques, novel functionalities such as inorganic surface-molecule magnetic interac-

tion [24] can be explored by using feasible wet process.
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