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Chapter 1

Introductions

1-1. Organic Electronics

In the last two decades, enormous research efforts have been directed towards
electronic devices based on organic materials (OMs), such as organic field-effect transistors
(OFETs), organic light-emitting diodes (OLEDs), and organic photovoltaic cells (OPVCs). It
has been demonstrated that the performance of organic devices is strongly governed by the
properties of organic-metal (O-M), organic-insulator (O-I), and organic-organic (O-O)
interfaces. The properties of an O-M interface determine the carrier injection characteristics
in organic electronic devices. Thin insulating films tune the electronic structure of an
underlying metallic electrode, leading to control of the carrier injection into OMs. The energy
level alignment of an O-I interface affects the carrier transport properties. The properties of
an O-O interface correlate with hole-electron recombination and dissociation. Therefore,
great effort has been exerted to clarify the electronic and geometric structures of the
interfaces in order to improve device performance.

This thesis focuses on the properties of plate-like grown on insulators. It is known
that plate-like molecules are the most promising. for applications because of their high

mobility, ease of chemical modification, and well-defined layer growth (Fig. 1-1(a)).



(a) (b) (c)

Long axis

Metal Insulator

Figure 1-1. (a) An illustration of a plate-like molecule. Molecular
orientations in organic films on (b) metal and (c) insulator substrates.

1-2. Organic-Metal Interfaces

The geometric and electronic properties at an O-M interface are well documented
both experimentally and theoretically [2-7]. The geometric properties are characterized by the
relation between intermolecular and organic-substrate interactions. Usually, a plate-like
molecule stays on a metal substrate with intermolecular plane parallel to the surface (Fig. 1-
1(b)) since a molecule-substrate interaction is stronger than an intermolecular interaction.

One of the most useful and important concepts to describe the interfacial electronic
structures is the "vacuum level (VL) shift" at O-M interfaces. A VL shift have been measured
by Photoemission Spectroscopy (PS) and Kelvin Probe Force Microscopy (KPFM). Seki [1]
and Kahn [2] have shown that the energy diagram at an O-M interface is described not by the
Mott-Schottky model but by the VL shift model resulting from the formation of an interfacial
double layer. Many studies on the origin of this double layer have been reported. The charge
transfer as well as the push-back effect are the essential factors for the VL shift of molecules
on metal substrates [2-7].

One of widely accepted theoretical approaches for determining the VL shift at an O-

M interface is an Induced Density of Interfacial States (IDIS) model. The IDIS model was



established to explain the charge transfer at the interface between an inorganic semiconductor
and a metal [8-10]. Kahn’s group introduced the IDIS model to explain the energy level
alignment at the O-M interface [11,12]. In this model, a charge neutrality level (CNL) is used
as the quasi-Fermi level which behaves as a semiempirical surface (interface) state located in
the bandgap (Fig. 1-2(a)). When a metal and a molecule are brought into contact, the Fermi
level of the metal tends to align with a CNL of the molecule as a result of charge transfer (Fig.

1-2(b)). A resulting work function for an O-M interface (@Porg/meta) and a VL shift (4) are

given by
Dorg/metal — CNL = S(Petal — CNL), (1-1)
4 = (1 — S)(Pmetat — CNL), and (1-2)
S = dDorg/metal/ APrmetal- (1-3)

VL shifts at an O-M interface are often described as linear functions of work function of

substrates by using these equations. Slope of these functions is called the slope parameter (S)

of OMs.
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Figure 1-2. Energy diagrams (a) in separation of OM with metal
and (b) after contact of them. The highest occupied molecular
orbital and the lowest unoccupied molecular orbital are described as
HOMO and LUMO, respectively.



1-3. Organic-Insulator Interfaces
The geometric properties at an O-I interface have been studied by X-ray diffraction
techniques. Plate-like OMs orient on an insulator substrate with their long axes perpendicular

to the surface (Fig. 1-1 (¢)).

1-3-1. Organic-Thin Insulator Interfaces
It has been reported that the electronic structures of OMs on thin insulators are
strongly affected by that of the underlying conductive substrate [13-18]. The energy level
alignment is also determined on the basis of IDIS model (Fig. 1-3), as proposed by Heilander
etal. [18]. A VL shift is given by the energy difference between the CNL of a molecule and
the effective work function (®.g) of insulator-metal. The effective work function is estimated
by
Pet — CNL insulator = S(Pmetal — CNL inutator)- (1-4)
In the combination of Eq. (1-2) and (1-3), the VL shift at an OM-thin insulator interface

depends on the effective work function of an insulator-metal system.

Metal Insulator Organic
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Figure 1-3. Energy diagram at an organic film on thin insulating
film grown on metal substrate.



1-3-2. Organic-Thick Insulator Interfaces

Since a conventional photoemission spectroscopy technique causes charging in
OMs grown on thick insulators, electrostatic force microscopy (EFM) and KPFM have been
carried out to analyze the energy level [16,19-21]. Chen et al. have shown that the interface
between a PEN monolayer and SiO; (50 nm in thickness)/n-Si exhibits a VL shift on the
basis of EFM results [16]. They proposed that the origin of this VL shift was the charge
transfer between PEN and SiO,, and/or the polarization in PEN. Puntambeckar et al. carried
out KPFM studies of PEN and N, N'-dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-C8) on
SiO; (300 nm in thickness)/p-Si [19]. They observed the downward and upward VL shifts of
PEN and PTCDI-C8, respectively. Since PEN is typically regarded as an electron donor and
PTCDI-C8 as an acceptor, the results were attributed to the difference in the direction of
electron transfer. Although charge transfer has been suggested to occur between molecules
and thick insulators, this project still remains controversial since charge transfer is unlikely to
occur between molecules and the underlying conductive materials through thick‘insulators.

In Chapter 4, I will show the KPFM of organic films on 300-nm-thick thermal
oxide. The KPFM results have revealed that the VL shift at an OM-thick insulator interface
originates from the dipole in OMs induced by surface charges. I also denote the effect of
alkyl chain with an induced dipole, the length dependence of a VL shift, and the multilayer

effect on a VL shift.

1-4 Organic/Organic Interfaces

The energy level offsets at O-O interfaces are crucial parameters for the
performance of organic devices. In particular, it is essential to understand the properties of a
donor-acceptor (D-A) interface since the successive layer of these molecules is utilized in

organic devices. Intensive research has revealed that the VL shift also occurs at D-A



interfaces, which is associated with the formation of an interfacial dipole layer [2-3, 22-25]. It
has been suggested that electron transfers from donor to acceptor determine a VL shift (Fig.
1-3). The charge transfer between donor and acceptor molecules has also been explained by
the IDIS model [26,27]. However, this model ignores the exact contact geometry at the
interface and the molecular packing, which exhibits the extreme sensitivity of electronic

interactions.

Acceptor
EVL— msne T LI

N
-
-+
LUMOJ- +
-+

HOMO

Figure 1-4. Energy diagram of a D-A interface. Donor and acceptor
molecules are positively and negatively charged, respectively, at the
interface due to charge transfer.

It is important to investigate the orientation dependence of electronic structure at a
D-A interface. Some theoretical calculations predict that the charge transfer occurs, only
when the 7 orbital of one molecule is faced with that of the other (Fig. 1-4(a)) [28-30]. This
demonstrates that the effect of polarization has an important role in determining the origin of
VL shift in the hetero-layer when each 7 orbital is separated (Fig. 1-4(b)).

Experimental effort has also been exerted to clarify the structural dependence of
electronic structures at the D-A interface. Chen et al. fabricated the hetero-layers of copper

phthalocyanine (CuPc) and perfluoro-CuPc with face-to-face and head-to-tail conformations,



and measured the electronic structures by using UPS [31]. The measurements indicate that
charge transfer occurs at the interfaces with both orientations. The charge transfer of the
head-to-tail orientation was larger than that of face-to-face because of the energy levels
modified by the effect of the local dipole. On the other hand, Duhm et al. studied the
electronic properties of pentacene (PEN)/perfluoropentacene (PFP) and PFP/PEN on SiO,
with head-to-tail orientation [32]. Each energy level had no shift in the growth of the hetero-
layer. This suggests that charge transfer can be ignored, since the hybridization between o
orbitals was small.

The experimental discrepancies are considered to be attributable to the incomplete
preparation of the D-A interfaces. There co-exist head-to-tail and face-to-face conformations
in the films. In Chapter 5, I have fabricated the hetero-monolayer of PEN and PFP with head-
to-tail and face-to-face conformations, and studied each origin of VL shifts at D-A interfaces

by using KPFM.

(a) (b)

Donor molecule Acceptor molecule

Figure 1-5. Illustration of hetero-junction with (a) face-to-face and
(b) head-to-tail conformations.



1-5 Outline of Doctoral Thesis

The basic concept of KPFM employed for the project will be introduced in Chapter
2. The experimental methods will be denoted in Chapter 3. Following that, the KPFM of
organic monolayers on silicon oxides will be shown, and the origin of the VL shift at an O-I
interface will be discussed in Chapter 4. The geometric effects with the energy alignment at
D-A interfaces will be presented in Chapter 5. Finally, a summary of these experiments and

an overlook will be given in Chapter 6.



Chapter 2

Basic Principle of Kelvin Probe Force Microscopy

2-1 Historical Introduction of Scanning Probe Microscopy

The development of Scanning Probe Microscopy (SPM) was initiated in 1982 when
Binnig and Rohrer invented the Scanning Tunneling Microscope (STM) [33]. This apparatus
made it possible for the first time to observe single atoms on metallic surfaces in real space.
Many spectacular high-resolution images of metallic and semi-conducting surfaces were
published during the following years [34-37]. Binnig and Rohrer were rewarded for their
pioneering invention with the Nobel Prize in 1986. Despite all euphoria, there exist some
restrictions of the STM technique. Since the STM measurement depends on a small tunneling
current flown between a metallic tip and a sample, the application was limited to electrically
conductive materials.

It was also found that atomic forces act in tunneling distance [38,39], which
motivated Binnig to develop a microscope that uses those forces as a detection signal.
Together with Quate and Gerber, a prototype of the Atomic Force Microscope (AFM) was
built in 1986 [40]. In contrast to the STM, the AFM is available for not only conductive but
also insulating materials.

The heart of the AFM is composed of a tip attached to a cantilever (Fig. 2-1(a)).
The cantilever becomes slightly bent by the forces at a small tip-sample separation. The force
is given by a model of the Lennard-Jones potential (Fig. 2-1(b)). The Lennard-Jones potential

is described by



U(r)=4¢

)]

where U(r) is potential energy, r is distance, ¢ is the depth of the potential well, and & is the
distance at which the potential is zero. Pauli repulsion acts at a short range owing to
overlapping electron orbital while attractive force acts at a long range. AFM is classified into
static mode (contact mode) and dynamic mode (Tapping Mode and Non-Contact Mode)

according to the distance between the tip and sample (Fig. 2-1(b)).

(a) (b)

Cantilever Energy
A

Distance

——

1
1
1l
\1
“"\l
v

[ Contact Mode I I Non-Contact Mode l

Tapping Mode

Fig. 2-1. (a) Schematic view of basic AFM system. (b)
Lenard-Jones Potential. The repulsive force acts in the region
below the dashed line, while the attractive force acts in the region
by the upper dashed line.

2-1-1. A Static Mode in AFM Measurements

In the static mode, the tip is brought into mechanical contact with the sample. The
tip displacement is used as a feedback signal to keep the forces constant during the scan. The
change of the tip position results in a topographical map of the surface. However, because of

the close proximity to the sample, soft materials are scratched by a tip.
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2-1-2. A Dynamic Mode in AFM Measurements

In the dynamic mode, the cantilever is excited perpendicular to the surface.
Typically, the spring constant of the cantilever is from several 10 N/m to several 100 N/m.
High values are desired in order to avoid the ‘jump into contact’ effect [39]. The dynamics of
a vibrating cantilever yields to feedback including information about the force between the
tip and surface. In dynamic AFMs, the amplitude and frequency shift are used as a feedback
parameter to track the topography of the surface.

Martin et al. have pioneered the amplitude modulation (AM) mode, that is, the
tapping mode [41]. AM-AFM is widely used in air and liquid environments. The cantilever is
excited at a frequency value with oscillation amplitude ranging between 10 and 100 nm.
Usually, the frequency value is chosen to be slightly higher than the resonant frequency of
the cantilever. The signal in the AM-mode corresponds to the change of the oscillation
amplitude. The tip-cantilever ensemble is approached towards the sample until the oscillation
reaches a set point value. An image is formed by scanning the tip on the sample, as the
amplitude is kept at a set point value.

In the FM-mode, the non-contact mode, developed by Albrecht et al. [42], the
cantilever is driven at its resonance frequency with amplitude of several nm. The phase
between the driving amplitude and the oscillation amplitude is kept constant at the optimum
value and the excitation is controlled in a way to keep the oscillation amplitude constant. A
change in the force gradient causes the shift in the oscillation frequency, which are detected
by a FM demodulator. The resulting frequency shift is used as the feedback signal to control

the distance. Additionally, most experiments in ultrahigh vacuum (UHV) are performed in

11



FM-AFM, which allows to the first true atomic resolution [43] in UHV.

2-2. Kelvin Probe Force Microscopy
2-2-1. Application of AFM

Many progresses of AFM have been made to obtain not only an atomic force but
also a friction force [44,45], a magnetic force [46-48], an electrostatic force [49-51], a
chemical bonding [52], and so on. Kelvin probe force microscopy (KPFM) is one of
applicable AFMs for measuring work function and surface potential. A KPFM imaging with

atomic resolution is reported in combination with NC-AFM [53,54].

2-2-2. The Kelvin Principle

The Kelvin probe force microscopy derives from the method developed by Lord
Kelvin in 1898 [55]. The Kelvin methods are based on measurements with a probe and a
sample, and determine the difference in work function between two materials, that is, a
contact potential difference (CPD). The contact potential difference Vcpp between two

materials is given by

1 AD
Vern = g(‘pl - ¢2) = T ’ 2-2)

where @;and @, are the work functions of the two materials.

Figure 2-1 shows the principle of the measurements. As two conductive materials
are separated, the energy diagrams are located with respect to a common vacuum level (VL)
energy (Evyr), as shown in Fig. 2-1(a). By electrically connecting the two materials, the Fermi
energy aligns through charge transfer from one material to the other (Fig. 2-2(b)). The

potential difference Vcpp forms an electric field between the two materials. By applying a

12



voltage Vpc = Vepp, the potential difference can be compensated for, and the electrostatic

fields between the materials are nullified (Fig. 2-2(c)).

Fig. 2-2. Schematic view of two materials with different work functions.
In (a) the materials are not connected and have the same vacuum energy
Evyi. In (b) the materials are electrically connected and the Fermi energy
levels Er are equalized, resulting in the contact potential Vepp. Applying a
DC-voltage Vpc in (¢) compensates for this contact potential.

The original Kelvin method is based on the modulation of a plate capacitor between

a probe and a sample [55]. The two materials were brought close together, leaving a very thin

gap between them. The distance between the two plates is modulated with a periodic
oscillation at the frequency . This modulation leads to a current given by

1(2) = (V=¥ pp JAC cos ot . 2.3

AC is hereby the variation of the capacitance caused by the oscillation. To determine the

contact potential difference, a bias voltage Vpc is applied to the system. This voltage is

adjusted to a value at which the electric field in the gap becomes zero, resulting in no current.

Although this method has a high accuracy in the determination of potentials, it is not possible

to obtain the spatial dependence of CPD.
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2-2-3. Principle of Kelvin Probe Force Microscopy

Kelvin probe force microscopy (KPFM) combines AFM with the original Kelvin
method. Instead of a modulation current in the original Kelvin method, electrostatic force
between the tip and a sample is measured in KPFM.

The first approach of KPFM goes back to Weaver and Abraham in 1991 [56]. The

electrostatic force (Fes) between the tip and sample is given by

1aC 2
2= 55 V= Fem) 23)
where z is the distance between a tip and a sample, Vyias is the voltage applied between the
cantilever and the sample, and Vcpp is the contact potential difference. To separate

electrostatic and atomic forces, an additional AC-voltage Vac with the frequency o is applied

between the tip and sample. The resulting potential difference
bi:

Vi =Vo— I/;\csin(wt) , (2-4)

with Vo = Vpc - Vepp can be inserted into equation (2-3), which results in three additive

components of the electrostatic force [S7]:

V:oac
= — . bias =K +F+F, 2-5
es 2 aZ DC @ 2w ( )
aC |1 2 V)
F&”;[E(Vm-%) +_ZC]’ 2-6)
oC|1 2 .
w=—¥[§(l/oc‘l/cm) VACsm(a)t)}, 2-7)
aC ¥V
F =4+——ACcos(2w/), 2-8

with 6C/0z being the capacitance gradient between the tip and sample. Compensating for the

contact potential by setting Vpc = Vepp leads to a nullified first harmonic F,, of the

electrostatic force (Eq. 2-7). Then, the DC part of the force Fpc becomes proportional to VAZC

14



(Eq. 2-6), causing a minimal static force and a constant bending of the cantilever. The second
harmonic equation (2-8) contains the capacitance gradient and can therefore be used to
perform capacitance spectroscopy at 2w. The electrostatic interaction is obtained by tuning
of Vac to the second resonance of the cantilever with a lock-in technique and a feedback

circuit, while a cantilever scans the surface of a sample.

2-2-4. KPFM Measurements of Adsorbates on a Substrate

Usually, a KPFM is used to obtain a VL shift by measuring the spatial CPD of
adsorbate and substrate. Figure 2-3 shows a typical example of a KPFM image for an
inorganic semiconductor on metal. The alignment of Fermi levels between the semiconductor
and the metal interface forms an electric dipole at the interface, causing a VL shift. In this
Thesis, the interface dipole pointing from the surface to the vacuum is defined as ‘“positive”’,
which corresponds to a downward VL shift. A downward VL shift is expressed as ‘‘negative’’
sign (4 < 0). While the cantilever scans the sample, the local CPD of metal and
semiconductor/metal are detected in each position. The difference in CPD between metal and
semiconductor/metal corresponds to the VL shift, which is reflected as a contrast in a KPFM
image.

A KPFM technique has been applied to organic materials on inorganic substrates.
Zerweck et al. carried out the KPFM of C¢y monolayers on Au, Cu, and Ag [58]. They
showed that the VL shifts measured by KPFM and UPS coincide with each other.
Furthermore, the application of KPFM to insulating materials was also established [59,60].
The insulating materials are put on a conductive substrate to apply a bias voltage between the

conductive cantilever and substrate. It is known that the electric field applied between a
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conductive cantilever and substrate does not decay in an insulating material owing to the

sharpness of the cantilever. Currently, KPFM has been used for insulator substrates with

thicknesses of ~1 mm.

Topographic Information

| DI 1 N satint
== [ — ;\.,i",\:{».:u‘ulgi..m

Semiconductor

Metallic substrate
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Metallic substrate Substrate Semiconductor A>0
Evi = A"~ Ev F=A"~ vy bl .
Toltin . R Negative
()] ()] A<0
| I X

Fig. 2-3. A schematic view of KPFM observation of semiconductor on
metal substrate. The VL shifts occur at a metal-semiconductor interface. In
KPFM measurements, the contrast corresponds to the VL shift (A). A

positive value of A shows an upward VL shift and a negative value of A
shows a downward VL shift with respect to a substrate.
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Chapter 3

Experimental Setup

3-1. Electric Circuits of AFM and KPFM Systems
3-1-1. Electric Circuits of an AFM Machine

In this Thesis, a commercial JEOL JSPM 5200 AFM was operated with a tapping
mode at room temperature. The oscillation amplitude of a cantilever yields to feedback
including the topographic information. The AFM consists of a cantilever with a tip, a sample
stage and an optical beam deflection, as shown in Fig. 3-1. The cantilever is oscillated by
using the piezo attached to the cantilever holder. The beam deflection is utilized to obtain the
displacement of the cantilever. Laser light irradiated from a solid state diode is reflected off
the back of the cantilever and is collected by a position detector consisting of four spaced
photodiodes whose output signal is detected by a differential amplifier. The vertical
photodiode (A-B) provides the signal of the cantilever parallel to a scanning direction, while
the lateral one (C-D) is available to obtain the signal of the cantilever perpendicular to a

scanning direction. The vertical signal provides topographic information of a sample.
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Photo detector

C D Laser
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Cantilever

Sample

Piezo

Fig. 3-1. A model of the beam-detection method. The light reflected by the
cantilever is detected by a four-divided photo detector, which is able to record
normal and lateral displacement of the cantilever.

3-1-2. Electric Circuits of a KPFM System

The schematic view of the electric circuit of KPFM is shown in Fig. 3-2. AC bias
voltage is applied to a tip from the lock-in amplifier (Boston Electronics). The cantilever
amplitude of the response to the electrostatic force induced by the AC bias voltage is
measured by photo-diode. The @ component of this signal is proportional to Vpc - Vepp, and
is taken thorough lock-in amplifier. The KPFM control module is used to add a DC offset to
the bias modulation, which was adjusted to null the Vpc - Vepp. The Vic is plotted in a KPFM

image.
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Fig. 3-2. The electrical circuit of KPFM measurements by
using lock-in amplifier.
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Fig. 3-3. Experimental procedures from a sample preparation
to a KPFM observation.
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3-2. Sample Preparation
The procedure from sample preparation to KPFM observation is summarized in Fig.

3-3.

3-2-1. Substrates

High-doped p-type and n-type of silicon wafers (0.01 Qcm) covered with
300-nm-thick thermal oxides were used as substrates. The substrates were cleaned in acetone
and isopropyl alcohol. The thermal SiO, was cleaned by an UV-ozone method [61]. Through
this cleaning, organic contaminations on the substrate were removed, and the thermal SiO;
surface was terminated with an OH group. The surface showed a water contact angle of
almost 0° because of its hydrophilic property. Hexamethyldisilazane (HMDS) and
trifluorosilane (CF3-silane) were covered on the substrate by chemical vapor deposition [62].
The substrate was placed together with the HMDS and CF;-silane liquid in the container. The
container was heated in an oven at 120 “C for 30 minutes. The substrates were cleaned in
acetone and isopropyl alcohol again. The silane termination of SiO, was confirmed by water
contact angles of 60 ° (HMDS) and 70 ° (CF;-silane) [63,64]. The thermal SiO, was then
quickly loaded into a vacuum chamber. The HMDS and CF3-silane terminated substrates are

named CHj;- and CF;-SiO, with the chemical species on the surface respectively.

3-2-2. Vacuum Depositions of Organic Molecules on SiO; Substrates
The schematic view of the vacuum chamber is shown in Fig. 3-4. The chamber was

pumped at the pressure of 5 x 10 Pa with a combination of rotary and turbo molecular
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pumps. Four molecular sources were located in the chamber. The target molecules were
deposited with the substrate heated by a ceramic heater. The deposition rate and the coverage
were controlled with a frequency shift of a quartz oscillator. The shutter was opened by hand,

when the frequency shift reached the desired value.

(a) Side view (b) Top view

Sample
Holder Oscillator

Shutter

O

\ S

Fig. 3-4. (a) Side and (b) top views of the deposition chamber. One K-cell and
three crucibles are prepared in the chamber.

3-2-3. Organic Molecules

Typical plate-like and alkylated plate-like conjugated molecules are used in this
Thesis (Table 3-1). Pentacene (PEN), a-quinquethiophene (5T), a-sexithiophene (6T),
a-septithiophene (7T), and a,0-dihexyl-sexithiophene are donor (D) molecules, while
perfluoropentacene  (PFP) and  ditridecyl-3.4,9,10-perylenetetracarboxylic  diimide

(PTCDI-C13) are acceptor (A) molecules. It has been reported that the former and latter



molecules show p- and n-types of OFET characteristics with high mobility, respectively.

PEN, 6T, DH-6T, and PTCDI-C13 were purchased from Aldrich, 5T and 7T from Wako

Chemical, and PFP from Kanto Denka Kogyo.

These molecules were purified by vacuum sublimation prior to use. Table 3-2

shows substrate materials, molecular species, coverage, and substrate temperature in the

species prepared in each section. In Chapter 5, two kinds of different molecules were

separately deposited on OH-SiO, to prepare a D-A interface. The second molecules were

deposited at room temperature (RT) to avoid mixing with the first ones.

Table. 3-1. Organic molecules used in our experiments.

PEN PEP DH-6T PTCDI-C13
Molecular Name ditridecyl-3,4.9,10-
Pentacene  Perfluoropentacne  a.,w-dihexyl-sexithiophene perylenetetracarboxylic diimide
Chemical Formula Cy,Hy, CuF4 C3¢H35S¢ CsoHgsN,O4
Molecular Weight 278 530 663 790
X\
% 4,
> 5 <
Molecular Shape ® o 4
: :r v ‘_AVA
< :r 1 :_,:::
, oA A
”.: "y:~
£
& .
S %
HOMO 5.0eV [32.65] 6.7¢V [65] 4.7eV [6] 6.3 eV [69]
LUMO 29eV 5.0eV 29eV 42eV
Sublimation Temperature] 150 °C 150 °C 400 °C 420 °C
Mobility 5.5 cm?/Vs [66-68] 0.2 cm?/Vs [65] 1.0 cm?/Vs [70] 2.1 em?Vs [71]
Color Purple Purple Orange Red
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Molecular Name

a-quinquethiophene

5T

6T

a-sexithiophene

7T

a-septihiophene

Chemical Formula

Molecular Weight

Molecular Shape

HOMO
LUMO

Sublimation Temperature

CyoH 285

412

5.1eV*
2.8eV

150 °C

CygH 486
495

5.0 eV*
3.2eV

280 °C

CasHi6S;
578

4.7 eV*
3.0eV

370 °C

Mobility 0.05 cm?/Vs [72] 0.08 cm?/Vs [72] 0.13 cm?/Vs [72]
Color Yellow Orange Orange
Table. 3-2. Substrate materials, molecular species, coverage, and substrate
temperature used in each sample.
First Coverage Substrate S d Coverage Substrate
) T t SECON Temperature
St Molecule (ML) em(;:’ecrz)a Y€1 Molecule (ML) (Q’C)
Th 1) OH-Si0,/p-Si
Seo qp | L) OERilp-S PEN 0.7 60
(Thermal) OH-SiO,/n-Si
Sec. 4-4 (Thermal) OH-SiO,/n-Si PEN 0.7 \
(Thermal) CH,-SiO,/n-Si PEN 0.7 60 A\
Sec. 4-6 4 e . ”
(Thermal) CF4-SiO,/n-Si PFP 07 60 N
5T 0.4 80
Sec. 4-8 (Thermal) OH-Si0,/n-Si 6T 0.6 100
7T 0.3 120
: . DH6T 0.5 100
Sec.4-12 | (T 1) OH-SiO,/n-S
ec (Thermal) OH-Si0,/n-Si PTCDI-CI3 0.3 100 \
. . (Thermal) OH-SiO,/n-Si PEN 1.4 60
Sec. 4-5-2 ¥
(Thermal) CF5-SiO,/n-Si PFP 1.4 60
Sec. 5-2-1 | (Thermal) OH-SiO,/r-Si PFP 0.6 60 PEN 04 RT
Sec. 5-2-2 | (Thermal) OH-SiO,/n-Si PEN 0.6 60 PFP 02 RT
Sec. 5-4 (Thermal) OH-SiO,/n-Si PFP 12 60 PEN 1.6 RT
5T 0.5 80
Sec. 5-5-2 | (Thermal) OH-SiO,/n-Si 6T 0.6 100 PFP 03 RT
T 0.4 120
Sec. 5-5-4 | (Thermal) OH-SiO,/n-Si 6T 0.7 100 PEFP 0.3 RT

* HOMO and LUMO levels of 5T, 6T, and 7T are calculated by DMol3.
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3-2-4. KPFM Measurement

A silicon cantilever was coated with Au (20 nm)/Cr (10 nm) (MikroMasch,
NSC35/Cr-Auw/15). Its spring constant was 1.9 N/m. The tip diameter was 10 um and the tip
height is 40 um. The resonance frequency was approximately 200 kHz.

KPFM was carried out in a nitrogen gas atmosphere. In an ambient condition, an
unstable signal occasionally provided the reversal of the contrast in a KPFM image of
Au/n-Si (Fig. 3-5(b)) taken simultaneously with a topographic image (Fig. 3-5(a)), because of
the instability of electric field between a sample and a tip. Thus, nitrogen gas was flown into
the measurement chamber at a rate below 10 ml/min, making the electric field more stable
(Fig. 3-5(c)).

The KPFM signal depends on a scan speed, an AC bias voltage and the frequency.
The KPFM of Au/n""-Si compensates for the signal in nitrogen gas condition. The optimized

scan speed, AC bias voltage, and frequency were 0.1 Hz, 1.0 V, and 60 kHz, respectively.
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Figure 3-5. (a) A topographic image of
Au/n-Si. The scan size is 18 pm x 18
pm. KPFM images obtained
simultaneously with the topographic
image in (b) ambient and (c) nitrogen gas
conditions.

3-3. Calculations

DFT calculations were performed with the program DMol3 to obtain a molecular
orbital [73]. A plane wave basis set was used for the valence electronic states and Vanderbilt
ultrasoft pseudo-potentials were applied for the calculation of core-electron interactions. The

local density approximation (LDA) was utilized.



Chapter 4

Electrostatic Properties of Organic-Insulator interfaces

4-1. Organic-Thick insulator interfaces

It has been reported that charge transfer occurs between an organic material (OM) and
an underlying conducting substrate through thin insulating film [13-18]. The increase in
thickness of insulating film is considered to reduce charge transfer efficiency between OM
and the underlying conducting substrate. It is interesting to clarify the origin of a VL shift of
organic films on the insulating oxides with a thickness enough to prevent electrons tunneling
between OM and the underlying Si. In this Section, I show the KPFM of PEN on 300-nm-

thick thermal SiO; grown on p- and n-type silicon, and studied the origin of the VL shift.

4-2. Results and Discussion of Organic-Thick Insulator Interfaces

Figures 4-1(a) and 4-1(b) show the topographic images of PEN on 300-nm-thick
SiOy/p-Si and SiOy/n-Si, respectively. The height of the PEN films with respect to the
substrate was 1.8 nm + 0.2 nm. The height of the PEN ML is also in the range from 1.6 nm to
2.2 nm measured by AFM [74-78]. It is unclear why the values reported are larger than the
molecular length (1.40 nm) and even the length estimated by taking the van der Waals radii
(c.a. 1.64 nm) into consideration. In addition, the height of PEN on thermal oxides is larger
than that on native oxides [74].

Figures 4-1(c) and 4-1(d) show the KPFM images of PEN MLs on thermal SiO,/p-
and SiO»/n-Si taken simultaneously with the topographic ones, respectively. PEN MLs
appeared darker than the substrates, indicating a downward VL shift. The VL shifts of PEN

on both substrates were 150 mV.
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Next, I discuss the origin of a VL shift at an OM-thick insulator interface. At an
organic-thin insulator interface, the energy position of the OM and the insulator-underlying
conductor system determines a VL shift on the basis of the IDIS model [18]. In this model, a
VL shift is proportional to the effective work function of substrates. The effective work
function of the background silicon of SiO,/p-Si and SiO,/n-Si is known to be 5.2 eV and 4.2
eV [79]. Actually, PEN on native SiO,/p-Si and SiO»/n-Si showed different VL shifts of -510
mV and -310 mV, respectively, in my previous experiment. On the other hand, the VL shift
occurs for PEN on thermal SiO,/p-Si and SiO,/n-Si was the same, in spite of their effective
work function. Therefore, the origin of a VL shift at an OM-thick insulator interface is not
charge transfer between PEN and underlying silicon owing to the thick insulating film. This

means that the IDIS model is not applicable to the system of OMs on thick insulators.
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Figure 4-1. Topographic images of PEN MLs deposited on thermal
oxides on (a) p- and (b) n-Si. KPFM images of PEN MLs on SiO,/ (a) p-
and (b) n-Si obtained simultaneously with topographic images. The scan
size is 3 um X 3 um.

The electronic interaction between molecular orbitals of PEN and electronic states
of SiO; can also be ignored, since the energy gap between these levels is significantly large:
The valence band (E,) and conduction band (E.) are 9.0 eV and 0.1 eV, respectively [79].
The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of PEN with respect to a VL are 5.0 eV and 2.9 eV, respectively [32,65]. Thus, I
examine a direct transfer of electrons between the energy level of PEN and the charge
neutrality level (CNL) of SiO,, which is a surface states. The CNL of SiO, is known to be 4.9
eV [79]. Since the HOMO level of PEN is located near the CNLs of the SiO,, it seems

possible that charge transfer occurs from PEN to SiO,. This scheme results in a downward

28



VL shift, which agrees with our experimental result. The energy diagram can be described in

Fig. 4-2.
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Figure 4-2. Energy diagrams at the interface PEN and thermal oxides/p-
Si (a) and n-Si (b) in the separation with each other. If the charge transfer
between PEN and SiO, occurs, the energy diagrams at the interface PEN
and thermal oxides/p-Si and n-Si can be described in 4-2(c) and 4-2(d),
respectively.

4-3. Perfluoropentacene Monolayers on Thick Insulators
The KPFM of PEN on thermal SiO,/p-Si and SiO./n-Si suggests not the charge
transfer between an OM and an underlying conductiing substrate, but the charge transfer

occurs between an OM and an insulator. In order to verify this model, it is essential to
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examine the interface properties of an acceptor molecule and an insulator. Puntambeckar et
al. obtained the VL shifts of PEN and N, N'-dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-
C8) on SiO; in the opposite direction. They proposed that the results were attributed to the
difference in the direction of electron transfer, since PEN is typically regarded as an electron
donor and PTCDI-C8 as an acceptor [18]. In this Section, I perform the KPFM of perfluoro-
PEN (PFP) on 300-nm-thick thermal SiOy/n-Si, and determine whether the charge transfer
model is applicable for a VL shift at an OM-thick insulator interface or not. PFP is known to

be a typical acceptor molecule with the same molecular frame as PEN.

4-4. Results and Discussion of Perfluoropentacene Monolayers on Thick Insulators

Figure 4-3(a) shows the topographic image of PFP ML on SiO,. The height of the
PFP films was 1.6 nm * 0.2 nm, which agrees well with that reported previously [21,80].
XRD analyses revealed that the d(001) spacings of the film and bulk phases are 1.58 nm and
1.55 nm, respectively [81]. It is considered that the PFP molecules in ML on SiO, have the
same orientation as those in the bulk phase. The molecular axis is inclined by approximately
18 degrees with respect to the surface normal.

Figure 4-3(b) shows the KPFM images of PFP ML taken with the topographic
image (Fig. 4-3(a)). PFP ML on OH-SiO, appeared darker and brighter than the substrate,
indicating a downward VL shift. A downward VL shift of 80 mV was observed for the ML

on OH-Si0,.

30



Figure 4-3. (a) Topographic and (b) KPFM images of PFP MLs
deposited on SiO,. The scan size is 3 um X 3 pm.

Charge transfer between OMs and SiO, is one of the origins of VL shift at an OM-
thick insulator. HOMO and LUMO of PFP are located at 6.7 eV and 5.0 eV below VL [65].
The HOMO and LUMO levels of molecules are also shown with respect to the VL of the
substrates (Fig. 4-4). The CNL of SiO, is located near the LUMO level of PFP. Electron
transfer is considered to occur from CNL of SiO, to the LUMO of PFP, causing an upward
VL shift. Contrary to this expectation, the direction of the VL shift of PEN was the same as
that of PFP in our experiments. Therefore, charge transfer between OMs and SiO, is not
considered to be the origin of the VL shift. This indicates that an upward VL shift of PTCDI-
C8 obtained by Puntambeckar’s group [18] may not also originate from charge transfer. The

effect of an alkyl chain on a VL shift will be denoted in Sec. 4-7 and Sec. 4-8.
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Figure 4-4. The energy diagram of PFP and SiO, in the separation with
each other.

4-5. Organic Monolayers on Thick Insulator Terminated by Various Silanes

Chen et al. proposed not only charge transfer but also polarization for the origin of
VL shift at an OM-thick insulator interface [17]. Polarization is considered to occur with
charge distribution on the surface of a substrate. The termination of silane molecules on SiO,
modifies the surface charges with the chemical species. It is important to study the effect of
the charge distribution of silane molecules on a VL shift. In this Section, I show the KPFM

PEN and PFP MLs on CH3- and CF3-SiO,.

4-6. Results and Discussion of Organic Monolayers on Thick Insulator Terminated by
Various Silanes

Figures 4-5(a) and 4-5(b) show the topographic images of the PEN MLs on CH;-
and CF3-Si0,/n-Si, respectively. The height of the PEN on both substrates films was 1.8 nm,
indicating that the morphology of PEN and PFP on CH;- and CF;-SiO, is the same as that on
OH-Si0,. Since the height of the PFP films on CH;- and CF3-SiO, was approximately 1.6 nm
(Figs. 4-5(c) and 4-5(d)), there is considered to be no effect of the surface modification on the

film morphology.
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Figure 4-5. Topographic images of PEN MLs deposited on (a) CH3- and
(b) CF3-Si0y/n-Si, and PFP MLs on (¢) CH;- and (d) CF;-SiO,/n-Si. The
scan size is 3 um X 3 um.

Figures 4-6(a) and 4-6(b) show the KPFM images of the PEN MLs on CHs- and
CF;3-Si0, obtained simultaneously with the topographic images in F ig. 4-6(a) and 4-6(b). The
PEN ML on CH;- and CF3-SiO; appeared darker and brighter than the substrate, indicating a
downward and an upward VL shift, respectively. A downward VL shift of 60 mV was
observed for the ML on CH;3-SiO,, while the film on CF 3-S10; exhibited an upward VL shift
of 110 mV. Figures 4-6(c) and 4-6(d) show the KPFM images of PFP on CH;- and CF3-SiO,,
respectively. The downward shifts of 40 mV were observed for PFP on CHj;-Si0,, while an

upward VL shift of 70 mV was observed for PFP on CF;-SiO,.
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Figure 4-6. KPFM images of PEN MLs on (a) CHs- and (b) CF;-
SiOy/n-Si, and PFP MLs on (¢) CHs- and (d) CF;-SiOy/n-Si
obtained with the topographic images in Fig. 4-6.

The results in Sec. 4-2, 4-4 and 4-6 are summarized in Table 4-1. First, both the
PEN and PFP MLs on OH- and CH;-SiO, showed a downward VL shift, while those on CF3-
SiO; showed an upward VL shift. Second, the shift observed for both PEN and PFP on OH-

SiO; was larger than that on CH;3-SiO,.
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Table 4-1. KPFM results of PEN and PFP on OH-, CH3-, and CF;-Si0,.

APEN APFP

(mV) (mV)
OH-SiO, -150 -80
CH;-Si0O, -60 -40

I discuss the dipoles in molecules induced by charges distributions of chemical
species on SiO,. In a hydroxyl group of OH-SiO,, oxygen and hydrogen are charged
negatively and positively, respectively, owing to the difference in electronegativity. This
charge distribution induces the electric dipole in PEN. The dipole points from the surface to
the vacuum, which results in a downward VL shift. The energy diagram is described in Fig.
4-7(a). Hydrogen atoms in the methyl group of HMDS are charged positively with respect to
carbon atoms. This also induces the positive electric dipole in molecules that causes a
downward VL shift. Since the electric dipole of a methyl group is smaller than that of a
hydroxyl group, the dipole induced in molecules on CH;-SiO, is smaller than that on OH-
Si0,, which agrees well with our experimental results. In the case of the monolayer on CF;-
SiOy, F is negatively charged and C is positively charged. These charges induce negative
electric dipoles in molecules. These dipoles result in an upward VL shift, which agrees well
with the results obtained in the present experiment. Thus, I conclude that the dipoles induced

by the charges of chemical species on SiO, determine the VL shift.
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Figure 4-7. Energy diagrams at the interface of molecules on (a) OH- and
(b) CF3-Si0O,. The VL shift is attributed to a dipole in molecules induced
by the surface charges. The CF; termination of SiO, shows an upward
VL shift of 150 mV at the surface [62].

4-7. Oligothiophene-Thick Insulator Interfaces

The KPFM of PEN and PFP on SiO, showed that the dipole in molecules induced
by charge of substrate surface leads to VL shift. This proposal is helpful in determining the
direction of VL shift at an O-I interface. However, it is difficult to predict the magnitude of a
VL shift. The VL shift is thought to depend strongly on molecular species, as observed for
the difference in the shift between PEN and PFP on SiO,.

Oligothiophene is one of the most promising molecules for applications because of
their excellent electronic properties, stability under ambient conditions, and ease of chemical
modification. The molecular length changes with the number of thiophene ring. n-o-
thiophene (n-thiophene, nT) is described with the number (n) of thiophene units. The carrier

mobility of OFET increases along with the molecular length.
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In this Section, I show the KPFM of a-quinquethiophene (5T), a-sexithiophene (6T)
and a-septithiophene (77T) monolayers on OH-SiO, and discuss their length dependence of

VL shifts.

4-8. Results and Discussion of Oligothiophene - Thick Insulator Interfaces

Figures 4-8(a), 4-8(b) and 4-8(c) show the topographic images of the 5T, 6T and 7T
MLs on SiO; with a thickness of 300 nm grown on n-Si, respectively. In the image, brighter
areas exhibited molecular films and darker areas were the substrate. The heights of the 5T, 6T
and 7T films with respect to the substrate were 2.5 nm, 2.8 nm and 3.1 nm, respectively.

It has been reported that the 5T, 6T and 7T molecules also grow in a layer-by-layer
manner on SiO;, with its molecular axis almost perpendicular to the surface. It is unclear that
the values obtained are longer than the molecular length of 5T (2.2 nm), 6T (2.5 nm) and 7T
(2.8 nm) with taking the van der Waals radii into account, as was discussed also for PEN on
SiO,.

Figures 4-8(d), 4-8(e) and 4-8(f) show the KPFM image of 5T, 6T and 7T
monolayers on SiO, recorded the topographic image in Fig. 4-8(a), 4-8(b), and 4-8(¢c),
respectively. The MLs appeared darker than the substrate, leading to downward VL shifts.

The shifts for 5T, 6T and 7T showed the same, that is approximately 90 mV.
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Figure 4-8. Topographic images of (a) 5T, (b) 6T, and (c) 7T
deposited on OH-Si0,. KPFM images (d) 5T, (e) 6T, and (f) 7T
monolayers obtained simultaneously with topographic images.
The scan size is 3.5 um X 3.5 pm.
The charge transfer can be denied for the origin of VL shift in n-thiophene on SiO»,

since the difference between their energy level and a CNL of SiO, does not reflect the VL

shift. Therefore, it is considered that the surface charge of OH-Si0; induces a positive dipole
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also in n-thiophene. Since the induced dipole is determined by the polarizability of
molecules, it was expected that the VL shift show the length dependence. I discuss about this
matter using the Helmholtz equation [4]. Helmholtz equation is described as
A = p,/egeS = (a°E),/eg)S, “é-1)
here, g is a dielectric constant, and ¢ is a relative dielectric constant. S is the surface area
occupied by one molecule. y,is a dipole moment along the direction normal to the substrate.
The total dipole can be expressed as
n= ok (4-2)
a is a polarizability tensor, and E is a vector of electric field.
The squares of unit-cells of 5T, 6T and 7T films are reported to be 4.64 nm?, 4.73
nm? and 4.62 nm?, respectively [72]. The electric field induced by OH-SiO, surface is also a
constant value.
Since the VL shift showed the same for all films, the ratio between the
polarizability and relative dielectric constant is given as
QsT/EST ~ U6T/E6T ~ O7T/ETT. (4.3)
The ratio o/e of n-thiophene is independent of their length. In general, relative
dielectric constant and polarizability tend to increase along with molecular mass, as is shown
for oligoacene molecules [82,83]. It is found that the polarizability of n-thiophene increases
in proportion to the relative dielectric constant, as the ring number becomes larger. Since the
polarizability and relative dielectric constant are an important parameter for determining the
electrostatic properties of molecule, the estimation of polarizability and dielectric constant in
the combination with KPFM and Helmholtz equation is helpful in determining a VL shift.
However, there remains a problem in using Helmholtz equation. When Helmholtz
equation is applied to the VL shifts of PEN on OH-, and CH3- and CF;-SiO,, their relation of

the relative dielectric constants is also obtained. Since PEN films have the same square of
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unit cell, polarizability and electric field, it is considered that the relative dielectric constant
of PEN on each substrate is proportional to the VL shift obtained experimentally. This seems
strange, since the relative dielectric constant is basically specific value to molecular species.
Therefore, I expect that the theoretical approach is performed in order to clarify whether the
Helmbholtz equation is applicable for a VL shift of organic MLs on a thick insulating film or

not.

4-9. Monolayers of Organic Molecules with Alkyl Chains on a Thick Insulator

The KPFM of n-conjugated molecules on SiO; indicates that the dipoles induced by
the charges of chemical species on SiO; determine the VL shift. Puntambeckar et al. obtained
an upward VL shift of alkylated n-conjugated molecules, PTCDI-C8, on SiO, and proposed
that the origin of VL shift was charge transfer [18]. It is interesting to clarify the effect of the
spacer between the substrate and the & system on charge transfer efficiency. In this Section, 1
show the KPFM of DH-6T and PTCDI-C13 to determine the origin of VL shift of molecules

with alkyl chains on insulator.

4-10. Results and Discussion of Monolayers of Organic Molecules with Alkyl Chains on a
Thick Insulator

Figures 4-9(a) and 4-9(b) show the topographic images of DH-6T and PTCDI-C13
monolayers deposited on OH-SiO,. The height of DH-6T with respect to the substrate was
3.6 nm * 0.3 nm, and that of PTCDI-C13 was 2.5 nm + 0.3 nm, which agree with those
reported previously [84,85]. The long axes of these molecules are also known to be
perpendicular to the substrate surface [84,85]. It has been reported that the films consist of

cofacial n-stacks.
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Figures 4-9(c) and 4-9(d) show the KPFM images of the DH-6T and PTCDI-C13
monolayers on OH-Si0,, respectively. In these images, both films appeared brighter than the

substrate, indicating an upward VL shift. The shift was approximately 10 mV for both films.

PTCDI-C13

Figure 4-9. Topographic images of (a) DH-6T and (b) PTCDI-
C13 monolayers deposited on OH-SiO,. KPFM images of (c)
DH-6T and (d) PTCDI-C13 monolayers obtained simultaneously
with topographic images. The scan size is 0.6 pm < 0.6 um.

Since the n-system with alkyl chains showed an upward VL shift, the origin of the VL
shift could not be explained by the dipole induced. The possibility of charge transfer is also

negligible, as shown below. The HOMO and LUMO levels of DH-6T are 4.7 ¢V and 2.9 eV
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[6], and those of PTCDI-C13 are 6.3 eV and 4.2 eV [69], respectively. Compared with the
CNL of 4.9 eV (OH-Si0,), electron transfer may occur from DH-6T to SiO; and also from
SiO, to PTCDI-C13, indicating VL shifts in opposite directions. Contrary to the expectation,
both molecules showed an upward VL shift. Charge transfer was considered to occur less
likely in the present case.

The structural deformation and/or asymmetry of the molecules on the surface also
induce an intramolecular dipole. Usually the organic molecules with alkyl chains consist of a
negatively charged = frame and a positively charged alkyl chain (Fig. 4-10(a)). In the case of
isolated DH-6T and PTCDI-C13 molecules, the net dipole is zero, owing to the structural
symmetry. The growth of these molecules on SiO; indicates that the upper alkyl chain leans
more than the lower chain (Fig. 4-10(b)), as was pointed out by Krauss et al [86]. The
structural deformation makes the direction of dipole in molecules nonparallel. The z
component of dipole relates to a VL shift (z shows a direction perpendicular to the surface)
on the basis of Helmholtz equation. Therefore, the dipole between a lower chain and a n
frame is more dominant, resulting in an upward VL shift (Fig. 4-10(c)). It is concluded that
the structural asymmetry in the molecule is a dominant factor for a VL shift at an alkylated
OM-Si0; interface. The effect of polarization and charge transfer is weakened because of the

alkyl chain inserted between substrate and the = orbital.
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Figure 4-10. (a) Charge distribution of an isolated m-conjugated
molecule with alkyl chains. (b) Deformation of the molecules by
the growth on SiO, substrate. (¢) Upper and lower dipoles induces
downward and upward VL shifts, respectively. Since z
component of the lower dipole is larger, the direction of a total
VL shift is upward.

4-11. Electrostatic Properties of the Second Layer

The dipole induced at an OM-thick insulator interface forms the electric field. In
multilayer growth, the classical electrostatics shows that the electric field propagates towards
outside with decaying. This indicates that a VL shift also decays with increasing film
thickness (Fig. 4-11(a)). The decay of a VL shift has been measured by PS techniques [1-3].
However, there are some exceptions that a VL shift does not follow the classical
electrostatics in the multilayer (Fig. 4-11(b)) [87.88].

Duhm et al. observed the reversal from a downward VL shift to an upward VL shift
with increasing thickness of PFP films on Ag(111) by using UPS [88]. They suggest that a
downward VL shift of 1 ML originates from the push-back effect at a PFP-Ag interface,
while an upward shift of more than 1 ML is derived from the charge transfer between the first
and the upper layers. The charge transfer occurs between the energy levels modified by the

structural difference: PFP molecules in the first and the upper layers grow on the Ag substrate
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with their molecular plane parallel and perpendicular to the surface, respectively. The
electronic structure of the upper layers decreases than that of 1 ML with respect to a VL. by
the local dipole of C-F bond. The energy difference causes charge transfer between the first
and the upper layers.

However, it remains a possibility that charge transfer occurs between the upper layer
of PFP and Ag substrate, since the wave function of Ag may penetrate through the first layer.
It is interesting to study the electrostatic properties of organic multilayer on SiO,, since
charge transfer between molecule and SiO, can be ignored. In this chapter, I fabricated 2

MLs of PEN and PFP on OH-SiO, and CF3-SiO,, and measured the VL shift by using KPFM.

(a) (b)
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Figure 4-11. Thickness dependence of energy diagrams at O-M
interfaces. (a) The dipole formed by dipole at interface propagates
with thickness. (b) The direction of VL shift changes in
multilayer.

4-12. Results and Discussion of Electrostatic Properties of the Second Layer
Figures 4-12(a) and 4-12(b) show the topographic images of ~1.4 ML PEN
deposited on OH- and CF;3-SiO,/Si, respectively. The dark areas reveal the first layer, while

the brighter areas show the second layer. The height of the second layer with respect to the
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first was 1.6 nm + 0.2 nm. The value becomes smaller than that of 1 ML. This indicates that
the height difference in each layer decreases gradually with increasing film thickness and
reaches the same value as that observed for the bulk crystal (1.41 nm) [82,90].

Figures 4-12(c) and 4-12(d) show the topographic images of ~1.4 ML PFP on OH-
and CF;-Si0,, respectively. The height of the second layer was 1.5 nm + 0.2 nm. The value
also becomes smaller than that of the first. It is considered that PFP also leans at larger angle
with film thickness, and the film orientation reaches the same structure as the bulk phase
(1.54 nm) [82].

Figures 4-13(a) and 4-13(b) show the KPFM images of ~1.4 ML PEN on OH-SiO;
and CF3-SiO, taken simultaneously with the topographic image in Fig. 4-12(a) and 4-12(b),
respectively. The second layers of PEN on both substrates appeared darker than the first
layers, leading to the downward VL shift. The VL shifts of the second PEN layer with respect
to the first on OH- and CF;-SiO; were 90 mV and 70 mV, respectively. Figures 4-13(c) and
4-13(d) show the KPFM images of PFP on OH- and CF;-SiO,, respectively. The brighter
contrast of the second layers for PFP revealed an upward VL shift. The VL shifts of PFP on

OH- and CF;-SiO; were 40 mV and 60 mV, respectively.
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Figure 4-12. Topographic images of PEN 1.4

PFP ML on (a) OH- and (b) F-SiO,, and PFP 1.4
(2ML) ML on (¢) OH- and (d) F-SiO,. The scan size
is 2.2 ym X 2.2 ym.
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Figure 4-13. KPFM images of PEN 1.4 ML on

(IML) (2) OH- and (b) F-SiOy, and PFP 1.4 ML on (c)

" ~ OH- and (d) F-SiO, obtained simultaneously

Bl 1 el 1m with topographic images. The scan size is 2.2
p- 4 um x 2.2 pm.
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The results are summarized as follows: the second layer of PEN on OH- and CF;-SiO,
showed a downward VL shift, while the second layer of PFP on OH- and CF3-SiO, showed
an upward VL shift. The direction of the VL shift reverses between the first and the second

layers of PEN on CF;-SiO; and between the first and the second layers of PFP on OH-SiO,.
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Charge transfer between the first and the second layers is one of the possibilities to
determine the origin of the VL shift. The energy difference to cause charge transfer between
the first and the second layers is generated by a local dipole inside molecules, ex. C*-H* in
PEN (Fig. 4-14(a)) and C*-F* in PFP (Fig. 4-14(b)) [90]. The effect of the local dipole
depends on the orientation angle of molecules in the film. According to the topographic
image, PEN and PFP in the second layer tilt at a larger angle to the surface normal than those
in the first layer. As a result, the energy levels of PEN and PFP in the second layer shift lower
and higher than those in the first layer with respect to a VL, respectively. This indicates that
charge transfer is likely to occur from the first layer to the second in PEN, causing an upward
VL shift. On the other hand, PFP molecule is expected to show charge transfer from the
second layer to the first, resulting in a downward VL shift. This direction of the VL shifts has
conflicts with our experimental result. Thus, it is concluded that the charge transfer between

the first and the second layers does not occur.
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Figure 4-14. The energy levels of OMs depend on film
orientation. (a) Local dipole pointed from the molecular core to
the edge, such as PEN. (b) Local dipole pointed from the
molecular edge to the core, such as PFP. In the former cases, the
IP and EA decrease by the perpendicular orientation, while those
of the latter case increase.

Hence, I extend the perspective of polarization at an OM-thick insulator interface into
the multilayer. The driving force of the polarization in the second layer is considered to be
dipole in m and/or o orbital in the first layer. The former and the latter are called a n-dipole
and a o-dipole, respectively. The surface charge of the substrate induces a n-dipole in the first
layer, indicating that the polarization in the second layer also may occur in the same direction.
However, the VL shift of the second layer obtained is independent of the direction of a -
dipole in the first layer. On the other hand, there exists a o-dipole generated between two
atoms in molecules owing to the difference in electronegativity. In PEN, carbon and
hydrogen are charged negatively and positively, respectively. The charge distribution induces

the positive dipole in the 7 orbitals of PEN, resulting in a downward VL shift. On the other
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hand, a negative dipole induced by C*-F* bond in PFP leads to an upward VL shift. This
proposal agrees well with our result. The o-dipole of molecules in the first layer determines
the direction of polarization in the second layer owing to the closer distance.

Here, the electrostatic properties of more than the second layer are discussed by
reference to my proposal. The polarization induced by o-dipole depends on the structure of
an underlying layer. Since the molecules is more inclined with layer thickness, the z
component of the induced dipole decreases gradually. This causes the decay of the VL shift
with layer thickness. After the film orientation reaches the same as that obtained in bulk
crystal with further growth, the film structure does not change, indicating that a VL shift
decreases at a constant value.

However, other groups [1-3,87,88] reported that the VL shift did not decrease
monotonically but was saturated, when it reaches a certain thickness. Therefore, I add the
effect of polarization in an underlying layer into my proposal. Figure 4-15 shows the
illustration of PEN multilayer on SiO,, where n and m are an integer number. Besides a
dipole in an n+1 layer induced by o-dipole of an n layer, the o-dipole in an n+1 layer at the
surface side is also considered to cause polarization in an n layer (Fig. 4-15(a)). The
electrostatic potential of n layer consists of the dipoles induced by both n-1 and n+1 layers.
The dipole direction depends on the film structure. Since molecules in an n+1 layer is more
inclined than those in an n layer, z component of a dipole in an n+! layer induced by an n
layer is smaller than that in an n layer induced by an n+1 layer, indicating that the VL decays
with film thickness. The dipoles in an m and an m+1 induced by each o-dipole are cancelled
out, when the film orientation reaches the same structure in bulk phase (Fig. 4-15(b)). As a
result, the VL shift does not occur in the region. This improvement of the proposal is
successful for explaining the saturation of the VL shift in the multilayer. The proposal can be

applied to the VL shift study of PFP multilayer also. Unfortunately, it was impossible to
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visualize the properties of lower layer. I hope that the direct observation of the electron

density in the molecule proves my proposal by other experimental techniques in near future.

(b) A— \

m+1 layer

Organic Films
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Figure 4-15. An illustration of PEN multilayer on SiO,. Red arrows show o-
dipoles specific to molecules. Blue arrows show dipoles in an n (m) and an n+1
(m+1) layers induced by each o-dipole. Orange arrows show a dipole in an n (m)
layer induced by o-dipole of an n-1 (m-1). Blue arrows show a dipole in an n (m)
layer induced by o-dipole of an n-1 (m-1). The energy diagram shows VL shifts
induced by dipoles shown as blue arrows. (a) The structural difference in
successive layers causes a VL shift. (b) Since molecular orientation does not
change in the bulk phase, the induced dipoles are compensated.
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Chapter 5

Geometric Dependence of Electrostatic Properties at

Donor-Acceptor Interfaces

5-1. PEN-PFP Hetero-Monolayers

The mechanisms that govern interface properties of donor (D) and acceptor (A)
molecules have been studied for this decade. The charge transfer between molecules has been
widely accepted as the origin of the VL shift at a D-A interface on the basis of the IDIS
model [26,27]. However, this model ignores the exact contact geometry at interfaces and
hybridization. It is essential to clarify the geometric dependence of electronic structures at a
D-A interface. In this Section, I show KPFM of the hetero-monolayer (ML) of PEN and PFP
with head-to-tail and face-to-face conformations, and determine the origin of the VL shifts in

each conformation.

5-2. Results and Discussion of PEN-PFP Hetero-Monolayers
5-2-1. PEN and PFP Hetero-Monolayers with a Face-to-Face Conformation

Figure 5-1(a) shows the topographic image of PEN grown on 0.4 ML of PFP
pre-deposited on OH-SiO,. In the image, there existed islands in which the outer area
appeared brighter than the inner. The height of the inner area with respect to the substrate was
1.6 nm, as shown in the cross section (Fig. 5-1(c)), which is the same as that of a pure PFP
film. PFP stays perpendicular to the surface. The height of an outer area was 2.0 nm. PEN is

considered to construct the outer area. This film structure is acceptable in viewpoint of
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deposition procedure and quantities. The reason for the height difference in a hetero-ML and

a pure film in our result is unclear.
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Figure 5-1. (a) A topographic image of PEN grown on 0.4 MLs of PFP
pre-deposited on OH-SiO,. (b) A KPFM image obtained simultaneously
with topographic images. The scan size is 3 um X 3 um. (¢) The height

profile along the blue line in Fig. 5-1(a) and along the red line in Fig.
5-1(b).

In the formation of hetero-junction, the electrostatic interaction between two

different molecules affects the contact geometry strongly. Heinderhofer et al. studied the
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structural properties of co-evaporated PEN and PFP on SiO; by using XRD measurements,
and obtained the formation of 1:1 mixed films and/or the pure films according to the
deposition ratio [91]. In the 1:1 mixed film, PEN and PFP were lined alternately with their
molecular plane parallel to each other owing to the electrostatic force between PEN and PFP.
The hydrogen of PEN is positively charged and the backbone carbon atoms are negatively
charged, while the fluorine of PFP is negatively charged and the backbone carbon atoms are
positively charged. The charge distribution causes the attractive forces between the backbone
carbon atoms of PEN and those of PFP as well as between surrounding hydrogen of PEN and
fluorine of PFP. In the hetero-ML also, the attractive force is considered to relate to the film
growth. First, PEN deposited migrates on substrate and is absorbed at the edge of the PFP
film. It is expected that the hetero-ML of PEN and PFP with a face-to-face conformation is
formed.

Figure 5-1(c) shows the KPFM image taken simultaneously with the topographic
image. The outer PEN and inner PFP films appeared darker than the substrate, indicating a
downward VL shift with respect to substrate. The VL shifts of PEN and PFP were 270 mV
and 60 mV, respectively (Fig. 5-1(b)).

Here, the VL shift of the hetero-ML is compared with that of pure PEN and PFP
films on OH-Si0,. The direction of the VL shift in the hetero-MLs is the same as that in PEN
and PFP films deposited separately on SiOz,‘indicating that a dipole in the & orbital induced
by surface charges of OH-SiO, causes a downward VL shift. The VL shift of PEN decreases
by 120 mV, while that of PFP increases by 20 mV in the formation of the hetero-MLs, as
shown in Fig. 5-2(a). The energy diagram is described in Fig. 5-2(b).

Charge transfer between donor and acceptor has been widely accepted as the origin
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of the VL shift. The HOMO of PEN is located close to the LUMO of PFP, which causes the
charge transfer from PEN to PFP. This generates the dipole at a PEN-PFP interface pointing
from PFP to PEN. As a result, the VL of PFP gets higher than that of PEN. This agrees well
with our result. Thus, I conclude that charge transfer is the origin of the VL shift at a D-A

interface with a face-to-face conformation.
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Figure 5-2. (a) VL shifts of pure films and hetero-MLs of PEN and PFP.
(b) The energy level alignment at a PEN and PFP interface with
face-to-face conformation.

5-2-2. PEN and PFP Hetero-Monolayers with a Head-to-tail Conformation

Figure 5-3(a) shows the topographic image of PFP grown on 0.9 ML of PEN

deposited on OH-SiO,. The PEN layer almost entirely covers SiO,. There exists the upper
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layer on it. The height of the PEN layer with respect to SiO; is 1.8 nm, while the height of the
PFP layer with respect to the PEN layer is 1.6 nm (Fig. 5-3(c)). These are the same as the
height of pure PEN and PFP films. Since PFP molecules grow on a PEN film with their
molecular axis approximately perpendicular to the surface, the hetero-ML is considered to
form a head-to-tail conformation.

Figure 5-3(b) exhibits the KPFM image taken simultaneously with the topographic
image in Fig. 5-3(a). The PEN film appeared darker than SiO,, indicating a downward VL
shift. The darker contrast of the PFP layer also represents a downward VL shift with respect

to a lower PEN layer. The VL shift of PEN was 150 mV, while the VL shift of PFP was 100

mV (Fig. 5-3(¢c)).
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Figure 5-3. (a) A topographic image of PFP grown on 0.9 MLs of PEN
pre-deposited on OH-SiO,. (b) A KPFM image obtained simultaneously
with topographic images. The scan size is 3 pm X 3 pum. (¢) The height
profile along the blue line in Fig. 5-1(a) and along the red line in Fig.
5-1(b)

The VL shift of a lower PEN layer remains unchanged in the growth of the PFP
layer. The direction of the VL shift of PFP/PEN is opposite to that of a face-to-face
conformation. If the VL shift of the PFP/PEN also originates from charge transfer, the

downward VL shift of PFP/PEN predicts that PFP donates electrons to PEN. However, this is
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unlikely to occur, since the HOMO of PEN and the LUMO of PFP is located at the same
energy level. The discrepancy is considered to attribute to the contact of o orbital in
head-to-tail conformation, which avoids the hybridization between 7 orbital. This indicates
that the IDIS model is beyond the limits of validity, when the hybridization between = orbital
is weak.

Hence, I focus on the effect of polarization in order to determine the origin of the
VL shift in head-to-tail conformation. In a CH group of PEN, carbon and hydrogen are
charged negatively and positively, respectively owing to the difference in electronegativity.
This charge distribution induces a positive dipole in PFP on PEN. This agrees well with our
results. Thus, it is concluded that the origin of the VL shift in a head-to-tail conformation is a

dipole induced by charge of a lower layer. The energy diagram is described in Fig. 5-4.
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Figure 5-4. The energy diagram of PFP on PEN grown on OH-SiO,.
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Figure 5-5. (a) An illustration of a m-dipole (green and blue arrows) in
PFP induced by a o-dipole (red) of PEN and a n-dipole (orange) in PEN
induced by the surface charge of SiO,. (b) An illustration of a n-dipole

(blue) in PFP induced by a o-dipole (red) of PEN, and a n-dipole (blue)
in PEN induced by a o-dipole (red) of PFP.

,

A VL shift depends on surface charges and/or dipole of chemical species. Since a
dipole of CH group is smaller than that of OH-group, the induced dipole of PFP on PEN is
considered to be smaller than that of PFP on OH-SiO,. However, the VL shift of PFP on PEN
observed was larger than that of PFP on OH-SiO,. There are two possibilities to explain a
large VL shift. One of the possibilities is that not only a positive o-dipole of CH bond but
also a positive n-dipole in PEN affects the polarization of PFP (Fig. 5-5(a)). Both effects
induce a larger dipole in PFP. Another possibility is that a n-dipole in PEN is induced by C-F
bond of a PFP layer (Fig. 5-5(b)). In a fluorocarbon group of PFP, carbon and fluorine are
charged positively and negatively, respectively. The charge distribution of PFP induces the

positive m-dipole of PEN. Both positive nt-dipole of PEN and PFP makes the VL shift of
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PFP/PEN larger than that of PFP/OH-SiO,. These two proposals are considered to be suitable
for the origin of a larger VL shift of PFP/PEN, although it is difficult to determine which

factor is more dominant.

5-2-3. Summaries

The results are summarized as follows: At the interface with a face-to-face
conformation, the origin of VL shift is an electron transfer from PEN to PFP. The VL shift of
the D-A interface with a head-to-tail conformation originates from a dipole induced by a
local dipole on the surface of lower layer. This supports the theoretical approach reported
previously [28-30]. The authors revealed that a dipole at a D-A interface is governed by a
partial charge transfer between donor and acceptor units as well as by a mutual polarization
of the electric clouds according to the strength of the hybridization of 7 orbitals.

Our proposal has a conflict with the previous experimental reports. The UPS of
CuPc and F16CuPc hetero-layer suggested that charge transfer occurs not only in face-to-face
conformation but also in a head-to-tail conformation [31]. In addition, they proposed that
charge transfer in the head-to-tail conformation was larger than that of the face-to-face. This
is attributed to the large energy difference between CuPc and F16CuPc in the head-to-tail
conformation, since the energy level is modified by the local dipole owing to the
perpendicular orientation on the substrate, as shown in Fig. Fig. 4-13.

Duhm et al. studied the electronic structure of the head-to-tail conformation of PEN
and PFP on SiO, [32]. They showed no shift of the energy levels owing to weak hybridization
between o orbitals. This is similar to my experimental result. However, the polarization effect

is not observed. They grow molecular layers on 3-nm-thick films of the other molecules
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pre-deposited on SiO,. 3-nm-thick PEN or PFP corresponds to two or three layers with
pyramid-like structure [75,92]. The PEN deposited is considered to adsorb at the edge of the
multilayer of PFP, causing the formation of the face-to-face conformation, and vice versa. As
aresult, the VL shift obtained by UPS is composed not only of polarization but also of charge
transfer. It is found that their preparation of a head-to-tail conformation is incomplete. On the
other hand, it is evident that my sample consists of only the head-to-tail conformation from
the topographic image. Thus, the preparation of the well-defined hetero-MLs with
face-to-face and head-to-tail conformations demonstrates that charge transfer and polarization

determine the VL shift at a D-A interface with the displacement of each xn orbital.

5-3. PEN-PFP Hetero-Multilayers

The KPFM studies of a PEN and PFP hetero-ML have revealed that the
electrostatic properties at a D-A interface correlated highly with the film structures and
hybridization. The origins of VL shift in head-to-tail and face-to-face conformations were
induced dipole and charge transfer, respectively. This is the extremely simple case. The
hetero-multilayer in an actual device consists of various interface structures. As shown in
Duhm’s report [32], the formation of a hetero-multilayer makes the interfacial properties
complicated. It is essential to study the relation between the contact geometry and the
electronic structures in the hetero-multilayer. In this Section, I prepared the hetero-multilayer
of PEN on pre-deposited PFP on SiO,, and investigated the electrostatic properties by using
KPFM. The coverage of PFP pre-deposited on SiO, was estimated to be 1.1 ML. The
deposition quantity of PEN was approximately the fourth of that in PEN/PFP hetero-MLs,

which was estimated by the frequency shifts measured by quartz oscillator.
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5-4. Results and Discussion of PEN and PFP Hetero-Multilayers
5-4-1. Topographic information of PEN and PFP Hetero-multilayers

Figure 5-7(a) shows the topographic image of PEN grown on PFP covered on SiO,.
There appeared various areas in the film assigned @ - @. The darkest area @ is SiO,. These
are named areas @ - @, respectively. From the height analysis, the structural properties of
these areas are easily distinguished, except for areas @ and @. The height of area @ with
respect to Si0O; is 1.6 nm. Since this is the same height as pure PFP film, it is considered that
the area @ consists of PFP. The areas ®-® are grown on the underlying PFP layer (®). The
height of areas ® and ® with respect to the lower layer is 1.6 nm, and that of area @ is 1.5
nm. Since these heights are similar to those of 2 ML in PEN and PFP, the areas ® and ©, and
@ are considered to be PEN and PFP films, respectively. Therefore, the area ® corresponds
to PEN/PFP hetero-layer with head-to-tail conformation. Additionally, the areas ® and @ are
also considered to show the hetero-layer with face-to-face conformation at the interface due
to an attractive force, such as PEN/PFP on SiO,.

The areas @ and @ are formed at the edge of area @ and inside the area @,
respectively. The heights of areas @ and @ with respect to SiO; are 1.8 nm, which indicates
that the areas are considered to consist of PEN from the height. However, the AFM
observation indicated that the first layer was almost completely covered on SiO, and the
second layer was grown on it, when a PFP film was prepared with the same condition. There
existed a few SiO, areas below the size of 50 nm x 50 nm in a scan range of 10 um x 10 pm,
which means little room of the growth in PEN. It is considered that PEN is unlikely to grow

at the edge of and inside PFP films. I propose that the thermal diffusion of PEN causes the
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mixing of PEN and PFP. Hinderhofer et al. showed the formation of the pure and 1:1 mixed
film in co-deposition of PEN and PFP by using X-ray diffraction technique [91]. The mixed
film with the other ratios was not observed. It is also expected that the areas ® and @ are the

1:1 mixed film in my experiment.
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Figure 5-7. (a) A topographic image of PEN grown on 1.1 ML of PFP
covered on SiO,. (b) A KPFM image obtained simultaneously with
topographic images. The scan size is 3 um X 3 pm.

5-4-2. KPFM information of PEN and PFP Hetero-Multilayers

Figure 5-7(b) shows the KPFM image obtained simultaneously in the topographic
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image (Fig. 5-7(a)). The KPFM results are shown in Table 5-1.

Table 5-1. The KPFM results obtained in a PEN-PFP

hetero-multilayer.

A (mV) with
Area | Film structure respect of
[Materials]
@ |PrPIML -80 [SiO,]
A mixed layer at the edge -10 [Si0,]
® | ofPFP 1ML 2
@ A mixed layers inside PFP -10 [SiO,]
1 ML
® PEN/PFP 1 ML +40 [PFP 1 ML]
PEN in a hetero-layer/PFP
® 1 MLln a hetero-layer. 30 [PFP 1 ML]
@ II)PI;EEH a hetero-layer/PFP +80 [PFP 1 ML]

First, the KPFM of hetero-layer with a well-defined conformation (@, ®-®@) is
discussed. In the KPFM image, the underlying PFP layers in @ appeared darker than SiO,,
indicating a downward VL shift. The VL shift of area @ is 80 mV. The downward VL shift in
the area @ is considered to originate to a dipole in PFP induced by the surface charge of
OH-SiO,. The VL shift of 80 mV is the same as that of PFP film on OH-SiO,, indicating
little charge transfer between @ and @ (@).

In the image, the area ® appeared brighter than the first PFP layer, indicating an
upward VL shift. The VL shift is 40 mV. The areas ® and @ appeared darker and brighter

than the lower layer, resulting in that the areas ® and @ reveal downward and upward VL
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shifts, respectively. The VL shifts of ® and @ are 30 mV and 80 mV, respectively. The
origin of the VL shift at a head-to-tail D-A interface was a dipole in molecules induced by
surface charges of the first PFP layer, as proposed in Sec. 5-2. The carbon and fluorine atoms
in PFP are charged positively and negatively, respectively. The charge distribution of the first
layer induces a negative dipole in PEN (®), leading to an upward VL shift. This agrees well
with our experiment. It is found that charge transfer and/or polarization determine the origin
of VL shift for a hetero-junction with a well-defined contact geometry. The areas ® and @
form a face-to-face hetero-ML on PFP layers. The component of a PEN and PFP interface is
taken out, in comparison with the VL shift of pure films. The VL shift of area ® decreases by
70 mV than that of PEN/PFP (®), while the VL shift of area @ increases by 40 mV than that
of 2 ML of PFP. Based on the result, the energy level is described in Fig. 5-8. The direction
of the VL shift at the PEN-PFP interface coincides with that obtained by charge transfer from
donor to acceptor. It is found that the origin of the VL shifts at the interface between areas ®

and @ is also charge transfer owing to the hybridization between each 7 orbital.

PEN PFP
110 mV | /
Eyy,
< 1

Figure 5-8. The energy diagram of PFP-PEN hetero-layers grown on a
PFP ML.
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Next, the properties of the mixed layer (® and @) are examined. The area ® and @
showed a downward VL shift of 10 mV, which was larger than those of PEN and PFP film
deposited on SiO, separately. This indicates that the VL shift originates not only from
polarization but also from the other factor. One of the possibilities for the factor is charge
redistribution. Since PEN is faced to PFP in the mixed film, charge transfer is considered to
occur from PEN to PFP, which may cause charge redistribution inside the mixed film.
However, there is no evidence, since the properties inside a mixed layer is not observed.
Actually, I fabricated the mixed film of PEN and PFP deposited simultaneously on SiO, at
the substrate temperature of 80 °C, as reference to Hinderhofer’s report [91]. The KPFM of
co-deposited PEN and PFP showed a downward VL shift of 10 mV. This coincides with the
result of areas @ and @.

These results indicate that the VL shifts at the well-defined D-A interfaces can be
determined by charge transfer and polarization with the contact geometry. However, a further
deposition is associated with a high possibility of an unexpected mixing. Since actual organic
devices are prepared in the successive multilayer with several tens of nm, it is considered that
many mixed films are formed at the interface. I hope that the electrostatic properties of the
mixed film are measured with a single molecular level by the combination of KPFM with

NC-AFM in near future.

5-5. Oligothiophene and PFP Hetero-Monolayers
5-5-1. Oligothiophene and PFP Hetero-Monolayers with A Face-to-face Conformation
The KPFM of hetero-ML of PEN and PFP suggests that a VL shift at a D-A

interface is sensitive to a contact geometry. Charge transfer occurs from a donor to an
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acceptor when their 7 orbital is close to each other. In this Section, I show the KPFM of
hetero-MLs with n-thiophene (5T, 6T and 7T) and PFP on SiO,, and clarify the effect of a

partial hybridization on VL shifts.

5-5-2. Results and Discussion of Oligothiophene and PFP Hetero-Monolayers with a
Face-to-face Conformation

Figure 5-9(a) shows the topographic image of PFP on 6T films pre-deposited on
OH-Si0,. There are islands with two areas. The height of inner film with respect to SiO, is
2.7 nm, and that of outer film is 1.6 nm. The inner and outer films are considered to be 6T
and PFP, respectively. Both molecules grow on SiO, with their long axes perpendicular to the
surface. The geometric structure at the interface cannot be observed in my measurement. 6T
consists of the negatively charged carbon and the positively charged hydrogen and sulfur
atoms, while PFP has the negatively charged fluorine and positively charged carbon. It is
presumed that the molecular plane of 6T faces that of PFP owing to the attractive force, such

as a PEN-PFP system.

Figure 5-9. (a) Topographic and KPFM images of a PFP-6T hetero-ML
on Si0,. The scan size is 3 pm X 3 pm.
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Figure 5-9(b) shows the KPFM of 6T and PFP hetero-junction on SiO, obtained
simultaneously with the topographic image in Fig. 5-3(a). The 6T and PFP films appeared
brighter and darker than OH-SiO,, indicating upward and downward VL shifts, respectively.
The VL shift of a-6T was 120 mV and that of PFP was 70 mV.

The VL shift of the face-to-face hetero-ML is compared with that of the 6T and
PFP film on SiO; deposited separately on SiO,. The direction of the VL shift of PFP in the
hetero-ML is the same as that in the PFP film on SiO,, indicating that a dipole is induced by
the surface charge of OH-SiO,. The VL shift of 6T in a hetero-ML is larger than that in a
pure film. On the other hand, 6T shows the change from an upward to a downward VL shift
by the formation of a hetero-ML. Therefore, a dipole is induced by the surface charge is not
the origin of VL shift for 6T in a hetero-ML.

In Sec. 4-2, it is proposed that charge transfer occurs between donor and acceptor,
when each = orbital is closer. Since the HOMO of 6T is located close to the LUMO of PFP,
the charge transfer occurs from 6T to PFP. The hybridization of & orbital is limited up to the
height of PFP, since 6T is longer than PFP. As a result, the electron of a lower part in 6T is
transferred into the PFP. This generates a dipole in 6T pointing from the lower to the upper
part, indicating an upward VL shift. On the other hand, PFP is negatively charged in the
whole area, resulting in the increase in the VL shift. This speculation agrees well with my
result.

I calculated the electronic structure of 6T and PFP dimer by DMol3, in order to
support the proposal. The dimer of 6T and PFP has a cofacial structure. The energy diagrams
of isolated molecule and dimer of 6T and PFP are shown in Fig. 5-10(a). The HOMO level of

dimer contributes to the upper parts of 6T (Fig. 5-10(b)), while the LUMO level originates
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from the lower parts of n-thiophene and PFP (Fig. 5-10(c)). It clearly presents the electron
transfer from a lower part of 6T to PFP. The calculation result supports our proposal. It is
concluded that the charge distribution of a longer molecule induced by a partial charge

transfer determines a VL shift of face-to-face hetero-ML of molecules with different height.

(a) (b) (c)

6T 6T & PFP PFP
Eyp
~— LUMO
G ———atlcr LUMO-1
-4 -~
LUMO
—
5 \/ . LUMO
— " e
HOMO N 7
Nmm——
& HOMO P——
7’
HOMO-1 HOMO
-7
v

Figure 5-10. (a) Energy diagram of isolated 6T and PFP molecules, and
the dimer. The molecular orbitals of (b) HOMO and (¢) LUMO levels in

the dimer.

Figures 5-11(a) and 5-11(b) show the topographic image of PFP films on 5T and
7T pre-deposited on SiO,, respectively. In these films, there are islands with two areas. The
inner and outer films are considered to be n-thiophene and PFP, respectively. Since the
attractive force acts between n-thiophene and PPF, it is also presumed that the face-to-face
conformation is formed at the interface.

Figures 5-11(c) and 5-11(d) show the KPFM images of 5T-PFP, and 7T-PFP
hetero-junctions on SiO,, respectively. The n-thiophene and PFP films appeared brighter and

darker than OH-SiO,, indicating upward and downward VL shifts, respectively. Therefore,
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the partial charge transfer as well as the polarization is considered to determine the VL shift.
The VLs of ST-PFP and 7T-PFP hetero-MLs are arranged in Fig. 5-12, by adding the result
of a 6T-PFP hetero-ML. The VL shifts of n-thiophene and PFP increase along with number

of a thiophene ring.

Figure 5-11. Topographic images of (a) PFP-5T and (b) PFP-7T
hetero-MLs on SiO,. The KPFM images of (¢) PFP-5T and (c) PFP-7T
hetero-MLs on SiO, obtained with the topographic images. The scan size

is3um X 3 um.
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Figure 5-12. The VL shifts of pure films and hetero-MLs in 5T, 6T and 7T.

The KPFM of ST-PFP, and 7T-PFP hetero-MLs also indicates the partial charge
transfer from n-thiophene to PFP. The charge transfer depends on the energy level position.
Since the energy difference between the HOMO of n-thiophene and the LUMO of PEP (Fig.
5-13), charge transfer is considered to become larger with the molecular length. As a result,
PFP is more negatively charged with ring number of n-thiophene, which causes the increase
in the VL shifts. The lower part of n-thiophene is also more positively charged with
molecular length, indicating a larger dipole in n-thiophene. In addition, the molecular length
affects the dipole, since a dipole is expressed as the multiplication of charge and length.
Therefore, the increase in VL shifts of n-thiophene is considered to be larger than that of PFP.
This coincides with my result. In this Section, I demonstrate the length dependence of the VL

shift at an n-thiophene and PFP interface.
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Figure 5-13. Energy diagrams of 5T, 6T, 7T and PFP.

5-5-3. Oligothiophene and PFP Hetero-Monolayers with a Head-to-tail Conformation

In Sec. 5-2, I proposed that the direction of a VL shift at a D-A interface with a
head-to-tail conformation originates to the polarization in 7 orbital. It is difficult to determine
the magnitude of a VL shift. The KPFM of PFP on PEN suggests that a dipole in  orbital of
the charge distribution of the layer induces a dipole in the underlying layer, and/or the
polarization in 7 orbital of the underlying layer affects the upper layer. In this Section, I
prepared the head-to-tail junction of PFP/6T surrounded of PFP, and measured the
electrostatic properties by KPFM. In the preparation, the twice deposition of PFP speed is

needed.

5-5-4. Results and Discussion of Oligothiophene and PFP Hetero-Monolayers with a
Head-to-tail Conformation

Figure 5-14(a) shows the topographic image of PFP on 6T film pre-deposited on
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Si0;. Besides the formation of the hetero-ML of a-6T surrounded by PFP, there appeared the
PFP layers on 6T layers. The height of the upper layer with respect to a-6T film is 1.5 nm,

indicating that PFP tilts by 25 degree to the surface normal.

(c)

———————--—/ L —-— -
15omviv A F$‘~\¢ 90 mV
-

By, oo -

Si0, 6T PFP

Figure 5-14. (a) A topographic image of the PFP ML on the 6T-PFP
hetero-ML grown on OH-SiO,. (b) A KPFM image obtained
simultaneously with topographic images. The scan size is 3 pm X 3

um. (¢) The energy diagram of PFP on 6T grown on OH-SiO.,.
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Figure 5-14(b) shows the KPFM image taken simultaneously with the topographic
image. 6T layers were brighter and surrounding PFP layers were darker than SiO,. The PFP
film on 6T appears darker than the underlying layer, indicating a downward VL shift. The VL
shifts of 6T, surrounding PFP and upper PFP layers are 120 mV, 70 mV and 90 mV,
respectively. The VL shifts of 6T and surrounding PFP films did not change in growth of
upper PFP layer.

The origin of the VL shift at a D-A interface with head-to-tail conformation is a
dipole in molecules induced by charge distribution. Since the hydrogen and carbon atoms of
6T are positively and negatively charged, respectively, the positive dipole is induced in PFP,
causing the downward VL shift. Thus, the energy diagram can be described, as shown in Fig.
5-14(c). The VL shift of PFP on 6T is larger than that of PFP on OH-SiO,, although the
dipole of OH group is larger than that of CH group. It is proposed that a n-dipole of an
underlying layer is induced by o-dipole of an upper layer and/or the n-dipole in an underlying
layer affects an upper layer. Since the direction of a n-dipole in 6T of a hetero-ML is the
opposite to a dipole induced in PFP upper layer, the VL shift is not determined by the dipole
in & orbital of an underlying layer. This suggests that the effect of the n-dipole in both layers
induced by each o-dipole determines the VL shift at a D-A interface with a head-to-tail

conformation.
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Chapter 6

Conclusions and Outlook

This work focused on the investigation by means of KPFM of monolayers (MLs)
and hetero-layers of plate-like and alkylated plate-like conjugated molecules grown on SiO;
substrates. These molecules grew on SiO, with the long axes perpendicular to the surface.
The KPFM results determined the origin of VL shifts at O-I and O-O interfaces in Chapter 4
and 5, respectively.

In Sec. 4-2, 4-4 and 4-6, the origin of a VL shift at a plate-like OM-thick insulator
is clarified through KPFM studies on organic MLs grown on 300-nm-thick thermal SiO,. The
KPFM of PEN on thermal SiO,/p-Si and n-Si presents the same VL shift. This indicates that
the energy level of background Si does not affect the VL shift, since a thick insulator avoids
charge transfer between them. The PEN and PFP MLs deposited on OH- and CHj3-SiO,
showed a downward VL shift, while those on CF3-SiO, showed an upward VL shift. It is
suggested that the VL shift at a plate-like OM-thick insulator originate not from the charge
transfer but from the dipole induced in = orbital of molecules by surface charges.

In Sec. 4-8, the KPFM of 5T, 6T and 7T MLs on OH-SiO, have carried out to
study the length dependence of VL shift. All of three thiophene MLs exhibits the downward
VL shifts of 90 mV. These are also considered to derive from a dipole induced by the surface
charge. The relation between polarizability and relative dielectric constant is estimated on the
basis of Helmholtz equation. It represents that the polarizability of n-thiophene increases with

ring number in proportion to the relative dielectric constant.
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In Sec. 4-10, the effect of alkyl chain with VL shift is examined by means of
KPFM of DH-6T and PTCDI-C13 MLs on OH-SiO,. DH-6T and PTCDI-C13 shows upward
VL shifts, in contrast with plate-like molecules on OH-Si0,. It indicates that the alkyl chains
between the m-system and SiO; reduce the effect of surface charges. The structural
asymmetry of these molecules causes the VL shift.

In Sec. 4-12, the electrostatic properties of PEN and PFP 2 ML have been studied
from their VL shifts obtained by KPFM. PEN 2 MLs on OH- and F-SiO, show a downward
VL shift with respect to 1 ML, while PFP 2 MLs on OH- and F-SiO, show an upward VL
shift. Thus, the direction of the VL shift of 2 ML is considered to originate from the surface
char_ges of 1 ML.

In Sec. 5-2, KPFM of PEN and PFP hetero-MLs with face-to-face and head-to-tail
conformations have carried out. The deposition of PEN on PFP/SiO, exhibits a hetero-ML
with a face-to-face conformation at the interface. The VL shift of PEN of PFP becomes
smaller and larger, respectively, by the growth of the face-to-face hetero-MLs, in comparison
with each pure film. It is found that the VL shift of a face-to-face hetero-ML originates in a
charge transfer from PEN to PFP. On the other hand, the head-to-tail conformation is formed
by the deposition of PFP on PEN ML/SiO,. The KPFM result indicates that not a charge
transfer but a dipole induced in & orbital of molecules by surface charges determines the VL
shift, since the head-to-tail conformation avoids the hybridization between z orbitals.

In Sec. 5-4, I prepared hetero-multilayer of PEN and PFP on SiO,. There appear the
films with various conformations. The origins of the VL shifts at the interfaces with
well-defined conformations are simply determined by charge transfer and/or polarization. In

addition, it is found that a further deposition is associated with a high possibility of an
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unexpected mixing. The origin of the VL shift for mixed films is still unclear, since the
properties inside is not observed in my measurement.

In Sec. 5-5-2, the KPFM of n-thiophene and PFP hetero-MLs with face-to-face
conformation have carried out. 5T, 6T, and 7T in hetero-MLs show an upward VL shift,
while PFP shows a downward VL shift. The VL shift of n-thiophene and PFP becomes larger
with number of a thiophene ring. These results indicate that charge transfer occurs from
lower part of n-thiophene to PFP, since n-thiophene is longer than PFP. The partial charge
transfer causes the polarization in n-thiophene, resulting in an upward VL shift. Since the
energy difference between HOMO of n-thiophene and LUMO of PFP is larger with ring
number, more electrons of n-thiophene move to PFP. As a result, the VL shifts of
n-thiophene and PFP increase with molecular length. Thus, I demonstrate the length
dependence of the VL shift at D-A interface with a face-to-face conformation.

In Sec. 5-5-4, the head-to-tail hetero-ML of PFP on 6T is also examined. The
dipole is induced in 7 orbital of PFP by surface charge of 6T, such as head-to-tail PEN-PFP
hetero-ML. The VL shift of PFP on 6T is larger than that on OH-SiO,, indicating that the
charge distribution of both molecules induces a dipole in each 7 orbital of the films.

Most of PS experiments have so far emphasized a charge transfer caused by the
energy level difference between two different materials in the determination of a VL shift at
their interface. From the experimental results, IDIS model was established by the
introduction of CNLs {11,12,18].

Contrary to this proposal, I focused on the hybridization of the energy level
between two different materials. At an O-I interface, the hybridization strongly depends on

the thickness of insulating film between an OM and a background conducting material. In the
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case of a thin insulating film, the energy level alignment between an OM and a background
conducting material determines the VL shift on the base of IDIS model. With increase of
thickness in insulating films, the electrostatic interaction of organic films with the surface
charge of the insulating film becomes a dominant factor owing to weak hybridization.

On the other hand, the displacement of the = orbital in two molecules plays an
important role in determining a VL shift at a D-A interface. When the n frame of two
molecules is faced each other, the energy difference between the HOMO of donor and the
LUMO of acceptor determines a VL shift. In the separation of the = frames, the VL shift at a
D-A interface originates not from the energy level alignment but also from the electrostatic
interaction with their charge distributions. These results are considered to be similar to the
electronic structures of a D-A dimer obtained by theoretical calculations. Thus, I conclude
that the structural dependence of the VL shift can be obtained with the preparation of a
well-defined conformation and the local measurement by KPFM.

The next step in this ongoing project is to obtain geometric and electrostatic
properties at a D-A interface in a single molecular level. The combination of KPFM with
NC-AFM gives us a single molecular image, indicating more understanding of the interface
properties, such as the propagation of a dipole between neighboring molecules. Another topic
of interest is to obtain a direct observation of an intramolecular dipole induced by other
material. X-ray specular reflection is a great tool to obtain cross-sectional electron densities
according to distance from a substrate [70]. Furthermore, theoretical approaches are essential

to verify the applicability of Helmholtz equation to organic films.
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