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日要の容内文論

〔  題     名   〕  Electrostatic Properties of Organic/1nsulator and Organic/Organic
lnterfaces Studied by Kelvin Probc Force Microscopy(ケ ル ビンプ ローブフォース顕微鏡 を用い

た有機 /絶 縁体お よび有機 /有 機界面の静電的性質の研究 )

学位 申請 者  三  島  良 太

真空準位のシフ トは異種物質界面の静電気的な性質を示す重要な要素の一つである。無機物質界面で電荷移動が真

空準位のシフトの主たる起源とされており、有機分子を含む界面でも電荷移動を用いて解釈する流れにある。しかし、

電 子 的 な 相 関 の 少 な い 有 機 /絶 縁 体 お よび 有 機 /有 機 界 面 に ま で 適 用 で き る か は 不 明 瞭 な ま

ま で あ る。本論文では、ケルビンプロープフォース顕微鏡を用いて、Si酸化膜上に成長させたπ共役系分子の単分子

膜と単分子ヘテロ接合膜の界面における真空準位のシフ トを測定し、そ れ ぞ れ の 静 電 的 な性 質 に つ い て研 究

した。

有機/絶縁体の研究では、表面の電子状態と電荷状態を制御するためシラン分子を修飾した酸化膜を用い、その上

に成長させた単分子膜の真空準位のシフトを測定した。真空準位のシフトは酸化膜表面の電子状態ではなく電荷分布

に依存することがわかつた。これは分子と基板の間で電荷移動が起こらず、表面電荷によつて誘起された分子内の分

極が真空準位のシフ トの主たる起源であることを示す。さらに、アルキル鎖を付カロさせた分子を用いると表面電荷の

効果は緩和され分子構造の非対称性に出来する真空準位のシフ トが得られることがわかつた。

有機/有機界面の研究では、π平面が向かい合 うface‐to‐face構造と縦に並ぶhead‐ to‐tail構造をもつた単分子ヘテロ接

合膜を作製し、界面の構造と真空準位のシフ トの関係について議論した。facc‐lo‐face構造では電荷移動に基づく真空準

位のシフトが得られ、hcad‐ to‐tail接合ではそれぞれの分子内に分極が生じていることがわかつた。これは真空準位のシ

フ トが分子のπ軌道の位置関係に強く依存することを示す。これまで電荷移動が重要視されたのは
ヘテロ接合膜内に異

なる吸着構造が混在 し、平均化された結果が測定されていたためだと考えられる。本研究では有機/有機界面の構造

制御に成功したため、π軌道の混成に基づく真空準位のシフ トを得たといえる。
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Chapter I

Introductions

1-1. Organic Electronics

In the last two decades. enonnous 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 govemed 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 clariff 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. l-l(a)).



(b) (C)

Long axis
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Metal lnsulator

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

l-2. Organic-Metal Intedaces

The geometric and electronic properties at an O-M interface are well documented

both experimentally and theoretically t2-71. The geometric properties are characteized 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. l-

I (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

(a)



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 I l,l2]. 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 (@od^"tr) and a VL shift (/) are

given by

φorg/metal~CNL〓 武φ.Юtd― CNL),

∠=(1-以 φmc愴1-― CNL),and

S=グφorg/metal′dΦmetal.

LUMO
― CNL

HOMO

(1-1)

(1-2)

(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.

(り (b)
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LUMO
― CNL

HOMO

Figure l-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.
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1 -3. Organ ic-I ns ulato r Inte rfac es

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 *reir long axes perpendicular

to the surface (Fig. l-1 (c)).

1 -3- l. Organic-Thin Ins ulator Interfoces

It has been reported that the electronic structures of OMs on thin insulators are

strongly affected by that of the underlying conductive substrate tl3-1S]. The energy level

alignment is also determined on the basis of IDIS model (Fig. 1-3), as proposed by Heilander

et al. [18]. A VL shift is given by the energy difference between the CNL of a molecule and

the effective work function (<D.6) of insulator-metal. The eflective work function is estimated

by

@er- CNL;nruyulor = S(@metar 
- 

CNL insulatoJ. (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 svstem.

Insulator Organic

----.- t'--,fA-

LUMO

- - -cNlorg

Figure l-3. Energy diagram at
film grown on metal substrate.

HOMO

4

an orgamc film on thin insulating



1 -3-2. Organic-Thick Ins ulator 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 [6,19-2I]. Chen et al. have shown that the interface

between a PEN monolayer and SiO2 (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 SiOz, 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

SiO2 (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 tansfer 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 Intedaces

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 l2-3,22-25l.lt

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 126,271. However, this model ignores the exact contact geometry at the

interface and the molecular packing, which exhibits the extreme sensitivity of electronic

interactions.

AccePtor Dtlnor

Eur- - -Irt\I t---I ll t'Mo
t- -l-
l- +l

LUMO l_ +l

-1- 
+lTrcx,ro

tlffill 'l
I

Figure l-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 occrus, only

when the zr orbital of one molecule is faced with that of the other (Fig. l-a(a)) [28-30]. This

demonstates that the effect of polanzation has an important role in determining the origin of

VL shift in the hetero-layer when each a orbital is separated (Fig. l-a@)).

Experimental effort has also been exerted to clari$ 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,

6



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 SiOz

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 orisin 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+o-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 geomefic 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-I Hktorical 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 trp 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

9



υ (r)=4ε

l(i:)12_(::)61,

(2-1)

where U(r) is potential energy, r is distance, e is the depth of the potential well, and o 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)

Caililevcr

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-I―I./S″ rlic」%,dθ 滋 ∠EИ滋
“

″re震″Js

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.

Energy

砕

岬
ｆ

ｆ
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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 l0 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 infonnation 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 [4U. 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. 1421, 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 rufrv) are performed in



FM‐AFM,which a1lows to the irst 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 144,45], a magnetic force [46-48], an electrostatic force 149-511, 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 Zgpp between two

materials is given by

(D=:(・ ―・ ち)=4昇 ,

where φl and φ2 are the work functions ofthe two materials.

(2-2)

Figure 2-1 shows the principle of the measurements. As two conductive materials

are separated, the energy diagrams are located with respect to a cornmon vacuum level (VL)

energy (Evr), as shown in Fig. 2-l(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 Zcpn forms an electric field between the two materials. By applying a

12



voltage Vac : Zcpp, tlre potential difference can be compensated for, and the electostatic

fields between the materials are mrllified (Fig. 2A$\.

Fig. 2-2. Schematic view of two materials with ditrerent work functions.
In (a) the materials are not connected and have the same vacuun elrergy
Evr.. In &) me materials are electrically connected and the Fermi enerry
levels Er are equalize4 resulting in the contact potential Vcpo. Applying a

DC-voltage Voc in (c) compensafes forthis contactpotential.

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

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

gap betrreen them. The distance between the two plates is modulated with a periodic

oscillation at the frequency ar. This modulation leads to a current given by

ノα)日 |%も―rs)油σαな″・
(2‐3)

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

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

adjusted to a value at ufrich 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.

tl

13



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 (F.r) between the tip and sample is given by

(2-3)

where z is the distance between a tip and a sample, Zu* is the voltage applied between the

cantilever and the sample, and Zcpo is the contact potential difference- To separate

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

between the tip and sample. The resulting potential difference

ζiぉ =乙 -4cSin(ω/),         (2‐ 4)

with/0=/DC~/CPD Can be inserted into equation 2-3),whiCh results in three additive

components ofthe electrostatic force[57]:

亀=:形仏添-4Dア ,

4s―争形=亀 +ζ +4ω ,

4謎 =― tチ
|:(″ゝ

―「ω)2+毛争}
4=― :チ|:(ア

、
-4PEl)27£sin(6υ /)l,

4ω =+笙■cosP″ ),

(2-5)

(2‐
6)

(2-7)

(2-8)

with ACbz being the capacitance gradient between the tip and sample. Compensating for the

contact potential by setting Voc : Vcpo leads to a nullified frst harmonic fL of the

electrostatic force (8q.2-7). Then, the DC part of the force Fnc becomes proportional to fi"

14



(F,q.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 2at. The electrostatic interaction is obtained by tuning al

of Vag 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 Measuremenls 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 'opositive",

which coresponds to a downward VL shift. A downward VL shift is expressed as o'negative"

sign (/ < 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 Coo monolayers on Au, Cu, and Ag [58]. They

showed that the VL shifu 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.
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Chapter 3

Experimentul Setap

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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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 Syrtem

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 al component of this signal is proportional to Vep- Vgpe, 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 Veg- Vcpo.The Voc is plotted in a KPFM

i^age.
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Photo Detector

Cantilever

2. Cleaning up by acetone and alcohol

VDC
Feedback potential

A-50 nm
Piezo (200kHz)

Vec=lV f6c{0kHz

) V signal (60 kHz)

Fig. 3-2. The electrical circuit of KPFM measurements by
using lock-in amplifier.
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3-2. Sample Preparation

The procedure from sample preparation to KPFM observation is summarized in Fig.

3-3.

3-2-″ .S″bstrdes

High-doped p-type and n-type of silicon wafers (0.01 Ocm) covered with

3O0-nm-thick thermal oxides were used as substrates. The substrates were cleaned in acetone

and isopropyl alcohol. The thermal SiOz was cleaned by an UV-ozone method [61]. Through

this cleaning, organic contaminations on the substrate were removed, and the thermal SiOz

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

frifluorosilane (CF3-silane) were covered on the substrate by chemical vapor deposition [62].

The substrate was placed together with the HMDS and CFE-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 SiOz was confirmed by water

contact angles of 60 ' (HMDS) and 70 ' (CFr-silane) 163,641. The thermal SiO2 was then

quickly loaded into a vacuum chamber. The HMDS and CFI-silane terminated substrates are

named CHI- and CFs-SiOz with the chemical species on the surface respectively.

3-2-2. Vacuum Deposifions of Organic Molecules on SiOz Substrates

The schematic view of the vacuum chamber is shown in Fig. 3-4. The chamber was

pumped at the pressure of 5 x 10-6 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

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), o-quinquethiophene (5T), o-sexithiophene (6T),

o-septithiophene (7T), and o,co-dihexyl-sexithiophene are donor (D) molecules, while

perfluoropentacene (PFP) and ditridecyl-3,4,9,10-perylenetetracarboxylic diimide

(PTCDI-Cl3) are acceptor (A) molecules. It has been reported that the former and latter

Sample ll euarrz
Holdcr日     1  6scillatOr

つ
ん



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

PEN, 6T, DH-6T, and PTCDI-Cl3 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-SiO2 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.

Molecular Name
PEN PFP           DH‐ 6T

Pernuoropentacne α,研dihexy卜sexithiophene

PTCDl‐C13

ditridccyl‐ 3,4,9,10‐

pcrylcnctctracarboxylic diimidcPentacene

Chemical Formula

Molecular Weight

HOMO
LUMO

Sublimation Tempcram眠

ⅥobHiサ

3olor

C22H14

278

C22F14

530

C36H38S6

663

C50H66N2°6
790

二
（
み
〈
八
月

ヽ
キ＃
壌
響崚
メ年∫

5.O eV 132,65]

2.9cV

150°C

5.5 cln2/vs[66‐ 68]

PurplC

6.7 cV[65]

5.OeV

1509C

O.2 cm2/vs[65]

Purpb

4.7 cV 16]

2.9 cV

400'C

l.O cm2/vs[70]

Orange

た
午

6.3 cV[69]

4.2 cV

420R3

2.l cm2/vs[71]

Rcd
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Molecular Name

5T           6T           7T

a-quinquethiophene o-sexithiophene c-septihiophene

Chemical Formula

Molecular Weight

Molecular Shaoe

HOMO
LUMO

Sublimation Tcmpcratur(

Mobiliサ

Color

C20H12S5

412

C24H14S6

495

C28H16S7

578

|ヒ :

5.l cV*

2.8cV

5.O cV摯

3.2 cV

4.7cV*

3.OcV

150°C       280° C       370° C

O.05 cm2/vs[7210.08 cm2/vs[72]o13 cm2/vs[72]

Ycllow     Orangc      Orangc

Table. 3-2. Substrate materials, molecular species, coverage, and substrate

temperature used in each sample.

Substrates
First

Molecule

Covcragc

(ML)

Substrate
Temperature

('c)
Second

Molecule

Coverage
(ML)

Substrate
Temperature

(u

Sec 4‐ 2
(Themlal)OH‐Si02夕‐Si

(ThCrmal)OH‐ Si02ル‐Si
PEN ＼

Scc 4‐4 (Thennal)oH‐Si02/27‐ Si PEN ＼

Sec 4‐ 6
(ThCrmal)cH3~Si02ル‐Si

(ThCnnal)cF3‐ Si02/″ ~Si

PEN
PFP

07
07

ヽ

＼

Scc 4-8 (Thermal)OH‐ Si02ル ‐Si

5T

6T

7T

04
06

03

80

100

120

Scc 4‐ 12 (Thermal) OH-SiOr/n-Si
DH6T
PTCDI― C13

05

03

100

100 ＼
Scc 4‐ 5‐2

(ThCnnal)oH‐Si02ル ‐Si

(ThCmal)CF3‐ Si02ル ‐Si

PEN

PFP

14

14 ＼
Scc 5‐ 2‐ 1 (ThCrmal)OH‐ S102/′ ―Si PEN RT

Scc 5‐ 2‐2 (Thermal) OH-SiO/n-Si PEN PFP RT

Scc 5‐4 (Thermal)oH― Si02ル ‐Si 12 PEN RT

Scc 5‐ 5‐2 (Thermal) OH-SiO,/n-Si

5T

6T

7T

05
06

04

80

100

120

PFP RT

Scc 5‐ 5‐4 (ThCrmal)oH― Si02/″ ‐Si 6T RT

苦
 HOMO and LUMO levels of5T,6T,and 7T are calculated by DMo13.
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3-2-4. KPFM Measurement

A silicon cantilever was coated with Au (20 nm/Cr (10 nm) (MikroMasch,

NSC35/Cr-Arll5). Its spring constant was 1.9 N/m. The tip diameter was l0 pm and the tip

height is 40 pm. The resonance frequency was approximately 200kElz.

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/r-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-s(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 0.1H2,1.0 V, and 60 kHz, respectively.
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(a)

Au

Figure 3-5. (a) A topographic image o1'

Auin-Si.'fhe scan size is 18 prn r l8

Fm. KPFM images obtained

simultaneously with the topographicr

inrage in (b) anrbient and (c) nitrogen gas

conditions.

3-3. Calculqtions

DFT calculations were perfbrmed with the program DMol3 to obtain a molecular

orbital [73]. A plane wave basis set was used fbr the valence electronic states and Vanderbilt

ultrasofi pseudo-potentials were applied fbr the calculation of core-electron interactions. The

local density approximation (l.DA) rvas utilized.

(C)
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Chapter 4

E le ctro stutic Prop erties of Org anic-Ins ulstor interfuces

4- 1. Orgonic-Thic k ins ulator interfaces

It has been reported that charge transfer occurs between an organic material (OM) and

an underlying conducting substrate through thin insulating film [13-13]. 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 clarifu 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 SiOz grown on p- and n-type silicon, and studied the origin of the VL shift.

4-2. Results and Discussion of organic-Thick rnsulotor Interfaces

Figures 4-l(a) and a-1@) show the topographic images of PEN on 300-nm-thick

SiO2/p-Si and SiOz/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 wn measured by AFM I74-78l.It is unclear why the values reported are larger than the

molecular length (1.a0 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 a-l(c) and a-l(d) show the KPFM images of PEN MLs on thermal SiO2ip-

and SiOz/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 tl8]. In this model, a

VL shift is proportional to the effective work function of substrates. The effective work

function of the background silicon of SiO2/p-Si and SiO2/n-Si is known to be 5.2 ey and 4.2

eY 1791. Actually, PEN on native SiO2/p-Si and SiO2ln-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 SiO2/p-Si and SiOz/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 SiO2/ (a) p-
and (b) n-si obtained simultaneously with topographic images. The scan
sizeis3pmx3lrm.

The electronic interaction between molecular orbitals of PEN and electronic states

of SiOz can also be ignored, since the energy gap between these levels is significantly large:

The valence band (8,) and conduction band (E.) are 9.0 eV and 0.1 eV, respectively I79).

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 eY, respectively [32,65]. Thus, I

examine a direct transfer of electrons between the energy level of PEN and the charge

neutrality level (CNL) of SiO2, which is a surface states. The CNL of SiO2 is known to be 4.9

eV [79]. Since the HOMO level of PEN is located near the CNLs of the SiOz, it seems

possible that charge tansfer occurs from PEN to SiOz. This scheme results in a downward
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VL shift, which agrees with our experimental result. The energy diagram can be described in

Fis..4-2.

(a)

Ы°2 PEN

(b)

Si°2

Ec(01eV)

sヽ/st(52eV)

CNL(4 9eV)

Ev (9.0 eVf

(C)

Ы°2

Ec (0.1 eV)

Φ
sI。2si(42eV)

CNL(4 9eV)

Ev (9.0 eV) Ev(90eV).

Figure 4-2. Eneryy 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 sio2 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. Pertluoropentacene Monolayers on Thick Insulators

The KPFM of PEN on thermal SiOz/p-Si and SiO2/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 veri$ 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 SiOz 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 [8]. In this Section, I perform the KPFM of perfluoro-

PEN (PFP) on 3O0-nm-thick thermal SiOz/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 Insulatorc

Figure a4@) shows the topographic image of PFP ML on SiO2. 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 SiOz 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.  -3(a)). PFP ML on OH-SiO2 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-SiOz.
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Figure 4-3. (a) Topographic and (b) KPFM images of pFp MLs
deposited on SiOz. The scan size is 3 pm x 3 pm.

Charge transfer between OMs and SiOz 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. a-a). The CNL of SiOz is located near the LUMO level of PFP. Electron

transfer is considered to occur from CNL of SiOz 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 SiOz 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 [8] may not also originate from charge transfer. The

efTect 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 Sio2 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 polaization 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 SiO2

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 CFr-SiOz.

4'6. Results and Discussion of Organic Monolayers on Thick Insulator Terminated by

Various Silanes

Figures a-5(a) and 4-5(b) show the topographic images of the PEN MLs on CH3-

and CF:-SiOzln-Si, respectively. The height of the PEN on both substrates films was 1.8 nm,

indicating that the morphology of PEN and PFP on CH3- and CF3-SiO2 is the same as that on

OH-SiOz. Since the height of the PFP films on CH3- and CFr-SiO2 was approximately 1.6 nm

(Figs. a-5(c) and a-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-SiO2ln-Si, and PFP MLs on (c) CHr- and (d) CFySiOzln-Si. The
scan size is 3 pm X 3 pm.

Figures a-6@) and 4-6(b) show the KPFM images of the PEN MLs on CH3- and

CF3-SiO2 obtained simultaneously with the topographic images in Fig. a-6@) and 4-6(b). The

PEN ML on CH3- and CF:-SiO2 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 CHs-SiOz, while the film on CF:-SiOz ex'hibited an upward VL shift

of 110 mV. Figures 4-6(c) and a-6(d) show the KPFM images of PFP on CH3- and CFr-SiOz,

respectively. The downward shifts of 40 mV were observed for PFP on CH:-SiOz, while an

upward VL shift of 70 mV was observed for pFp on CF?-SiOr.
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Figure 4-6. KPFM images of PEN MLs on (a) CH3- and (b) CF3-
SiOz/n-Si, and PFP MLs on (c) CH3- and (d) CF:-SiOz/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:-SiO2 showed a downward VL shift, while those on CF3-

SiO2 showed an upward VL shift. Second, the shift observed for both PEN and pFp on OH-

SiO2 was larger than that on CH3-SiO2.
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Tablc 4‐ 1.KPFM results OfPEN and PFP on OH_,cH3~9and CF3~Si02・

△PEN       △PFP
(mV)     (mv)

°H~Si02

CH3…Si02

CF3~Si02

‐150

-60

-80

‐40

+110       +70

I discuss the dipoles in molecules induced by charges distributions of chemical

species on SiOz. In a hydroxyl group of OH-SiO2, ox1lgor 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 stlface to

the vacuum, which results in a downward VL shift. The energy diagram is described in Fig.

a-7@). 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:-SiOz is smaller than that on OH-

SiO2, which agrees well with our experimental results. In the case of the monolayer on CF3-

SiO2, 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 SiOz determine the VL shift.
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4-7. Oligoth iop hene-Thick Ins ulator Interfaces

The KPFM of PEN and PFP on SiOz showed that the dipole in molecules induced

by charge of substrate swface 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 SiOz.

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 c-quinquethiophene (5T), o-sexithiophene (6T)

and o-septithiophene (7T) monolayers on OH-SiOz and discuss their length dependence of

VL shifts.

4-8. Results and Discussion of Oligothiophene - Thick Insulatur fnterfoces

Figures 4-8(a), 4-8(b) and 4-8(c) show the topographic images of the 5T, 6T and,7T

MLs on SiO wittr a thickness of 300 nm grom 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 SiO2 wittr its molecular axis almost perpendicular to the surface. It is unclear that

the values obtained are longer than the molecular lenglh of 5T (2.2 nrl,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

sio2.

Figures 4-8(d), a-8(e) and a-g(f) show the KPFM image of 5T, 6T and 7T

monolayers on Sio2 recorded the topographic image in Fig. 4-g(a), 4-g(b), and 4_g(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-SiO2. 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 um.

The charge transfer can be denied for the origin of VL shift in n-thiophene on SiO2,

since the difference between their energy level and a CNL of SiO2 does not reflect the VL

shift. Therefore, it is considered that the surface charge of OH-SiOz 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

△=Hz/C80S=(α・E)ノε80S, (4-1)

here, e6 is a dielectric constant, and e is a relative dielectric constant. S is the surface area

occupied by one molecule. p" is a dipole moment along the direction normal to the substate.

The total dipole can be expressed as

P: crtE; (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 nrr?, 4.73

r:lrrrz and 4.62 wrf , respectively t721. The electric field induced by OH-SiO2 surface is also a

constant value.

Since the VL shift showed the same for all films. the ratio between the

polaizability and relative dielectric constant is given as

c5/e51 - asrleer - a77/e77. (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

polat'rzability 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 CH:- and CFI-SiOz, 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 clarifr whether the

Helmholtz 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 SiOz indicates that the dipoles induced by

the charges of chemical species on SiOz determine the VL shift. Puntambeckar et al. obtained

an upward VL shift of alkylated z-conjugated molecules, PTCDI-C8, on SiOz and proposed

that the origin of VL shift was charge transfer [181. It is interesting to clariff the effect of the

spacer between the substrate and the n system on charge transfer effrciency. In this Section, I

show the KPFM of DH-6T and PTCDI-CI3 to determine the origin of VL shift of molecules

with alkyl chains on insulator.

1-10. Results and Dkcussion of Monolayers of Organic Molecules with Alkyl Chains on a

Thick Insulator

Figures a-9@) and a-9@) show the topographic images of DH-6T and PTCDI-CI3

monolayers deposited on OH-SiOz. The height of DH-6T with respect to the substrate was

3.6 nm + 0.3 nm, and that of PTCDI-CI3 was 2.5 nm + 0.3 nm, which agree with those

reported previously [84,85]. The long axes of these molecules

perpendicular to the substrate surface [84,85]. It has been reported

cofacial n-stacks.

獲
　
血

also known to be

the films consist of
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Figures a-9(c) and 4-9(d) show the KPFM images of the DH-6T and PTCDI-Cl3

monolayers on OH-SiO2, respectively. In these images, both films appeared brighter than the

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

FigШ℃4-9.Topogra.phic images of(→ DH‐6T and o)PTCDI‐
C13 mollolayers deposited on OH‐ Si02・ KPFM images of(C)
DH‐6T and(の PTCDI‐ C13 molЮ layers obtained simultaneollsly
with topo3Taphic images.The scan size is O.6岬 × 0。6脚 .

Since the π‐system宙th akyl chains slЮ wed an upward VL shin,the。五gin ofthe VL

shift could not be explained by the dipole induced。 ■m possibility of charge transfer is also

negligible,as shown below。 ■騰 HOMO and LUMO levels of DH‐ 6T are 4.7 eV and 2.9 eV
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[6], and those of PTCDI-Cl3 are 6.3 eV and 4.2 eY [69], respectively. Compared with the

CNL of 4.9 eY (OH-SiOt, electron transfer may occur from DH-6T to SiOz and also from

SiOz to PTCDI-CI3, indicating VL shifts in opposite directions. Conftary 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 rc frame and a positively charged alkyl chain (Fig. a-10(a)). In the case of

isolated DH-6T and PTCDI-Cl3 molecules, the net dipole is zero, owing to the structural

symmetry. The growth of these molecules on SiOz indicates that the upper alkyl chain leans

more than the lower chain (Fig. a-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. a-10(c)). It is concluded that

the structural asymmetry in the molecule is a dominant factor for a VL shift at an alkylated

OM-SiOz interface. The effect of polarization and charge transfer is weakened because of the

alkyl chain inserted between substrate and the zr orbital.
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Figure 4-10. (a) Charge distribution of an isolated r-conjugated
molecule with alkyl chains. (b) Deformation of the molecules by
the growth on SiOz substrate. (c) 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-l l(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. a-I1(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 I 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 frst layer.

It is interesting to study the electrostatic properties of organic multilayer on SiOz, since

charge transfer between molecule and SiOz can be ignored. In this chapter, I fabricated 2

MLs of PEN and PFP on OH-SiOz and CF:-SiOz, and measured the VL shift by using KPFM.

(a) (b)

()rganic
EvL

EF

Filnl Thickness Fllm Thichess

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 a-12(a) and 4-12(b) show the topographic images of -1.4 ML PEN

deposited on OH- and CFI-SiOz/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 a-D@) and 4-12(d) show the topographic images of -1.4 ML PFP on OH-

and CFE-SiO2, 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

(1.5a nm) [82].

Figures a-13(a) and 4-13(b) show the KPFM images of -1.4 ML PEN on OH-SiOz

and CFr-SiOz taken simultaneously with the topographic image in Fig. a-Q@) 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 shifu of the second PEN layer with respect

to the first on OH- and CFr-SiOz were 90 mV and 70 mV, respectively. Figures 4-13(c) and

4-13(d) show the KPFM images of PFP on OH- and CFr-SiO2, respectively. The brighter

contrast of the second layers for PFP revealed an upward VL shift. The VL shifts of PFP on

OH- and CF:-SiOz were 40 mV and 60 mV, respectively.
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Fig班℃ 4‐ 12.Topographic lmages Of PEN l.4

ML on(o OH‐ and o)F‐ Si02,and PFP l。 4
ML on(o OH‐ and(oF‐ Si02・ T“ SCan size
is 2.2脚m× 2.2脚m。

Figure 4-13. KPFM images of PEN 1.4 ML on
(a) OH- and (b) F-SiOz, and PFP 1.4 ML on (c)
OH- and (d) F-SiO2 obtained simultaneously
with topographic images. The scan siz-e is 2.2
pm x 2.2 ym.

The results are summarized as follows: the second layer of PEN on OH- and CFI-SiOz

showed a downward VL shift, while the second layer of PFP on OH- and CFr-SiOz showed

an upward VL shift. The direction of the VL shift reverses between the fust and the second

layers of PEN on CFr-SiOz and between the first and the second layers of PFP on OH-SiOz.



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. Co--H6* in

PEN (Fig. a-Ia@) and Ce-F& in PFP (Fig. a-la(b) t901. 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 firs! 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
ofthe 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 n 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 n-

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 n orbitals of PEN, resulting in a downward VL shift. On the other
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hand, a negative dipole induced by C6*-F& bond in PFP leads to an upward VL shift. This

proposal agrees well with our result. The o-dipole of molecules in the frst 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 fiIm 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 SiOz, where n and m are an integer number. Besides a

dipole in an n+l layer induced by o-dipole of an n layer, the o-dipole in an n+l layer at the

surface side is also considered to cause polarization in an n layer (Fig. a-15(a)). The

electrostatic potential of n layer consists of the dipoles induced by both n-l and n*l layers.

The dipole direction depends on the film structure. Since molecules in an n+l layer is more

inclined than those in an n layer, z component of a dipole in an n+l layer induced by an n

layer is smaller than that in an n layer induced by an n*l layeg indicating that the VL decays

with film thickness. The dipoles in an m and an m+l induced by each o-dipole are cancelled

out, when the film orientation reaches the same structure in bulk phase (Fig. a-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.

Figure 4-15. An illustration of PEN multilayer on SiOz. Red arrows show o-
dipoles specific to molecules. Blue turows show dipoles in an n (m) and an n+l
(m+1) layers induced by each o-dipole. Orange ilrows show a dipole in an n (m)
layer induced by o-dipole of an n-l (m-1). Blue arows show a dipole in an n (m)
layer induced by o-dipole of an n-l (m-l). The energy diagram shows VL shifts
induced by dipoles shown as blue ilrows. (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 st

D o nor-Acceptor Interfuc es

5- 1. PEN-PFP Hetero-Monolavers

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 126,271- However, this model ignores the exact contact geometry at interfaces and

hybridization. It is essential to clarifr 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 oriein 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 Conformnfion

Figure 5-1(a) shows the topographic image of PEN grown on 0.4 ML of PFP

pre-deposited on OH-SiOz. 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-SiO2. (b) A KPFM image obtained simultaneously

with topographic images. The scan size is 3 pm x 3 pm. (c) 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 geomefiy strongly. Heinderhofer et al. studied the
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structural properties of co-evaporated PEN and PFP on SiO2 by using XRD measurements,

and obtained the formation of 1:1 mixed fihns and/or the pure films according to the

deposition ratio [91]. In the 1:l mixed film, PEN and PFP were lined altemately with their

molecular plane parallel to each other owing to the elecfiostatic 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 mY

and 60 mV, respectively (Fig. 5-l(b)).

Here, the VL shift of the hetero-Ml- is compared with that of pure PEN and PFP

films on OH-SiOz. 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 r orbital induced

by surface charges of OH-SiO2 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.

(a)

△(mつ PEN
(Pure)

PEN    PFP
(HeterO)  (HeterO)

PFP
(Pure)EvL

(OH‐Si02)

‐100

‐200

‐300

(b)

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-SiO2. The PEN layer almost entirely covers SiOz. There exists the upper
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layer on it. The height of the PEN layer with respect to SiOz 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 SiOz, 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-SiO2. (b) A KPFM image obtained simultaneously

with topographic images. The scan size is 3 pm x 3 pm. (c) The height

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

s-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/?EN 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 PFPiPEN 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 n orbital. This indicates

that the IDIS model is beyond the limits of validity, when the hybridizationbetween n 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 diflerence 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.

PFP

Figure 5-4. The energy diagram of PFP on PEN grown on OH-SiOz.
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(b)(a)

Figure 5-5. (a) An illustration of a z-dipole (green and blue arows) in

PFP induced by a o-dipole (red) of PEN and a n-dipole (orange) in PEN

induced by the surface charge of SiOz. O) An illustration of a r-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-SiO2. However, the VL shift of PFP on PEN

observed was larger than that of PFP on OH-SiO2. 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 t-dipole in PEN affects the polarization of PFP (Fig. 5-5(a)). Both eflects

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 n-dipole of PEN. Both positive n-dipole of PEN and PFP makes the VL shift of
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PFP/PEN larger than that of PFP/OH-SiO2. 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 hybndization of n orbitals.

Our proposal has a conflict with the previous experimental reports. The UPS of

CuPc and Fl6CuPc 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 Fl6CuPc 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 SiOz [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 SiOz. 3-nm-thick PEN or PFP corresponds to two or three layers with

pyramidJike structure 175,921. 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

a result, the VL shift obtained by UPS is composed not only of polanzation 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 zr orbital.

5-3. PEN-PFP Hetero-Multilayerc

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 SiOz, and investigated the electrostatic properties by using

KPFM. The coverage of PFP pre-deposited on SiOz was estimated to be 1.1 ML. The

deposition quantity of PEN was approximately the fourth of that in PEN/?FP hetero-Mls,

which was estimated by the frequency shifts measured by quartz oscillator.
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Figllre 5‐ 7(→ shoWS the topogr叩hc image of PEN gЮ wn on PFP covered on Si02・

There appeared val■ ous areas in the flhn assigned(D― O.The darkest area(D is Si02・ ThCSe

are named areas ② ‐⑦,respecively.From the height analyds,the smcmal prOperties of

these areas are easily distinguished,except for areas ③ and ④.The height of area ② with

respect to Si02 iS l・ 6 11mo Since this is the salne height as pllre PFP f11ln,it is considered that

the area ② consists of PFP.The areas ⑤‐⑦ are growll on the mderlying PFP layer(② ).The

height of areas ⑤ and ③ with respect to the lower layer is l.6111n,and that of area C)is l.5

11mo Since these heights are sIInilarto those of2 ML in PEN and PFP,the areas()and(D,and

⑦ are collsidcred to be PEN and PFP fllms,respectively.Therefore,the area ⑤ corresponds

to PEN/PFP hetero―layer■th head‐to‐tail confomation.Additionally,the areas ⑥ and ⑦ are

also considered to show the hctcro‐ layer wlth face―to― face confo....atiOn at the interface duc

to an atactive force,such as PEN/PFP on Si02・

The areas ()and ④ are foll.led at the edge of area C)and inside the area ②,

respectively.■Ю heights of areas ③ and ④ with respectto Si02 are l.811m,which indicates

that the areas are collsidered to cOnsist of PEN from the height.Howevet the AFM

observation indicated that the flrst layer was all■ ost cOmpletely covered on Si02 and the

second layer was growll on it,when a PFP f11ln was prepared wlth the salne condition.Thcre

existed a few Si02 areaS below thc size of 50 nln× 50 11m in a scan range of 10脚 肛l× 10 1tm,

which ineans little room Ofthe growth in PENo lt is considered that PEN is ttikely to grow

at the edge of and insidc PFP f11lns.I propose that the the..1lal di」 圧usion of PEN causes the
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Inixing of PEN and PFP.Hinderhofcr et al.showed the follllation of the pllre and l:1■ lixcd

ihn in cO_deposition of PEN and PFP by llsing X‐ ray diffrac」 on technique[91].The m破 ed

ih with the other ratiOs was not observed.Itis alsO expected that the areas ③ and ④ are the

l:l rnixed f11ln in lny experilncnt.
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Figure 5-7. (a) A topographic image of PEN grown on 1.1 ML of PFP

covered on SiOz. O) A KPFM image obtained simultaneously with

topographic images. The scan size is 3 pm x 3 pm.

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

Figrne 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-multilaver.

Area Film structure

△(mV)With
respect of

[MateddS]

①

②

③

④

⑤

⑥

⑦

Si° 2

PFPl ML

Ĺ mixed layer atthe edge

ofPFP l ML

A Inixed layers inside PFP

l ML

PEN/PFPl ML

PEN in a hetero-layer/PFP

l ML

PFP in a heteЮ -layer/PFP

lⅣ〔L

-80[Si02]

-10[Si02]

‐10[Si02]

+40[PFPl ML]

‐30[PFPl ML]

+801PFP l ML]

First,the KPFM of hetero-layer、 Mth a well‐ deined confo.1.latiOn(② ,⑤‐⑦)iS

discussed.In the KPFM image,the underlying PFP layers in ② appeared darker than Si02,

indicating a downward VL shift.The VL shift ofarea ② is 80 mV.The dowIIlward VL shiftin

the area ② is considered to o五 ginate to a dipole in PFP induced by the surface charge of

OH… Si02・ The VL shitt of 80 mV is the sallne as that of PFP fllm on OH… Si02,indicating

li■lc charge transfcr between ② and ③ (④ )。

In the image,the area ⑤ appeared b五 ghter than the flrst PFP layer, indicating an

upward VL shi■ .The VL shift is 40 inV.The areas ⑥ and ⑦ appeared darker and brighter

than the lower layer,resuhing in that the areas ⑥ and ⑦ reveal dowlllward and upward VL
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shifヽ ,respectively.The VL shitts of()and(D are 30 11nV and 80 1nV,respectively.The

origin of the VL shitt at a head― to― tail D‐ A interface was a dipole in molecules induced by

sllrface charges ofthe flrst PFP layer,as proposed in Sec.5‐ 2.The carbon and fluorine atoms

ln PFP are charged positively and negatively,respectively.The charge distribution ofthc flrst

layer induccs a negativc dipole in PEN(⑤ ),leading to an upward VL shift.This agrccs well

Ⅵ■th ollr experllnent.It is found that charge transfer and/or polarization dete...line the origin

of VL shift for a hetero― JunctiOn、Ⅵth a well‐dcflned contact geomctry.The areas(D and(D

fo....a facc― to‐ face hetcro‐ ML on PFP layers.The component of a PEN and PFP interfacc is

taken out,in comparison with the VL shitt ofpllre f11lns.The VL shi■ ofarea ⑥ decreases by

70 mV than that of PEN/PFP(⑤ ),While the VL shift of area ⑦ increases by 40 mV than that

of2 ML ofPFP.Based on the result,the energy level is dcscribed in Fig.5-8.The direction

ofthe VL shift atthe PEN‐ PFP interface coincides with that obtained by chargc transfer from

donor to acceptor.It is found that the origin ofthe VL shitts at the intcrface be● Ⅳcen areas ⑥

and ⑦ is alsO charge ttansfcr owlng to the hybridization beh″ een each π orbital.

Figure 5-8. The energy diagram of PFP-PEN hetero-layers grown on a

PFP ML.

110 1nV
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Next,the properties of the m破 ed layer(③ and ④)arC exallnined.The area ③ and ④

showed a downward VL shi■ of10 mV,which was iarger than■ ose of PEN and PFP fllm

deposited on Si02 Separately.This indicates that the VL shi■ onginates not only from

polanzation but also from the othcr factor.One of the possibilitics for the factor is chargc

redistribution.Since PEN is faced to PFP in the inixed f11ln,charge transfer is considered to

OCCllr ttOm PEN to PFP,which may cause charge redistribution inside the m破 ed■lm.

However,there is no evidence, since the propcrties inside a llllixed layer is■ ot observed.

Actually,I fabricatcd the mixed flhn of PEN and PFP deposited simultaneously on Si02 at

the substrate temperature of 80℃ ,as reference to Hinderhofer's repo■ [91].The KPFM of

co‐deposited PEN and PFP showed a downward VL shitt of 10 1nV.This coincides with thc

result ofareas ③ and ④.

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 n 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 SiO2, 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

Fac e-to-fac e C o nfo rmation

Figure 5-9(a) shows the topographic image of PFP on 6T films pre-deposited on

OH-SiO2. There are islands with two areas. The height of inner film with respect to SiOz 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 SiO2 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

on SiOz. The scan size is 3 pm X

KPFM images of a PFP-6T hetero-Ml

3 um.
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Figure 5…9(b)ShOWS thc KPFIII of 6T and PFP heterojllnction on Si02 0btained

simultaneously with the topographic image in Fig.5-3(り .The 6T and PFP flhns appeared

brighter and darker than OH‐ Si02,indicating upward and downward VL shitts,respectively.

The VL shift ofα -6T was 120 rnV and that ofPFP was 70 rnV.

The VL shift of the face-to-face hetero-Ml is compared with that of the 6T and

PFP film on SiOz deposited separately on SiOz. The direction of the VL shift of PFP in the

hetero-Ml- is the same as that in the PFP film on SiO2, indicating that a dipole is induced by

the surface charge of OH-SiO2. 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 n 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 hybridizatton of n 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 bv 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 heisht.

(a)

6T&PFP

LIIMO
、 _LIIMO‐

1

LIIMO

′ ~、  LUMO
′

ヽ          ′

HOMO   _
′

HOMO‐ l    H° M°

Figure 5-10. (a) Energy diagram of isolated 6T and PFP molecules, and

the dimer. The molecular orbitals of (b) HOMO and (c) 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 SiOz, 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, md 7T-PFP

hetero-junctions on SiO2, respectively. The n-thiophene and PFP films appeared brighter and

darker than OH-SiO2, indicating upward and downward VL shifts, respectively. Therefore,

(b)

HOMO \
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the partial charge transfer as well as the polarization is considered to determine the VL shift.

The VLs of 5T-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-ST and (b) PFP-77

hetero-Mls on SiO2. The ISFM images of (c) PFP-5T and (c) PFP-77

hetero-Mls on SiOz obtained with the topographic images. The scan size

is3pm X 3pm.
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Figllre 5‐ 12.The VL shifts ofpllre f11lns and hetero… MLsin 5T,6T and 7T.

The KPFM of ST-PFP, and 7T-PFP hetero-Mls also indicates the partial charge

trzursfer 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 pFp (Fig.

5-13), charge transfer is considered to become larger with the molecular lenglh. 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.

，
日
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Figure 5-13. Energy diagrams of 5T, 6T,7T and pFp.

5-5-J. 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 n orbital. It is difficult to determine

the magnitude of a VL shift. The I(PFM of PFP on PEN suggests that a dipole in n orbital of

the charge distribution of the layer induces a dipole in the underlying layer, and/or the

polaization in ru 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

H e a d-t o- t a i I C o nfo rmnti o n

Figure 5-1a(a) shows the topographic image of PFP on 6T film pre-deposited on
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SiO:. Besides the fbrmation 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 o-6T film is 1.5 nrn.

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

R{llR!

-1;
Ern- - -

sio2 PFP

Figure 5-14. (a) A topographic image of the PFP ML on the 6T-PFP

hetero-Ml grown on OH-SiO2. (b) A KPFM image obtained

simultaneously with topographic images. The scan size is 3 pm x 3

pm.(c) The energy diagram of PFP on 6T grown on OH-SiOz.
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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 SiOz. 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 mY, 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.

S-la(c). The VL shift of PFP on 6T is larger than that of PFP on OH-SiO2, 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 r-dipole in an underlying

layer affects an upper layer. Since the direction of a rc-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 r orbital of an underlying layer. This suggests that the effect of the zr-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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Chupter 6

Conclusions and Outlook

This work focused on the investigation by means of KPFM of monolayers (MLs)

and heteroJayers of plateJike and alkylated plate-like conjugated molecules grown on SiO2

substrates. These molecules grew on SiOz with the long txes 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 30O-nm-thick thermal SiOz. The

KPFM of PEN on thermal SiO2/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 CH:-SiOz

showed a downward VL shift, while those on CFt-SiOz 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 r orbital of molecules by surface charges.

In Sec. 4-8, the KPFM of 5T, 6T and 7T MLs on OH-SiOz 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-Cl3 MLs on OH-SiO2. DH-6T and PTCDI-CI3 shows upward

VL shifts, in contrast with plate-like molecules on OH-SiOz. It indicates that the alkyl chains

between the a-system and SiO2 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 2lvll. have been studied

from their VL shifts obtained by KPFM. PEN 2 MLs on OH- and F-SiOz show a downward

VL shift with respect to I ML, while PFP 2 MLs on OH- and F-SiO2 show an upward VL

shift. Thus, the direction of the VL shift of 2 ML is considered to originate from the surface

charges of I 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/SiOz 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/SiO2. The KPFM result indicates that not a charge

transfer but a dipole induced in n orbital of molecules by surface charges determines the VL

shift, since the head-to-tail conformation avoids the hybridization between ru orbitals.

In Sec. 5-4,I prepared hetero-multilayer of PEN and PFP on SiOz. 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 firther 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 W 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 n 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-SiOz, indicating that the

charge distribution of both molecules induces a dipole in each n 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 fl1,12,181.

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 zr 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 diflerence between the HOMO of donor and the

LUMO of acceptor determines a VL shift. In the separation of the z frames, the VL shift at a

D-A interface originates not from the energy level alignment but also from the electrostatic

interaction with their charee 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 bv 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 [701. Furthernore, theoretical approaches are essential

to verifu the applicability of Helmholtz equation to organic films.
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