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Chapter 1

General Introduction

1.1 Introduction

The scanning tunneling microscope (STM) was invented by Binnig and Rohrer in
1981[1]. This new instrument has proved to be an extremely powerful tool for many
disciplines in condensed-matter physics, chemistry and biology[2,4]. The STM can
resolve local electronic structure and manipulate atom/molecule(s) at an atomic scale on
conducting solid surfaces in real space.

One of the most interesting and important samples for STM study is DNA, because
it is the mediﬁm encoding the information which determines the structural and
functional properties of all living organisms. Many studies have been done to resolve
the nucleotide sequence of the DNA[5-8]. However, it appears that none of these studies
have been successful[4]. This is partly due to the lack of the reliable sample preparation
method of the DNA for STM study. Unreliable sample surface often results in the
observation of "artifacts" instead of the "real” DNA images.

The sample preparation is strongly related to both kind of substrates and
observation conditions(in vacuum, in air, temperature of the system,.. for example).
Moreover, if one wants to observe "molecule-molecule interactions” (which is an
essential driving force of the "self-assembled structure” such as the DNA) by STM,
“substrate-molecule interactions” should be deliberately considered, because too strong
interactions between substrate and molecule surely alter the nature of the molecules.

In addition to the difficulties of sample preparation method and selection of
appropriate substrate, "STM images" are not self-evident, that is, it is often difficult to

understand what STM images means.



The STM is a scanning microscope which maps a constant charge density contour
of the sample surface by detecting tunneling current flowing between the sample and

probing "tip". This "constant current” imaging mode is sketched in Fig.1.1.
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Fig.1.1 Schematic illustration of the constant current mode of STM operation(From
Ref. [9]). (a) A clean surface. (b) A molecule-substrate system.

A molecule-substrate system is probed by scanning tip while adjusting vertical relative
height of the tip to maintain tunneling current constant. The resultant contour (dotted
envelope) may not correspond directly to the atomic position.
The tunneling current, 7, is
I'< pgpexp(-s ¢ (1.1)
where s is the sample-tip separation, & is a parameter related to the barrier height for

tunneling electrons between the sample and tip, p 5 is the electron density of the tip,
and p  is the electron density of the sample. Although this expression is
oversimplified, it is clear that the contrast in the STM image is convolution of the
electronic structure of the sample, the electronic structure of the tip, and the tunneling

barrier function(related to the surface work function).

The problem is that STM image of insulative molecules is actually observed for



many adsorbed-substrate systems[2-4]. To solve this problem, electronic states of the
adsorbed system must be known as a first step. Because there are interactions between
molecule-substrate and even from presence of probing tip which probably alter the
electronic states of the system. However, a large ab initio theoretical calculation
necessary for adsorbed system is still too time consuming to perform, that is, the
theoretical description is very complex and far from complete to interpret the whole
electronic structure of tip-molecule-surface system[10].

This thesis is an attempt from experimental stand point to elucidate the possibility
of the imaging, sequencing and manipulation of the DNA-related molecules using STM
based on the understanding of the interactions of molecule-substrate and between
molecules.

In the next chapter (1.3 Scanning Tunneling Microscopy in Biological Molecules),
essential facts and concepts which should be stated before the main text, are briefly
reviewed in following order.

1.3.1 Substrate surfaces, 1.3.2 Imaging, 1.3.3 Self-assembly,
1.3.4 Manipulation
These sections are necessary to understand the discussion in the main text and to clarify

the state of current progress of this field and the importance of this present study.

1.2 Motivation of the Present study
The advent of newly developed surface science tool, STM, has opened up a new

era for the world of science as well as engineering. In fact, STM has resolved some
"mysteries” of the nature and enabled so called "nano-technology”. Both would have
never been realized without STM. However, it has raised more questions than it has
resolved. The few of the questions are:
(1) Is it possible to prepare samples of DNA-related molecules for UHV-STM study in

reproducible and reliable manners? (Chapter 3-5,7.)
(2) Is there any possibility for sequencing of DNA using STM?

Is it possible to discriminate DNA base molecules? (Chapter 3-5,7.)

(3) How can we interpret STM images of DNA-related (insulative organic) molecules



adsorbed on solid surfaces? (Chapter 6.)
(4) Is it possible to observe self-assembly of DNA base molecules on solid surfaces?

Is it possible to prepare such molecule-substrate system? (Chapter 5.)
(5) What factors contribute to the formation of self-assembly of DNA base molecules on

solid surfaces. (Chapter 5, 6.)
(6) How can we manipulate DNA-related molecules?

What the mechanism is? (Chapter 3, 8 )
The ultimate goal of the present study involves one that has been tried and resigned to
pursue. In chapter 2, basic instrumentation of STM is shown with developing and
modifying process (usually required for unconventional study) of used apparatus. STM
imaging and manipulation of isolated and self-assembled DNA base molecules (in
chapter 3-5) and intact DNA oligomer (in chapter 7 and 8) adsorbed on various solid
surfaces are shown in answer to the above questions.

In chapter 6, mechanisms of imaging, self-assembly, and in chapter 7,8

manipulation of DNA-related molecules are discussed on the basis of interactions of
molecule-substrate, molecule-molecule and molecule-tip, followed by concluding

remarks of chapter 9.

These works have been published in the following journals.

(1) STM-imaging of a SrTiO3(100) surface with atomic-scale resolution
Surface Science, 1992 278 L153-L.158.
T. Matsumoto, H.Tanaka, T. Kawai and S. Kawai

(2) Surface Structure and Electronic Property of Reduced SrTiO3(100) Surface
Observed by Scanning Tunneling Microscopy/Spectroscopy
Japanese Journal of Applied Physics, 1993 32 pp1405-1409.
H.Tanaka, T. Matsumoto, T. Kawai and S. Kawai

(3) Scanning Tunneling Microscopy Study of Laser Molecular Beam Epitaxy on
SrTiO5(100) Surface Surface Science, 1994 312 pp21-30.
T. Matsumoto, H.Tanaka, T. Kawai and S. Kawai

(4) Bias Dependence of Scanning Tunneling Microscopy Study Images of Sr Atoms
Adsorbed on SrTiO3(100)y 5X4 5 Surfaces
Japanese Journal of Applied Physics, 1996 35 1.1692-1694.
A. Kubo, H.Tanaka, Hi Tabata, T. Matsumoto and T. Kawai



(5) Interaction of Oxygen Vacancies with O, on Reduced SrTiO3(100)y" 5X 5
R26.6° Surface Observed by STM

Surface Science, 1994 318 pp29-38.
H.Tanaka, T. Matsumoto, T. Kawai and S. Kawai

(6) Surface Structure of Reduced SrTiO3(111) Observed by Scanning Tunneling
Microscopy
Surface Science, 1996 365 437-442.
H.Tanaka and T. Kawai

(7) Distinct imaging of the nucleic acid bases on SrTiO3(100) by scanning tunneling
microscopy
Journal of Vacuum Science Technology B 13(4) 1995 ppi411-1414.
H.Tanaka and T. Kawai

(8) Scanning tunneling microscopy imaging of the DNA base molecules on reduced
SrTiO3(100) surfaces
Material Science and Engineering C3 1995 pp143-148.
H.Tanaka and T. Kawai

(9) Elucidation of hydrogen-induced (1 X 2) reconstructed structures on Pd(110) from
100 to 300 K by scanning tunneling microscopy
Physical Review B 1995 51 pp4529-4532.
J. Yoshinobu, H.Tanaka and M. Kawai

(10)Oxygen-induced reconstruction of the Pd(110) surface: an STM study
Surface Science Letters, 1995 327 L505-1L.509.
H.Tanaka, J. Yoshinobu and M. Kawai

(11)Adsorption, migration, and superlattice formation of benzene on Pd(110)
Physical Review B 1996 53 pp7492-7495.
J. Yoshinobu, H.Tanaka and M. Kawai

(12)Imaging of Nucleic Acid Base Molecules on Pd(110) Surfaces by Scanning
Tunneling Microscopy
Japanese Journal of Applied Physics, 1996 35 pplL.244-1.246.
H.Tanaka, J. Yoshinobu, M. Kawai and T. Kawai

(13)Two Dimensional Self-Assembly of DNA Base Molecules on Cu(111) Surfaces
Surface Science, 1996 364 L575-1.579.
H.Tanaka, T. Nakagawa and T. Kawai

(14)Two-dimensional self-assembly of uracil molecules on Cu(111) surfaces: a low
temperature STM study
Surface Science Lett., 1997 in press..
T. Nakagawa, H.Tanaka and T. Kawai

(15)STM imaging and manipulation of DNA oligomer adsorbed on Cu(111) surfaces by
a pulse injection method
Journal of Vacuum Science Technology B 1997 in press..



H. Tanaka and T. Kawai

(16)STM Observation of Copper-Phthalocyanine and Nucleic Acid Base Molecules on
reduced SrTiO5(100) and Cu(111) Surfaces
Japanese Journal of Applied Physics, 1996 35 Part 1,No.6B.
H.Tanaka and T. Kawai

The papers (1)-(8) deal with the preparation and characterization of the clean

SrTi05(100)Y 5X4 5 surface that has been obtained for the first time. It has been

revealed that the interaction on the SrTiO3(100)Y 5X¢ 5-molecule system is relatively
weak and the discrimination of the DNA base molecules was achieved. The results for
DNA base molecules adsorbed on the SrTiO3(100)y 5X 4 5 will be mainly shown and
discussed in the chapter 3 in this paper.

The next papers (9)-(12) are the works to elucidate the interaction and dynamic
reaction process on the Pd(110)-molecule system. The nature of the chemically reactive
| Pd(110) substrate has been revealed, i.e., the DNA base molecules were strongly
adsorbed on the surface (they do not diffuse), and their molecular orbitals were observed
by STM. This will be presented in the chapter 4.

The next paper (13)-(14) have revealed that the self-assembly of DNA (and RNA)
base molecules, adsorbed on Cu(111), occurs through the intermolecular hydrogen-
bonding by STM for the first time. This will be appeared and discussed in the chapter 5.

The paper (15) contains a new deposition technique for biological molecules and
imaging/manipulation of the DNA oligomer on Cu(111). This will be appeared and
discussed in the chapter 7, 8.

The paper (16) include systematic discussion on the role of substrates (SrTiO3(100)
and Cu(111)) on the imaging and self-assembly mechanism of the adsorbed DNA base

molecules. The related discussion will be appeared in the chapter 6.

1.3 Scanning Tunneling Microscopy in Biological Molecules.

In biological systems, a potential of STM to operate in fluids is a great advantage,
because it enables the observation of dynamic processes in a direct way. However, it is
often true that the ultrahigh vacuum (UHV) condition is the most well-defined condition

for the surface science study, including STM study. In order to focus on the basic



imaging and manipulation mechanism of the STM and interactions in adsorbed systems
(molecule-molecule, molecule-substrate and molecule-tip) for the DNA related
molecules, all the experiments have been conducted under the most “well-defined"
UHYV condition by developing sophisticated sample preparation technique in this present
study as a new approach for the study of biological molecules.

In the following section, the role of and requirements for the substrates are pointed
out first, because STM experiment needs a substrate for molecules to be imaged or
manipulated. The processes of adsorbed system are also stated. That is one of the factors

that governs the mechanisms of image, self-assembly and manipulation.

1.3.1 Substrate Surfaces
In order to observe or manipulate organic molecules, the following issues should

be considered:
(1) The roughness of the substrate should be considerably less than the apparent size of
the molecular species, because this allows clear distinction between substrate and
molecular feature in STM images. Atomically flat clean surfaces of single/poly crystals
can be routinely prepared by conventional methods such as annealing, ion sputtering,
cleaving or molecular beam epitaxy method.
(2) The substrates must have enough electrical conductivities. (The atomic force
microscopy studies do not require this.) This means that insulators such as mica or
sapphire can not be used though they expose atomically flat surfaces.
(3) The binding strength of molecules to the surface at finite temperatures must be large
enough to immobilize them. If the strength is too weak, the molecules will be dragged
by the tip during scanning through the tip-molecule interactions. Moreover, the
molecules may intrinsically diffuse over the surface or even desorb from the surface. On
the other hand, too strong binding between the molecule and substrate may break the
bonds keeping atoms as a molecule.

This is related to the kind of chemical bonding between molecule and surface and
also crystallographic geometry such as (111) surface of face-centered cubic crystal or

(110) surface of body-center cubic.



(4) An adequate temperature of the sample must be chosen, because this factor affects
the surface diffusion/desorption and dissociation process of the molecules.

(5) The electronic and geometric structures of adsorbed system and transport
properties(imaging mechanism) must be understood to interpret STM 1mages of
molecular species.

As described above, interactions between the molecule and substrate play
important roles which provide immobilization of the adsorbed molecules or surface
diffusion for formation of self-assembly and have much to do with interpretation of
molecular images. Subsequently, the concepts on process of molecule-substrate
interaction, such as "physisorption"”, "chemisorption”, "theory of chemisorption” and

"surface diffusion” are shown to precede "employed substrates".

Physisorption

There are two major adsorption processes that govern interaction between molecule
and substrate; physical adsorption(or physisorption) and chemical adsorption(or
chemisorption).

In the case of physisorption, an adsorbed molecule is bound to the surface via a
rather weak van der Waals type of bonding. This bond inQolves no charge transfer
between the substrate and adsorbed molecule. The attractive force is provided by the
instantaneous dipole moments of the adsorbed molecule and its nearest neighbor surface
atoms. The binding energies for physisorbed molecules are typically 0.2 eV or less.
Such bonds are found in the adsorption of inert gases on metals. This weak interaction is
insufficient to lead to bond breaking. This means a physisorbed molecule retains its
identity.

If 1y is the period of a single surface atom vibration in the well of the depth Ege,
then the stay time t of this atom on the surface is given by

t =ty exp (Eges/kT) (1.2)
The time #, is usually of the order of 10™'%s, and equation(1.2) can be used to show that
stay time greater than about 1 s will not occur until Eg4es > 28 k7. Thus an adsorption

energy of 0.2 eV will give r>1s only below temperatures of about 100K.
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Since the STM imaging typically requires a few seconds to minutes to obtain single
image, physisorbed atoms (molecules) can be imaged by STM at only below 100K and

can not be imaged at room temperature.

Chemisorption

In the case of chemisorption, an adsorbed molecule is bound to the surface via a
rather strong bond. This bond involves charge transfer between the substrate and
adsorbed atom. Usually there is an admixture of the wave functions of the valence
electrons of the molecule with the valence electrons of the substrate into a new wave
function. The electrons responsible for the bonding can then be thought of as moving in
orbitals between substrate and adsorbed molecules. The simple potential diagram for a
chemisorption is shown in Figurel.2. Some of the impinging molecules are
accommodated by the surface and become weakly bound in a physisorbed state (also
called a precursor state) with binding energy Ep. During their stay time in this state,
electronic or vibrational processes can occur which allow them to surmount the small
energy barrier Ec (activation energy: Ec+Ep) and electron exchange occurs between
adsorbate and substrate. The adsorbed molecule now stays in a much deeper well, Ea.

The binding energies (heats of adsorption) in chemisorption are typically in the
region of 2 eV and larger than those of physisorption(0.2 eV). In the case of
chemisorption, adsorbed molecules stays at the surface longer than an hour even at room
temperature. This means chemisorbed molecules can be imaged by STM at room
temperature.

As stated earlier, the electronic structure of the sample contribute to STM image,
understanding of the electronic structure of chemisorbed molecule-substrate system is
necessary for interpretation of STM image. One of most the important theory of

chemisorption is presented bellow.

Theory of chemisorption
The theoretical description of chemisorption is very complex and far from
complete[10]. In fact the theoretical calculation of adsorbed system seems not be

realized without approximations about the description of the electron-electron
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interactions or the construction of an extremely simple model. However, there is an
important theory known as the News- Anderson model[10]. In this model, there are two
limiting cases which emerge from the application of this model to a system consisting of
an adsorbate with a single valence state on a metal surface. These two extremes are
sketched in Fig.1.3. In Fig.1.3(a) is the density of states in the metal is flat and the
adsorbate state is broadened from a single level in the isolated atom to a Lorenzian
distribution centered about the original energy level. This is week chemisorption. The
other extreme occurs when the electron in the metal are confined to a band which is

narrow compared to the coupling between the atom and the metal. This is indicated in

Surface Diffusion

Adsorption processes are an important factor, as presented above. In STM
experiment, another relevant factor must be considered also. That is surface diffusion
process of adsorbate. In this section surfaée diffusion is briefly explained.

At finite temperature, the thermal energy fluctuations sometimes give the adsorbed
molecule(atom) sufficient energy for it to leave its initial site in the surface and become
an adsorbed molecule(atom) in neighboring position of potential energy minimum. This
is the simplest picture of self-diffusion.

The activation energy for diffusion(E4s) over the surface need not be the same for
desorption(Eyes) because the molecules may be able to move through valley between
potential peaks without leaving the surface completely. The activation energy for
migration is generally about 10-20 per cent of that for desorption. The stay time ¢ of
adsorbed molecule(atom) upon the surface is given by same as Eq.(1.2), replacing Eqes
by Egir.

Since Eg is smaller than Egs, it is Egir that decides whether the adsorbed molecules
freeze their transitional motion over the surface at finite temperature such as room
temperature. However, large FEg(Egi) means that the nature of the adsorbed
molecules(atoms) is strongly distorted by the bond between the molecules and the
substrate. It would result in a dissociation of the adsorbed molecules. In order to observe

intact molecules by STM, this must be avoided by any means.

12
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Fig. 1.2 A potential diagram for chemisorption.
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Fig. 1.3 The local density of states of an adsorbate in the Newns-Anderson model. (a)
The single level in the adsorbate is broadened into a Lorentzian distribution when the
chemisorption is weak. (b) The same level is split into two states when the

chemisorption
is strong. (From Ref. [10])

Fig.1.3(b) where it can be seen that the single level in the isolated atom has split into
two states-known as bonding and anti-bonding.
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In the case, Eq is large enough to keep molecules at the surface and Egis is small
enough for the adsorbed molecules to diffuse over the surface, the molecule-molecule
interaction is expected. The molecule-molecule interaction is important for the self-

assembly that is presented in the section 1.3.3.

Employed Crystal substrates
The above sections have pointed out the importance of the substrate in many aspects.

Therefore, the selection of substrate for the study must be deliberately done. In the STM
study on organic molecules such as DNA, the following facts must be also considered.
Crystal substrates have been usually used for the adsorption of organic(biological)
molecules. This is because a crystal exposes an atomically flat surface which is
necessary for STM observation. A typical corrugation of less than 0.1 nm is usually
observed. As a matter of course, graphite substrates have been used as a most common
and convenient substrate due to its easy preparation, i.e., it is usually enough only to
cleave by a mending tape. The STM image of DNA with the highest resolution( the
double-helical structure, and the base pairs) were obtained under UHV conditions using
graphite substrate[6]. However Clemmer and Beebe [11] have demonstrated and
claimed that as-cleaved graphite surfaces sometimes exhibit structural features which
can mimic the presence of ‘DNA’, which are called “artifacts”. Moreover, interpretation
of STM image of macro molecules such as DNA is not understood completely. It should
be mentioned that the STM study aiming at DNA sequencing on graphite surface seems
to have almost disappeared lately. It may be better not to use graphite as substrates for
DNA at least.

The crystal substrates used in the present study are listed below, and the
characteristic natures of these substrates are shown in Fig.1.4.
(a) SrTiO3(100)Y 5x4 5-R26° surface

This is a reduced (100) surface of perovskite structure. The top most(exposed
surface) layer is TiO, with an ordered oxygen vacancy of J 5x4 5 periodicity. The
SrTiO; is an insulator with the band gap of 3.2 eV when stoichiometric. Upon annealing

at 1200C in vacuum, oxygen vacancies are introduced which induce electronic states

14
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Fig. 1.4 The simple models of the surface structure and electronic structure (density of
states near the Fermi level (Ey)) of the three different substrate surfaces. (a) SrTiO3(100)

4 5x¢ 5-R26° , (b) Pd(110), (c) Cu(111).
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near the Fermi level to become a n-type semi-conductor. Atomic feature of V5x/5

corresponds to a map of the each oxygen vacancy site as shown in Fig.1.4(a) [12].

(b) Pd(110) surface

Pd is known as a chemically reactive material[13][14]. This active nature is
supposed to arise from its 4d electronic states that rest at the Fermi level (Fig.1.4(b)). Pd
has a face-centered cubic (fcc) structure. The (110) surface has a Cz, symmetry which

may induce anisotropy in surface diffusion process.

(c) Cu(111) surface
Copper is a less chemically reactive metal. This is due to the electronic states of the
broad 4s band at the Fermi level (Fig.1.4(c)). The (111) surface of Cu which is also a fcc

metal has a close-pack (the smallest corrugated) surface [15].

The specific preparation processes of such surfaces used in the study are described
in each experimental sections. It should be mentioned that preparation of a well-defined
clean surface is a serious problem, because a recipe for certain clean surface may not be
found in the literatures. In that case, the time and effort must be spent on it as a starting

point.

1.3.2 Imaging

Before the invention of the STM, the tunneling process was discovered and has
been studied experimentally and theoretically. In classical physics, an electron with an
energy smaller than a potential barrier height of an energy barrier, will never be able to
traverse this barrier. However, in quantum theory, this electron can traverse the barrier.
The wave nature of microscopic particles impinging upon a potential energy barrier is
expressed in the experimental observation of a finite probability of finding the particles
beyond the barrier and they are then said to have tunneled through it.

In this section, a basic theory which is essential for interpretation of STM images,

i.e., tunneling theory, is shown.
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One-Dimensional Tunneling Theory

The tunneling current flowing between two electrodes separated a thin insulating
barrier, when high or very low voltages were applied, was theoretically studied by
Sommerfeld and Bethe [16] using the WKB approximation(developed by Wentzel,
Kramers and Brillouin in elementary textbooks of quantum theory). The following
expression for the probability D(E) that an electron can penetrate into a one-dimensional
potential barrier V(z) of arbitrary shape is found within the WKB approximation, as
follow: 52

D(E) =exp (—(2/h) § [2m(V()—E)]"dz} (1.3)
sl

§2

= exp {—2}? k (z, E) dz)

where s, and s, are the classical tunneling points and (s, - s7) is the width of the barrier,
as shown in Fig.1.5. The WKB approximation is adequate only if the energy E is not
near or above the top of the barrier (E << V) and if the sides of the barrier at 5; and s,

are gently sloping.

Fig.1.5 Potential diagram for tunneling by WKB approximation.

Interpretation of STM images
As will be described in chapter 2, the constant current imaging mode is used in the
present study as well as in the most of the literatures. In this mode a voltage V is applied

to the sample (with the tip at ground), only those states lying between Ef and Ef+ eV

17



contribute to the tunneling process (Fig.1.6). The polarity and magnitude of the applied
voltage, then determine which state can contribute to the resulting topographic image.

Figure 1.6 shows an energy level diagram for the system consisting of the sample
and tip that are separated by vacuum. Based on the simple one-dimensional planar
tunneling models, using the WKB approximation, the WKB theory predicts that the
tunneling current is given by

eV

I=§ p s(rnE) p (r, —eV+E)T(E, eV, r)dE (1.4)
0

where o (r, E) and p ((r, E) are the density of states (DOS) of the sample and tip,
respectively, at location r and the energy E, measured with respect to their individual
Fermi levels. For negative sample bias, ¢V<0 and for positive sample bias, eV>0. The
transmission coefficient T(E, eV) for electrons with energy E and applied bias voltage V
is given by

T(E, eV) = exp [~ {(2Z(2m) *)h }{( ¢ s+ ¢ )2 +eVI2—E}"] (1.5)
where ¢ and ¢ ( are the work functions of the sample and tip (see Fig.1.6). This
formula indicates that the transmission coefficient increases monotonically with the
applied bias voltage. However, following factor may contribute to "apparent shape" and

lateral resolution of STM images.

T V2(D + b V)

sample tip

Fig. 1.6 Energy diagram of sample and tip (applied negative sample bias).
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The band structure has an effect on tunneling process because the rate of decay of
the wavefunctions of the sample and tip in the vacuum region is determined by
momentum perpendicular to the surface. The energy E of the state enters the tunneling
probability because the effective height of the tunneling barrier depend on the electron
energy

E = k*1Q2m) = [(k+k, +k)/(2m)]. (1.6)
In order to incorporate such effect, the E in Eq.(1.5) must be replaced by
E - h? [k1CCm)). (1.7)
where k* =(k,(2+ky2)”2 is the parallel momentum. It is apparent that T(E, eV) becomes
largest when the parallel momentum is zero.

Thus, STM image (at constant tunneling current I, the contour followed by the tip)

is a relatively complicated function of the DOSs of both sample and tip, together with

the tunneling transmission probability.

1.3.3 Self-assembly

Under certain conditions, such as liquid phase, gas phase, gas-solid interface, etc.,
molecules undergo spontaneous formation of aggregates or complex supramolecular
assemblies through the interaction between molecules. That is the phenomenon called
self-assembly or self-organization. Lipids and biological cells are typical examples of
naturally occurring self-assembled(organized) structures [17].

It is well known that molecule-molecule interaction through hydrogen bonding play
a central role in DNA, RNA (such as the double-helical structure and the base pairs) and
many biological molecules[18][19]. Considering the difficulty to obtain reliable high
resolution image of whole DNA, as mentioned in section 1.3.1, it may be reasonable to
go back to the individual molecules i.e., the DNA base molecules as a first confident
step. In addition, they are rather simple molecule and well studied in both
experimentally and theoretically [18][19]. Since STM has atomic/molecular resolutions
on substrate surface in real space, the STM may indeed be one of the powerful tools for
probing two-dimensional self-assembled DNA base molecules to elucidate the

mechanism of self-assembly.
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There are two important points on self-assembly (self-organization), especially in
this study. One is the fact that the molecules self-assembled into a two-dimensional
molecular crystal (usually monolayer film) can be often imaged by STM without
dragging them by the tip, because the molecule-molecule interactions force them to
immobilize on the substrate. Second, information of self-assembled structure can give
insight into the mechanism of self-assembly that involves molecule-molecule and
molecule-substrate interactions, the temperature of the system etc..

In order to clarify the state of the STM study of self-assembly, a brief history and
basic mechanism of self-assembly of organic molecules is presented in this section, as

follows.

A brief history of self-assembly of organic molecules in STM study

As mentioned above, self-assembling process depends on molecule-molecule and
molecule-substrate vinteractions and temperature of the system. The molecule-molecule
interactions originate mainly from van der Waals and electrostatic (hydrophilic,
hydrophobic and'hydrogen bonding) interactions.

The most clear example for the self-assembly due to van der Waals interaction of
organic molecules is reported by Ohtani et al.,[20]. They studied benzene co-adsorbed
with CO on clean Rh(111) substrates and found that a (3 X 3) superlattice structure is
formed with two CO molecules per unit cell, as shown in Fig. 1.5(a). The model can be
easily understood from the view point of the known van der Waals sizes of adsorbed
species. In the case of non-polar molecules, the van der Waals interaction dominates to
form close-packed structures.

The molecule-substrate interaction, especially the activation energy for diffusion is
comparable to the thermal energy at room temperature (kT =0.025 V) in this CO,
benzene/Rh(111) system. This allows the molecules to diffuse over the surface as long
as the coverage is low. At saturated coverage, they cannot diffuse over the surface any
longer because they are packed. It should be noted that above superlattice structure
(resulting from van der Waals interaction) may not be called self-assembled structure.

Other famous self-assembled molecules which have been extensively studied by

STM are liquid crystal and alkanes(-derived) molecules[21][22]. They are structurally
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similar in that they have alkyl-chains as a main frame. (These molecule with a
hydrophilic head and a hydrophobic tail groups are known to form two-dimensional
layers using Langmuir-Blodget method[23].) As shown in Fig.1.7(b), the observed two-
dimensional structures adopt a similar structure, that is, the hydrophilic head
(hydrophobic tail) groups are positioned next to the hydrophilic head (hydrophobic tail)
groups of other molecules due to molecule-molecule interactions of hydrophilic and
hydrophobic bonding. And the molecule-substrate interactions make the self-assembly
form a domain structure with epitaxial orientation (Fig.1.7(c)).

From above examples, the shape and functional head/tail (group) of the molecule
plays an important role in the intermolecular interaction. Moreover, the hydrogen
bonding acts as dominant electrostatic interaction force when molecules have -OH or -
NH, groups addition to hydrogen. The hydrogen bonding are typically formed as B
OH***Q-, -OH***N- with bonding energy of 0.1-0.5¢V[24]{25][26]. The value of 0.1-
0.5 eV is much larger than that of thermal energy of kT =25 meV and may be even
larger than that of activation barrier for diffusion.

STM observation of self-assembled DNA base molecules on Au(l11) electrode
under electrochemical condition has been reported by Lindsay and coworkers[27]. They
have observed that some of the DNA bases are packed into two-dimensional
superstructures through hydrogen bonding. However, the observed structures seem to
depend on the electrochemical conditions (applied potential, charge transfer, water
molecules, electrolyte, dissolved contaminants, etc.) and may be different from those
adopted under vacuum or biological conditions. The poor (not reliable enough) quality
of the images may indicate that the difficulties of STM observation of intact molecule
under electrochemical condition.

As shown in above, in self-assembly process of organic molecule (and also for
DNA base molecules), following factors are important:

The intermolecular interaction:

(1) The shape of the molecule: van der Waals packing.

(2) The group in the molecule: electrostatic hydrogen bonding; typically 0.1-0.5 eV
(3) The group in the molecule: hydrophilic, hydrophobic bonding; <0.1 eV
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Fig. 1.7 (a) The structure model for Rh(111)-(3x3)(CsHg + 2CO). (From Ref. [21])
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The molecule-substrate interaction:

(4) Adsorption energy(Eqes): too strong (weak) interaction will result in dissociation
(desorption) of adsorbed molecule; ~ 0.5 (weak) - 10 eV (strong).

(5) Diffusion energy(Eg): too large Eg¢ prevents adsorbed molecules from diffusing and
interacting each other to self-assemble; 10-20 % of that for Eys i.e., ~0.05-2eV.

(This value also depends on the symmetry of the surface structure.)

(6) The temperature of the system: thermal energy (kT) can activate the diffusion of
adsorbed molecule; ~0.025 V at 300 K.

(7) Epitaxy and diffusion bias; the corrugation of Eg is not isotropic along the surface
due to the symmetry of, steps and defects on the surface. The ratio of Eg¢ (max)/Egif

(min) ~ 2.

As is classified above, these factors will decide whether self-assembly occurs or not,
and resulting structure if it takes place. Consequently, the choice of a system of substrate,
chemical species and crystal plane as well as conditions of temperature or ambient, is

critical for the study of self-assembly.

1.3.4 Manipulation

The ability of STM to probe individual atom/molecules in real space implies an
ability to perturb individual atom/molecules in real space. The “probe” in STM is
tunneling current which flows between sample and probing tip according to the applied
potential field. In view of this fundamental principle of STM, possible perturbation
which can be cast upon a system includes following STM parameters:
(Delectrostatic field E (V/m) due to applied bias voltage V (V) between the gap s (m).
(2) (tunneling) current I (A), especially inelastic one.
(3) tip-sample proximity (interaction), such as van der Waals, chemical bonding

(The field and current have “polarity”)

They may effect as either attractive or repulsive interaction.

Since the well-known memorial report by Eigler and Scweizer in 1990 [28],
research aiming at atom/molecule manipulation has been done, though it may be still in

its infancy. From the literatures, one can recognize the importance of the controllability
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of STM parameters, V, I and s. In this section, typical mechanisms of manipulation are

summarized in the order of STM parameters.

(I) Field related manipulation
1. Field evaporation.

The mechanism is essentially same as that of FIM. A strong electric field (on the
order of volts/0.1 nm) is applied between the gap. An adsorbed atom/molecule or
substrate atoms are polarized and are ionized by charge transfer. Finally, these ions are
accelerated by Coulomb repulsion to evaporate from the surface(Fig.1.8(a))[29][30].

2. Field assisted diffusion.

A electric field applied between the gap induces electrostatic polarization of both
tip and adsorbed atom/molecule(s)(Fig.1.8(b)). Then, an attractive interaction between
tip and molecule occurs. This attractive force is not strong enough to move molecule
from the substrate to tip. However, this may be strong enough for dragging it by the tip
in the surface plane [28][31].

3. Field-induced diffusion.

An electric field applied between the gap impose its potential upon the diffusion
potential for adsorbed atom/molecule(s). If gradient of the added potential is steep than
that of corrugation of surface diffusion, the atom/molecule(s) can diffuse (Fig.1.8(c))
[32].

(II) Current related manipulation
1. Localized heating.

The energy of product of tunneling current and bias voltage will excite phonon.
‘When current is too large, atom/molecule(s) in the current path will gain thermal energy
to diffuse(Fig.1.8(d)).[33].

2. Electron stimulated desorption.

Electrons with high energy can break chemical bonds in adsorbed atom/molecules,

causing ionized or radical atom/molecules to be ejected from the surface(Fig.1.8(e))[34].

This occurs at positively biased electrode into where accelerated electrons impinge.
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Figl.8 The typical mechanisms for molecular manipulation by STM. (a) Field
evaporation, (b)Field assisted diffusion, (c) Field-induced diffusion(from Ref[32]),
(d)Localized heating, (e)Electron stimulated desorption and (f)Van der Waals repulsive
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(III) Tip-sample proximity related manipulation
1. Van der Waals repulsive force.
Van der Waals repulsive force is responsible for the prevention of the complete
collapse of matter to nuclear densities. This force emerges when the tip-sample distance

is reduced(Fig1.8(f))[35].

Above literatures indicate that atom/molecule manipulation is not just imagination.
The problem is that there have been no report on the manipulation of DNA related
molecules at atomic/molecular level. This is, doubtlessly, partly due to the lack of
reliable sample preparation, that is, substrate surface and deposition method, as already

mentioned earlier.
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Chapter 2

Scanning Tunneling Microscopy

2.1 Introduction

As already briefly explained in chapter 1.1, the principle of STM is surprisingly
simple. In fact, before Binnig and Rohrer invented it, Young et.al., NBS in USA had
invented an instrument, referred to the "topographiner” that had a design feature
conceptually identical to the STM. They, however, managed to obtain a resolution of a
few tens of nanometers. In other words, so called atomic resolution was not achieved.
One of the reason for their low resolution was the noise they encountered both from
mechanical vibrations and the electronics.

In order to achieve atomic resolution, both vibrational isolation and electronic
noise reduction are essential.

This chapter consists of two sections.
(1) 2.2 STM design and instrumentation

In this section, basic physical principles of STM and required modification to
improve accuracy and reproducibility of both STM and related ultra-high vacuum

system are shown.
(1) 2.3 Modes of operation by STM
In this section, two modes of the STM operation are shown.

One is the constant current imaging mode. The other is the apparent tunneling barrier

height mode.

2.2 STM design and instrumentation
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Overview(physical pfinciple)

As shown in Figure 2.1, the principles of STM are rather simple.
A conducting(metallic) tip mounted on a piezoelectric transducer is located very
close(~1nm) to the source of the sample to be studied. A bias voltage, applied between
the tip and the sample, causes a tunneling current. Such a current is a quantum-
mechanical phenomenon which decides essential imaging mechanism. The imaging
mechanism have already been discussed in chapter 1.3.2.

The tunneling current is amplified by the current amplifier to become a voltage,
which is compared with a reference voltage. The difference is then amplified and passed
through certain filter circuit again to drive the z piezo. The phase of the amplifier is
chosen to provide negative feedback:

If the tunneling current is larger than the reference value, then the voltage applied to the
z piezo tends to withdraw the tip from the sample surface, and vice versa. Therefore, an
equilibrium a position is established through the feed back loop. As the scan over the xy
plane, a two-dimensional array of equilibrium z positions, representing a contour plot of
the equal tunneling-current surface, is obtained and stored.

The contour plot is displayed on a computer screen, typically as a gray-scale image.
The image is similar to a black-and-white television picture. The bright spots represent
high z values(protrusions), and the dark spots represent low z values(depressions). This

mode of STM operation is called "The constant currant imaging mode."

STM systems

A system of STM consists of the mechanical part, "STM head", the controlling
electronics and the computer for data acquisition automation. In the present experiment,
a commercial STM system was installed in a vacuum system, as shown in Fig.2.2. It
was, however, difficult to obtain reliable STM images with atomic resolution in
reproducible and efficient manner without extensive modification of both commercial
STM and UHV system, as shown in Fig.2.2.

For the present experiments, I have extensively modified and developed the

apparatus as follows.
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Fig. 2.1 Schematic diagrams of the scanning tunneling microscope. (a) from Ref. [2].

(b) from Ref.[1].
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Fig.2.2 Schematic illustration of the UHV-STM system.

(1) Sample holder
With the sample holder that came with commercial STM, a sample(typically a
piece of plate-shaped single crystal) is holed onto by tightening screws (see Fig.2.3(a)).
This often results in a crack of the sample in annealing process due to thermal expansion
and in loosening at transferring operation because its design allows direct mechanical
impact through the screw and/or friction to the screw to either tighten or loosen.
As a sophisticated alternative design, instead of above awkward sample holder,
following design was invented, as shown in Fig.2.3(b). The new one needs no screw but
tiny pieces of springs which are made of a folded Ta sheet(1.5x40x0.15mm?). The Mo

"caisson" , the block support has a rectangular gutter in the side in which sample and
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holding Ta spring are inserted. This spring design can give an appropriate holding
tension with less effort. Moreover, the thermal expansion at annealing is absorbed by
this elastic spring. Since the rigid Mo casinos protect sample from mechanical
shockhazard, the possibility to damage sample at transferring operation is substantially

reduced.

(O) sample screw (b) ”caifson" Ta sprihg .
rT:ﬁ*Ta sheet @*‘/

l l |
] - ] 1

Fig.2.3 Side view of (a) delivered and (b) invented sample holders.

(2) Vibration isolation

Effective vibration isolation is one of the critical elements in achieving atomic
resolution by STM. The typical corrugation amplitude for STM images is about 0.01 nm.
Therefore, the disturbance from external vibration must be reduced to less than 0.001
nm.

To date, vibration system based on suspension spring with eddy-current damping is
probably the most efficient one. Its basic concept is following:
The frame for the instrument always has vibrations transmitted from the ground an the
air. The vibrations have frequency contents(from DC to ultrasonic region). The
suspension consist of spring and massive frame on which STM is mounted. The

suspension behaves as so called a low pass filter(high cut filter) with a resonant
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frequency. The vibrations of the frequency much higher than resonant frequency of the
suspension system, are reduced. The vibrations of the frequency much lower than the
resonant frequency for the STM system of sample and tip, including piezoelectric
scanner, will not disturb the STM. Therefore, to reduce vibrations, the resonant
frequency of the suspension system must be lower and that of the STM must be higher.

When a conductor moves in a magnetic field, damping forces are generated by
eddy currents induced in the conductor. The magnetic damper, with its reliability and
thermal stability, has been utilized in various branches of engineering. Our STM
originally has only suspension spring system without damping system when it was
delivered. This often results in accumulation of vibrational energy of relatively low
frequency(few Hz), which is the resonant frequency of the suspension system. It is hard
to eliminate the vibration without damping system. The vibration always appeared as a
modulation with an amplitude of 0.1nm in the STM images! In order to suppress the
resonance of the suspension system, I have attached eddy-current damping and this has
been proven to be effective. The modification was quite simple. The installation was
that placing 4 pieces of CosSm magnets(leOxZOmm3) on the bottom of the suspension
system and Cu block(10x40x100mm?) just below them, as shown in Fig.2.4. The
adjustment required was setting the magnets to Cu block at the distance of
approximately 2mm, so that they will not contact each other.

After this modification, the noise from vibration transmitted from the ground has

become completely negligible.

As described above, the noise from the vibrations are sufficiently reduced. It is true,
however, that the noise from electronics is still not negligible. Accordingly, 1 have

modified electronic circuits as follows.

(3) Current amplifier

The tunneling current in STM is very small, typically from 1 pA to 10 nA. The
current amplifier is thus an essential element of an STM, which amplifies the tiny
tunneling current and converts it into a voltage. (strictly speaking, it is a transimpedence

amplifier, because the output is voltage instead of current.) The performance of the
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current amplifier, to a great extent, influences the performance of the STM. There are
natural limits for the overall performance of current amplifiers, as determined by the
thermal noise, stray capacitance, and the characteristics of the electronic components.

It is also important to minimize tunneling current when imaging insulative sample
otherwise scanning process bring about an unwanted perturbation or modification upon
the sample. Since the present study deals with insulative molecules, the improvement of
the current amplifier is essential.

As a one of the solutions, I selected a commercial current amplifier(Keithley 428)
for the use. This current amplifier can provide a current-to-voltage conversion ratio of
108V/A with frequency response of 7kHz(-6dB) that is much higher than the resonant
frequency of the STM unit. Although the performance of this current amplifier(Keithley
428) is much better than that used in the purchased STM system, a drastic modification
of the STM system has been done, including the removal of commercial current
amplifier unit, spot-welding of coaxial cable between the piezoelectric unit and electric
feedthrough, and reorganization of electronics circuit. After this modification, the
tunneling current can be minimized by one order of magnitude with a better frequency

response.

(4) Feedback circuit

The output of the logarithmic amplifier is compared with a reference voltage,
which represents the set point of the tunneling current. The error signal is then sent to
the feedback circuit, judicially designed amplifier, which sends a voltage to the z piezo.
‘The phase of the collection of all the amplifiers is chosen to constitute a negative
feedback: If the tunneling current is larger than the preset current, then the voltage
applied to the z piezo tends to withdraw the tip from the sample surface, vice versa.
Therefore, an equilibrium z position is established through the feedback loop. As the tip
scans in the x direction, the contour height z also changes with time. The function of the
feedback circuit is to make the tip accurately follow the constant tunneling current
contour at the highest possible speed. The feedback circuit usually consists of a
proportional(P) amplifier and analog integrator(I). These units (P,I) are well known in

the familiar PID feedback loop system. To make the feedback circuit work at the best
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performance (highest speed), the values of the P and I must be optimized.

The purchased STM in our laboratory, however was not designed to adjust these P
and I values during experiments. This often caused instabilities of the feedback system
or requirements of additional data acquisition time.

To improve controllability of the feedback system, I have modified the feedback

electronic circuit, so that the P and I values can be optimized.

(5) Ground loops

When two or more electronic circuits and/or instruments are connected together,
care must be taken to avoid unwanted signals caused by ground loops. Ground loops
usually occur when a circuit(instrument) is connected to other circuit (instrument) with
more than one signal return path such as power line ground. The resulting ground loop
causes current to flow through the instrument ground signal leads and then back trough
power line ground. This circulating current develops a small but undesirable voltage
~ between the ground terminals of the two circuits. This voltage will be added to the
signal voltage, appearing as a noise. If the current source is grounded, it may be
necessary to isolate the device from power line ground.

As for the commercial STM used in the present study, the noise originated from
ground loops was not negligible. The amplitude of the noise was typically 0.1 nm or
larger in z scale in images. The reason of this noise(from ground loops) is clear, as
described above. The only solution is to eliminating all the ground loops by isolating all
the grounds of the circuit from the power line ground. Since the STM head unit(current
source) is grounded, all the grounds except for the STM head were isolated from the

power ground. This thorough modification has given successful improvement.

(6) Coarse positioner

An important elements of an STM is the coarse positioner, which moves the
relative position of the tip versus the sample in steps exceeding the range of the
piezodrive (typically a fraction of a micrometer). The step sizes for this movement have
to be smaller than the total range of the z piezodrive for the tip in order to avoid

accidental contact between tip and sample during the approach. One of the most
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simplest coarse positioners is realized using the devices, conventional rotary
feedthrough and a fine-pitch screw.

Although the commercial STM in our laboratory was equipped with a coarse
positioner consisting of rotary feedthrough and a fine-pitch screw, there were two parts
to be improved. One was the rotary feedthrough whose coupling mechanism was
"bellow" type. It turned out that this type of rotary feedthrough loses smooth response or
become choppy in movement in the course of operation, specially by small recursive
motion. Because a small recursive motion makes the bellows accumulate the local
distortion and stiff to require much more force to transmit the motion. This means that
the steps of coarse positioner tend to change into much larger than the total range of the
z piezo drive. In this case, the contact between tip and sample is inevitable.

The solution is, however, essentially quite simple. The below-type rotary
feedthrough was replaced with a "magnetically coupled” one, that was done in the
present studsy.

The other problem was that the coarse positioner system was not designed to
perform so called "automatic approaching". Actually the approaching was performed by
just approaching continuously the tip to the sample using a DC motor until tunneling
current is detected. This approaching procedure does not always lead to the coarse
positioning without contact, because it needs finite time(approximately a few
milliseconds) for the tip(z piezo) to attain the equilibrium z point. In order to achieve
reproducibly wholesome approaching, an automatic approaching system was developed.
The process of is as follows:

1. Withdraw the z piezo to the limit.

2. Take one step forward with the coarse positioner(using Motor).

3. Move the tip forward.

4. If a tunneling current is detected, then stop. Otherwise repeat the loop.

After this development, an almost ideal approaching is routinely realized.

(7) Tip treatment and preparation
The importance of the tip treatment in STM was recognized by Binnig and Rohrer

from the very beginning of their experiment. Because geometric and electronic
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properties of the tip play a role equivalent to that of sample, as discussed in chapter

1.3.2. There are various experimental methods of tip preparation and treatment. It is,

however, true that little characterization of the tip has been carried out. This is mainly

due to the lack of a suitable technique except for field ion microscopy, which enables

one to observe the apex of a metallic needle(tip) with atomic resolution. Few of other

reasons may be as follow:

(1) Atomic resolution might happen spontaneously by repeated tunneling and scanning
for an unpredictable time duration.

(2) A STM tip provided atomic resolution often looks blunt under scanning electron
microscope(SEM).

(3) A STM tip looks perfectly sharp under SEM, would not provide atomic resolution.

(4) A tip mechanically cut(with a nipper) out from a Pt-Ir wire often works even if it
looks like blunt under SEM or optical magnifier(lupe).

Therefore, there appears no reliable and reproducible method of tip treatment. Tip

treatment and characterization is one of the central experimental problems in STM. A

lot more development and understanding should be achieved.

In spite of the lack of reliable and reproducible tip treatment, STM experiment does
demand a tip. A simple and easy method developed in the present study is described in
the following:

The developed method is based on the dc "dropoff" method. This art of making tips
using electrochemical etching is developed in the 1950s for preparing samples for FIM.
The basic setup is shown in Fig.2.5. It consist of a beaker containing an electrolyte of
IM aqueous solution of KOH. A piece of W wire whose one of the end is covered with
insulative material, typically a glue made of rubber, is placed near the center of the
beaker. The height of the W wire relative to the surface of the electrolyte can then be
adjusted, so that only the interface between the W and insulative coat is wet. The
counter electrode is a piece of stainless steel, carbon rod or platinum placed in the
beaker. An ac voltage stepped down through a variable transformer(slidac), 2 Vrms to
20 Vrms, is applied to the electrodes. (It works with a dc voltage also.) Etching occurs at
the W-electrolyte interface. When the neck of the wire near the interface becomes thin

enough,
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Fig.2.5 Electrochemical etching of tungsten tips.

the weight of the wire in electrolyte fractures the neck. The lower half of the wire
drops off. The sudden rapture leaves a ragged edge of work hardened asperities at the
very end of the tip. To remove the residual KOH from the tip surface, a thorough rinsing

with distilled water and pure alcohol is necessary.

(8) Scanning tunneling spectroscopy (I-V measurement)

By interrupting the feedback loop and keeping the tunneling gap constant and
applying a voltage ramp on the tunneling junction, the tunneling current as a function of
bias provides information that is the convolution of the tip density of states(DOS) and
sample DOS (see Eq.(1.4)).

Although the commercial STM in our laboratory was equipped with a sample-and-
hold circuit in the feedback system and computer software to sweep the bias voltage, the
STS design was of fatal imperfections. One of them was that the time profile of the STS
bias voltage had precipitous changes(dV/dT ~©°), which cause undesirable and
destructive damages to the sample-tip system, as indicated by arrows in Fig.2.6(a). After
making the STS bias to sweep gently, the STS can be measured in an indestructive and

reproducible manner (Fig.2.6(b))[36].
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Fig.2.6 Timing chart of STS bias voltage. (a) before and (b) after modification.

(9) Apparent local tunneling barrier height(I-s measurement)

In this section experimental detail is mainly described. The theoretical detail is
described in section 1.3.2 and 2.3. In short, this is based on the exponential decaying
wavefunction in the barrier region.

The commercial STM in our laboratory is not designed to measure the tunneling
current versus the tip-sample distance (I-s) curve. To make the STM measure I-s curve
with a minimum modification, the bias sweep logic of the STS circuit is used. Actually,
the electronic circuit was modified, so that in STS measurement, the tip distance is
varied by the voltage generated from the STS circuit instead the bias voltage. Therefore,

an I-s curves can be obtained with the STM.

39



2.3 Topographic imaging by STM

There are various modes of operation of an STM. To reduce the volume, only two
modes of operation of an STM and the information which can be extracted are described
in this section. One is constant current imaging mode, and the other is apparent local

tunneling barrier height mode. Because, the only two are performed in the present study.

(1) Constant current imaging

As already described in section 2.2, a feedback loop adjusts the height of the tip
and the sample is kept constant. The height (z) adjustment is performed by applying an
appropriate voltage Uz to the z piezoelectric drive while the lateral tip position (x,y) is
determined by the corresponding voltages Ux and Uy applied to the x and y piezoelectric
drives. Therefore, the recorded signal Uz(Ux,Uy) can be translated into the 'topography’
z(x,y).

The principle of this mode sounds rather simple. However, the interpretation of the

obtained contour map z(x,y) is not at all trivial, as described in section 1.3.2.

(2) Apparent local tunneling barrier height
As already described in section 1.3.2, the tunneling current 7 in STM depends
exponentially on the tip-surface separation s:
I o< exp(-2 & )
with a decay rate k is given by
k=2m ¢)" Ik
where f is an effective local potential barrier height.
From above equation, an apparent local barrier height in STM is defined by
¢ aleV] = (h*/8m)(dlnl/ds)* ~ 0.95(dInl/ds[0.1nm])>
Experimentally, this quantity can be conveniently measured by varying the tip-sample

distance through the z piezo at constant bias voltage.
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Chapter 3

The DNA Base Molecules on Reduced SrTiO3(100)

. STM Imaging and Discrimination of Bases

3.1 Introduction

To differentiate chemical species using STM, the first step requires preparation of
an atomically flat solid surface covered with molecules to be investigated. The
difficulties are obtaining such surface and deposition of molecules in reproducible and
reliable manners. The author constructed a UHV-STM system which enables various
sample treatment for the preparation of an well-defined clean surface and deposition of
the DNA base molecules under UHV conditions. In the present work, distinct imaging
of the DNA base molecules was accomplished which indicate possibility of the DNA
sequencing by means of STM. For the DNA base molecules, this attempt is the first
experimental challenge for UHV-STM imaging of isolated bases and demonstration of

discrimination of co-adsorbed different bases.

3.2 Experimental
Sample preparation

The substrates for the deposition of the bases were prepared as follows. Polished,
(100)-oriented, plate-shaped crystals of SrTiO3; were purchased from Earth-Jewelry Co.
(Japan). The SrTiO; crystal was clamped onto a Si heater mounted on a holder made
of Ta. The substrate was degassed at 1000°C for 30 minutes in the preparation chamber
and further annealed at 1200°C for 1 minute in the STM chamber. After the anneal, the

sample was transferred to the STM head. It was routinely possible to obtain atomic
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resolution STM images of the substrate within 3 hours after the anneal[12]. The XYZ-

scale was calibrated by imaging a Si(111)-7 X7 surface.

Deposition process

The DNA base molecules, adenine, thymine, guanine and cytosine are planar
molecules with the dimensions(skeleton sizes) 0.45 nm for adenine and guanine and
0.25 nm for thymine and cytosine, as shown in Figure 3-1. They were crystalline Sigma
Graded bases and purified by sublimation in vacuum in the UHV chamber. The
purified nucleic acid base was loaded into an electrically heated Ta source cell holder to
bring about the deposition. After introduction into the preparation chamber, the cell
holder was degassed for 30 minutes prior to the deposition process in the STM chamber.
Deposition of more than one molecular species was performed by repeated deposition of
each base using the same procedure as described above. The evaporated species were
examined by mass spectroscopy. This revealed that isolated molecules are evaporated

from the cell and deposition of intact single molecules is possible.

3.3 Results and discussion
3.3.1 Images
Reduced SrTi0;(100) clean surface

Fig.3-2 (a) and (b) show 44 nm by 40 nm by 1.0 nm(x,y,z) STM images of the
reduced SrTiO;(100) clean surface obtained (a) before and (b) after the deposition of
adenine. The crystal structure of S1TiO; is a perovskite structure with a lattice constant
of 0.391nm. In Fig.3-2(a), small bright features are observed on the surface domain
boundaries and also on the flat domains. They are considered to be St and/or SrO which
have not been evaporated from the surface during annealing process even at higher
temperatures. The surface has ordered oxygen vacancy of J 5%y 5R*26.6°
superstructures which appear as bright spots of square lattices in the image. A domain
boundary intersects neighboring domains which have a different phase of super structure

(translational mismatch of square lattices) and/or slanting angle(+53° or -53° ) each

other[12].
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Fig. 3-1 Molecular structures of (a) adenine, (b) thymine, (c) guanine, and (d) cytosine
with atomic labeling convention and with scales.
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Adenine
Upon deposition (~0.2 monolayer) of adenine on the substrate, many round protrusions
which are not observed before the deposition appear, as shown in Fig.3-2(b). This image
shows that adenine molecules are deposited on the substrate and were observed by STM.
There is a possibility that adsorption of adenine monomers on the domain boundaries
change their structure. However, in the experiments, remarkable difference such as
change of height or shape has not been recognized, though isolated adenine tend to have
relatively large lateral dimensions. I consider that their structural changes would be
trivial to be ignored. Note that adenine is evaporated in a molecular form to be deposited
as individual adsorbed molecules on the surfaces as mentioned in the experimental
section.

Fig. 3-3 (a) shows a higher magnification (22 nm by 21 nm by 0.8 nm(x,y,z))
STM image of adenine molecules with cerrage of 0.2 monolayer deposited on the
SrTiO; substrate. A cross section of Fig. 3-3 (a) is presented in Fig. 3-3 (b). The
adsorbed adenine molecules appear to have a round shape. In addition, noisy lines of
molecules are in the image. These lines imply some of the molecules are mobile on the
surface. The literatures on adenine adsorbed on KBr(100) by infrared absorption
studies[37], benzene on Pt(111) by STM[38], azulene on Pt(111) by STM[39], and so
on, indicate that the molecules of 7 system lie flat on the surfaces. In our result, the
image indicates that individual monomers are resolved as round shape with the fairly
uniform height. Thus, T assume that the adenine adsorbates also lie flat on the
StTiO5(100) surface. The typical heights and lateral dimensions of the adenine
adsorbates in the image are 0.50-+0.05 nm and 1.420.6 nm, respectively. These values
are larger than expected based on the size of the molecules. For example, the lateral

dimensions are about three times larger than the molecular dimension of 0.45 nm.

Manipulation
The observation of the mobile molecules is important in terms of adsorbate
manipulation. In order to obtain further information about these molecules, a sequential

STM image was recorded with various tunneling conditions. Fig. 3-4(a) and (b) show
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