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Chapter 1

General Introduction

1.1 Background of this study

Five years after the invention of the scanning tunneling microscopy
(STM) [1], the atomic force microscopy (AFM) was invented [2] as a new
technique of the scanning probe microscopy (SPM). The AFM made it
possible to observe the surface of insulators with nano-scale, which was not
possible with the STM. The AFM has thus achieved a rapid development as
a technique of observation and evaluation for organic materials including
bio-materials.

DNA is one of the most interesting and important molecules for
humankind because it carries genetic information. Since the first successful
imaging of DNA molecules with AFM in 1989 [3], many research groups
have performed AFM observation of DNA [4-7]. However, any study has
not achieved the high resolution imaging of the periodic microstructure of
the double helix because of the limitation of the resolution of the AFM, i.e.
ten nanometers. This structure has been successfully observed only by using
the hydration scanning tunneling microscopy [8] and the low-temperature
STM using pulse injection method under UHV conditions [9,10]. Despite
such achievements, AFM imaging of DNA remains a highly desirable goal
in the field of SPM since AFM can offer strong advantage for imaging of
insulative and bulky macromolecules.

True atomic resolution was achieved by noncontact atomic force
microscopy (NC-AFM) in 1995 [11]. Several groups have succeeded in
obtaining atomically resolved images of well-defined clean surfaces [12, 13].



Recently, this technique has been applied to various surfaces including
oxides [14] and organic layers [15]. In such case, the interaction between tip
and sample is considered to arise from van der Waals force, electrostatic
force and covalent bonding interaction [16]. However, the imaging
mechanism of NC-AFM is still unclear even in the case of well-defined

surfaces.

1.2  Purpose of the present study

Obtaining high resolution images of DNA is much more difficult than
that of well-defined surfaces mainly because of following reasons: Adhesion
forces, which originate from a water and/or organic contamination layer
caused by wet processes used for preparation of DNA samples, are present
even under ultrahigh vacuum conditions [17]. This force seriously affects
the NC-AFM observation. Additionally, because of the large protrusion of
DNA, AFM tips must be extremely sharp for obtaining high resolution
images.

The purpose of the present study is the observation of double helix
structure of DNA using NC-AFM. As described in chapter 3, single- and
double-stranded DNA on mica surface were successfully observed by NC-
AFM in spite of the presence of the strong adhesion force on the surface.
The detailed structures of the DNA molecules were observed indicating
higher resolution of NC-AFM than that of other AFM modes. Furthermore,
it was found that contrast artifacts give various detailed structures.

In chapter 4, high resolution imaging is described that was performed on
Cu(111) surface with shape-controlied tip using NC-AFM. In this system,
imaging of the double helix structure has been achieved. The most



frequently observed values of the pitch lengths (3-4 nm) are consistent with
that of the Watson-Crick model (3.4 nm). However, the observed pitch
lengths are widely distributed in the range of 2-7 nm and the observed
height of 1 nm is half of the height in Watson-Crick model (2nm),
suggesting deformation of DNA on the surface.

In chapter 5, the multi-mode SPM observation is described that is
carried out on Cu(111) surfaces using a conductive cantilever. In this mode,
the STM and the NC-AFM images can be obtained simultaneously. The
multi-mode SPM observation has revealed the relationship between the
STM image and the topography of DNA molecules, suggesting that the
density of states of DNA is two order smaller than that of Cu(111) surface.
This result indicates the potential of the multi-mode SPM to make clear the
electronic properties of DNA molecules.
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Chapter 2

Noncontact atomic force microscopy

2.1 Overview

Atomic force microscopy (AFM) provides three-dimensional real space
images of surfaces [1-3]. AFM images are obtained by scanning a tip over a
surface with constant tip-sample interaction as shown in Fig. 2-1(a). The
tip-sample interaction is related to deflection of a small lever (cantilever)
which have a 100-200 um length as illustrated in Fig. 2-1(b).

There are three modes in AFM operation, i.e. contact, tapping and
noncontact mode. The detection methods of tip-sample interactions in these
modes are different from each other. In contact-mode AFM, a tip contacts
with surface statically as shown in Fig. 2-2(a). Tip-sample interaction (F) is
related to the cantilever’s deflection (Az):

F=-kAz
where k£ is cantilever's spring constant. An absolute value of F' can be
measured only in this mode.

In tapping mode AFM (TM-AFM), a cantilever is driven at fixed
frequency, and tip-sample interaction is detected as variations in the
amplitude (Fig. 2-2(b)). In this mode, the tip taps a surface periodically.
This prevents moving a sample by scanning the tip.

In noncontact AFM (NC-AFM), a cantilever is driven at its resonance
frequency by applying positive feedback. The tip-sample interaction is
detected as shift of the cantilever's resonance frequency by frequency

modulation (FM) technique [4]. This mode is the most sensitive in AFM for
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detecting the tip-sample interaction. This allows us to keep tip-sample
distance constant in attractive force (noncontact) region (Fig. 2-2(¢)).

2.2 Theory of NC-AFM

The cantilever's oscillation in NC-AFM is described by the equation of
motion:

mi+az+kz+ F(z) = F,cos ft (D
where a is a damping constant; F, and f are the amplitude and the frequency
of driving force, respectively. F(z) is the force acting between tip and
surface at the relative distance z. £ and m are the spring constant and the
effective mass of the cantilever, respectively.

Assuming small oscillation amplitude, the frequency shift (Af), which
is induced by the tip-sample interaction, is described as follows:

_ SodF
A == r €)

where f=(k/m)"” is the resonance frequency of the free cantilever. In this
case, frequency shift is proportional to the "force gradient". Actually, the
small oscillation amplitude can not be assumed because typical oscillation
amplitude is more than 10 nm. However, equation (2) is useful to
understand the distance dependence of the frequency shift [5-8].

Assuming small interaction (7(z)), the frequency shift can be described
using a perturbation theory [9]:

Af = 2—7?5?1:(2) cos8dé (3)

where A4 is the oscillation amplitude. This equation indicate that the
frequency shift is related to not only force acting F(z) and also the
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oscillation amplitude 4. This is more realistic than equation (2). The
calculated frequency shift using equation (3) is in good agreement with that
measured by NC-AFM [9-11].

2.3 Instrumentation of NC-AFM

In this study, NC-AFM was performed using UHV system as shown in
Fig. 2-3. This system is composed of three chambers: (1) the growth
chamber in which deposition of metal thin film and pulse injection of DNA
are performed; (2) the preparation chamber for Ar ion sputtering; (3) the
main and the SPM chamber in which the samples are stored and SPM
observation is performed. The base pressures of the growth, preparation and
SPM chamber are 10°, 10® and 10 Torr, respectively.

Fig. 2-4 is the block diagram of AFM/STM system. Using this system,
we can perform NC-ATM (Chapter 3, 4) and multi-mode SPM (Chapter 5)
observation. In NC-AFM, the cantilever is oscillated at its resonance
frequency by applying positive feedback. The signal of cantilever’s
oscillation, detected by an optical reflection method, is put info the phase
locked loop (PLL) circuit to detect the resonance frequency and the two-
phase lock-in amplifier to detect the oscillation amplitude. Both of these
signals can be used as a feedback signal. Feedback is applied to the Z piezo
to maintain the frequency shift or oscillation amplitude constant.

In multi-mode SPM, tip-sample distance is controlled by the tunneling
current using a conductive cantilever which is driven at its resonance
frequency (~300 kHz). The tunneling current is averaged through STM pre-
amplifier whose time constant is ~1 ms. The frequency shift is detected by

the optical detection technique as mentioned above. The STM image and the
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frequency shift image are simultaneously obtained in a scan using this
operation mode [12].
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Chapter 3
NC-AFM imaging of DNA molecules

on mica surface

3.1 Introduction

Mica surface is usually used for a substrate in conventional atomic force
microscopy (AFM) observation of DNA [1-5]. DNA samples are prepared
by wet process in air. Therefore, water and/or contamination layers are
present on DNA samples [6]. This is quite different from well-defined
surfaces which have observed by noncontact AFM (NC-AFM) [7-11].

In this chapter, NC-AFM observation of DNA molecules on mica
surface is described. Force and frequency shift measurements revealed that
water and/or contamination layer, which cause strong adhesion force, is
present even under ultrahigh vacuum (UHV) condition. This measurement
also revealed that electrostatic force makes large background force.

In spite of the presence of these long-range forces, single- and double-
stranded DNA on mica were successfully observed by NC-AFM. The
resolution of the images obtained by NC-AFM is higher than that of TM-
AFM images. In addition, several NC-AFM images show contrast artifacts

which might be useful for improving the resolution.

3.2 Experimental
Sample preparation

Single-stranded DNA (ssDNA) used was M13mpl8 (from Takara
Shuzo, 7250 bases) supplied at a concentration of 200 pg/ml in a solution of
10mM Tris-HCl and 1mM EDTA. In order to reduce its higher-ordered
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structure, the ssSDNA was denatured in 2% formaldehyde solution for 10
hours at room temperature. The final concentration of ssDNA was 20 pg/ml.
Double-stranded DNA (dsDNA) used was pBluescript II KS(-) (from
STRATEGENE, 2961 base pairs) supplied at a concentration of 1000 pg/ml.
The dsDNA was diluted with water, and the final concentration of dsDNA
was 10 pg/ml.

Freshly cleaved mica was used for a substrate to deposit DNA. To avoid
substrate roughening, Mg(Il) ion coating, which is usually used for
controlling charge at the substrate, was not performed. The DNA was
deposited on this substrate by placing a 1 pl drop of DNA solution on the
substrate for several minutes. The solution was then removed by air-blowing.
All samples were observed by NC-AFM in vacuum after TM-AFM
observation in air.

NC-AFM imaging

NC-AFM observation was performed using an in-house UHV system
equipped with a scanning probe microscope head (manufactured by JEOL).
The DNA samples were loaded into the chamber and observed without or
with preliminary treatments such as annealing. The rectangular Si
cantilevers used had a spring constant of 30 N/m and a resonant frequency
of 300 kHz. The cantilevers were used without any treatment. The tip-
sample interaction was detected by frequency modulation (FM) detection as
described in chapter 2. The frequency shift was used to control the tip-
sample distance constant with constant oscillation energy.

TM-AFM imaging
To perform TM-AFM imaging in air, a conventional atomic force

microscope (by Seiko Instruments) was used. The rectangular Si cantilever
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used had a spring constant of 15 N/m and a resonant frequency of 135 kHz.
The interaction between the tip and the sample was detected by amplitude
modulation (AM) detection. All TM-AFM images were taken in constant
amplitude mode, which provides a topographic image. The feedback
amplitude was set to 70 % of the free-oscillation amplitude.
Frequency shift and force measurement

Frequency shift and force curve measurements were carried out using
the same system used for NC-AFM observation. Three kinds of cantilevers
were used: (1) rectangular undoped Si cantilevers with a spring constant of
15 N/m and a resonance frequency of 230 kHz; (2) rectangular doped Si
cantilever (B doped, 0.002 Qcm) having a spring constant of 15 N/m and a
resonance frequency of 330 kHz; (3) tetragonal SiN cantilever having a
spring constant of 0.09 N/m. The rectangular cantilevers were used for the
frequency shift measurement and the tetragonal cantilevers were used for

the force measurement.

3.3 Influence of adhesion and electrostatic force
in NC-AFM
3.3.1 Adhesion force on mica surface

Figure 3-1 shows the force curves (force-distance curves) measured on a
mica surface. In this figure, negative and positive values correspond to
attractive and repulsive forces, respectively. The maximum attractive force
shows an adhesion force between the tip and the sample. The adhesion force
measured in air is about 10 nN as shown in Fig. 3-1(a). Figure 3-1(b) shows
the force curve measured after the sample was left overnight in UHV at

room temperature. The value of the adhesion force measured in UHV was
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equal to that measured in air. Conversely, after the sample was annealed at
100 °C for 30 minutes, the adhesion force was half of the value measured in
air, as shown in Fig. 3-1(c). This indicates that the annealing is necessary
even in UHYV to reduce the adhesion force which is caused by water and/or
contamination layer on the mica surface.

3.3.2 Frequency shift

The electrostatic force is described as a function of surface potentials:
Fo(ViipVsample)”
where Vi, and Ve are potential of tip and surface, respectively. Fig. 3-2
shows a relationship between the tip bias voltage and the tip displacement
measured on untreated mica surface. The frequency shift was set to 30 Hz.
The curve shows the parabolic shape. The minimum value is obtained at -4
V. The minimum values do not occur at zero bias voltage implying the
difference of surface potential between the tip and the sample.

The effects of sample annealing and tip bias appear in the relationship
between frequency shift and distance as shown in Fig. 3-3. Curve 1
represents the measurement for an untreated mica surface without tip bias.
Curve 2 shows the result for an untreated mica surface with tip bias of -3.5
V, which was chosen to minimize the difference of surface potentials.
Curve 3 shows the result for an annealed mica surface with the bias of -2.0
V. These curves can be characterized by the slopes in region A and B which
are related to long-range interaction (i.e., adhesion and electrostatic forces)
and short-range interaction (i.e., van der Waals force), respectively. Curve 1
decreases slowly in region A, indicating presence of the electrostatic and/or
adhesion forces. These interactions can be reduced by supplying tip bias

voltage as curve 2 shows. The flat dependence in region A can only be
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achieved by combining annealing the sample and supplying tip bias as
shown in curve 3. This suggests that sample annealing and tip bias eliminate
adhesion and electrostatic forces.

3.3.3 NC-AFM imaging

NC-AFM imaging was performed on mica surfaces to confirm influence
of adhesion and electrostatic forces. Fig. 3-4 shows NC-AFM images of
DNA on an untreated mica surface. Just after approaching a tip to the
sample, DNA fragments were observed at a frequency shift of 15 Hz as
shown in (a). At the second imaging, however, the fragments were not
observed at a frequency shift of 15 Hz as shown in (b). The fragments were
observed at a frequency shift of more than 50 Hz. An unclear rod like
structure, which is not observed in (a), was observed in (b), suggesting that
large long-range force, i.e. electrostatic force, is present. After annealing the
sample, DNA molecules were stably observed at a frequency shift of 20 Hz
as shown in Fig. 3-5. These results indicate that the surface is locally
charged up under the presence of water and/or contamination layers, which
disturb NC-AFM imaging.

Fig. 3-6 shows the results of controlling the electrostatic force by
supplying tip bias voltage. In this experiment, the sample was annealed at
100 °C for 30 minutes. DNA molecules were observed with frequency shift
of 23 Hz at tip bias voltage of -1.9 V which gives a minimum electrostatic
force. Conversely, without bias voltage, DNA molecule was not observed
with a frequency shift of 23 Hz. This result indicates that the electrostatic
force can be reduced by supplying tip bias voltage.
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3.4 High resolution imaging of single- and double-stranded
DNA on mica surface

The samples in this experiment were not annealed to avoid thermal
deterioration of DNA. This means that adhesion and electrostatic forces
were present in all samples as mentioned above. When frequency shift is set
to 100 Hz the tip probes mainly these long-range forces and the NC-AFM
image shows weak contrast as shown in Fig 3-7(a). The clear contrast image
as shown in Fig. 3-7(b) requires a frequency shift to be as large as the
critical value of 150 Hz.

Figure 3-8(a) shows a topographic image of ssDNA taken by TM-AFM
in air. Two strands can be seen in this image. Many kinks and nodes, which
are caused by higher-ordered structure of ssDNA, can be observed. The
height and width of the ssSDNA are 0.6 and 15 nm, respectively, which are
consistent with the data reported by Thundat et al [S]. Figure 3-8(b) shows
the frequency-shift image of ssDNA taken by NC-AFM in vacuum
conditions with a mean frequency shift of 120 Hz and free oscillation
amplitude of 40 nm. During NC-AFM imaging, the oscillation amplitude
was reduced to 50-80 % of the free oscillation amplitude. This image also
reveals many kinks and nodes and a width of 10 nm, which is almost the
same as the TM-AFM image. However, the magnified image in Figure 3-
8(c) reveals a coiling structure with a resolution of 3 nm which cannot be
observed by TM-AFM.

The difference in resolution between TM- and NC-AFM was also
observed for dsDNA. Figure 3-9(a) shows the topographic image of dsSDNA
taken by TM-AFM in air. In this image, two DNA sﬁands can be seen. Its
height and width are 0.7 nm and 20 nm, respectively. The DNA strands are
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piled up at the center of the image. At this point, height of the DNA is 1 nm,
which is 0.3 nm larger than that of other points. However, each DNA strand
can barely be discerned. Figures 3-9(b) and (c) show the frequency-shift
images taken by NC-AFM with a mean frequency shift of 130 Hz and free
oscillation amplitude of 20 nm. In Fig. 3-9(b), two dsDNA strands can be
seen and the width of the dsDNA is 10 nm. This value is half of the value in
TM-AFM. The dsDNA strands have many nodes and are twisted together at
the point indicated by the arrow. This twisted structure can be clearly seen
in the magnified image as shown in Fig. 3-9(c). Two DNA strands are
separated at the upper-left and the lower-right sides of this image and are
twisted at the center of the image.

Figure 3-10 shows the magnified image of Fig 3-9(b) and the sectional
profile along the dsDNA strand. In Fig. 3-10(a), DNA's structures on the
right and left side of a kink, which is shown at the center of this image, are
quite different. On the right side, the DNA molecule shows a helix structure
and the strands are separated at both end. The pitch length of the helix
structure is 6-8 nm as shown in Fig. 3-10(b). This value is 2 times as large
as that of Watson-Crick model, indicating deformation of double helix
structure. On the left hand, the DNA molecule has some nodes, but the
double helix structure can not be seen. This suggests that the DNA keep the
Watson-Crick double helix structure on this side.

The NC-AFM images of ssDNA and dsDNA reveal detailed structures
which cannot be seen in the TM-AFM images. There are two possibilities to
explain this difference. One is a structural change caused by the atmosphere
presence during measurement. The TM-AFM imaging was performed in air,

which contains a large proportion of water. In contrast, the NC-AFM
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imaging was performed in vacuum, which is a totally dry environment. If
the DNA structures become looser under such dry conditions, thereby
increasing their degree of contact with the substrate, they would then be
easier to observe in vacuum than in air.

Another possibility is the difference in resolution between NC-AFM and
TM-AFM. In both operating modes, the widths of the DNA images are
almost equal (~10 nm). Since the actual width of a DNA molecule is 2 nm,
the observed width would reflect only the tip radius (~10 nm) in both modes.
However, NC-AFM is more highly sensitive to the interaction between the
tip and the sample than TM-AFM, resulting in a high-contrast resolution in
terms of the gray-scale. A possible mechanism of the NC- and TM-AFM is
schematically illustrated in Figure 3-11. Assuming that the tip is composed
of a bulk-tip having a 10 nm diameter and a nano-tip located at the top of
the bulk-tip, these contribute to a NC-AFM imaging. In each case of NC-
and TM-AFM imaging, the bulk tip forms the outline of the DNA molecule.
The width of the outline related to the bulk tip radius (~10 nm). In the case
of NC-AFM imaging, the nano-tip can trace the detailed structure because
the extremely high sensitivity of NC-AFM prevents the deformation of the
mini-tip (Fig. 3-11(a)). As a result, NC-AFM is able to reveal detailed
features in the outline of the DNA strands.

This high-contrast resolution causes the contrast artifacts which often
appear depending on the oscillation amplitude and/or feedback conditions.
Figure 3-12(a) shows a topographic image of ssDNA taken by NC-AFM.
The contrast of this image is reversed and the edges on the both sides of the
ssDNA are enhanced. Considering the actual width of DNA, the separation
between these edges might be due to the tip radius. Figure 3-12(b) shows an
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image of aggregated ssDNA strands. In this image, the sharp lines and
folded structure can be clearly seen. The origin of these contrast artifacts is
currently unclear. However, they might provide information on the detailed

structure, suggesting the possibility of improving the resolution of NC-AFM.

3.5 Conclusion

We have successfully imaged single- and double-stranded DNA
adsorbed on mica substrate by NC-AFM in vacuum. Despite the existence
of strong adhesion and/or electrostatic forces, high-resolution DNA images
were obtained by NC-AFM. NC-AFM images reveal the detailed structures,
including the coiling structure of single-stranded DNA and the helix
structure of double-stranded DNA, which are not revealed by TM-AFM.

Several NC-AFM images have contrast artifacts which might provide
information of detailed structures. These results suggest the possibility of
improving resolution of NC-AFM images even further, which is an
encouraging step toward directly observing the double helix and analyzing
the base sequence of DNA.
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Fig. 3-1
Force-distance curves measured on a mica surface.
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Fig. 3-3

Variation of frequency shift as a function of the tip-sample distance.
These curves were obtained (1) at tip bias of 0 V for an untreated mica,
(2) at tip bias of -3.5 V for an untreated mica and (3) at tip bias of -2 V
for an annealed mica.
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Fig. 3-4

NC-AFM images obtained on an untreated sample at of
frequency shift of 15 Hz. (a) The first scan and (b) the
second scan after approaching the tip to sample.
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Fig. 3-5 ,
NC-AFM images obtained on annealed sample at

frequency shift of 20 Hz. (a) The first and (b) the second
scan after approaching the tip to sample.
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Fig. 3-6
NC-AFM images obtained after annealing the sample with (a) tip
bias voltage of -1.9 V and (b) 0 V. The frequency shift was 23 Hz.



(b)

(1 x1pm)

Fig. 3-7
NC-AFM images of aggregated single-stranded DNA
obtained at frequency shift of (a) 100 Hz and (b) 150 Hz.
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Fig. 3-8

Single-stranded DNA images observed by TM-AFM and NC-
AFM: (a) Topographic image taken by TM-AFM. (b) Frequency
shift image taken by NC-AFM. (c) A magnified image of (b).















Chapter 4

Imaging of double helix structure
on Cu(111) surface
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