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olecular-based self-assembly tech-
niques have been attracting consid-
erable interest for fabricating mo-

lecular devices. DNA is a suitable molecule
for these techniques because programma-
ble self-assembly enables it to be used to
fabricate designed nanostructures.' > For
example, Rothemund fabricated nanosized
smiley faces and maps of the American con-
tinent using the DNA scaffolding technique.®
When DNA-based methods are used to pro-
duce devices, the electrical properties of DNA
strongly influence device performance.

Scanning tunneling microscopy (STM) is a
powerful tool for investigating electrical
properties of organic molecules on a sub-
strate.” Bumm et al. used STM to investigate
the electron transfer through alkanethiol
films on a gold substrate, and they esti-
mated the decay constant 5 to be 11 nm~,
which agrees well with values obtained by
other methods? In their method, 8 was
estimated by comparing the constant-
current STM topography with the known
molecular height. Unlike alkanethiol films,
DNA does not form a well-defined adsorp-
tion structure on a substrate; consequently,
itis necessary to measure the height of DNA
as well as the STM topography. To settle this
problem, we employed simultaneous STM
and frequency-modulation atomic force mi-
croscopy (STM/FM-AFM). Recent progress in
FM-AFM has resulted in atomic resolution
being achieved in STM/FM-AFM, and the
correlation between the tunneling current
and the force was investigated in detail on
clean, well-defined surfaces.® ™

In the present study, we applied STM/FM-
AFM to analyze transverse electron transfer
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ABSTRACT Simultaneous scanning tunneling and frequency-modulation atomic force micro-
scopy (STM/FM-AFM) was applied to a DNA molecule on a Cu(111) surface to analyze transverse
electron transfer which is related to the electron transfer and the electrical contact in DNA-based
devices. In particular, we demonstrated correlation mapping of the electron transfer parameters by
visualizing specific combinations of the decay constant /3 and the contact conductance G. The results
dlearly revealed that electron transfer across the DNA strand varies spatially in the DNA molecule.
This spatial variation is probably correlated with deformation of DNA on the surface. From
quantitative analysis, the decay constant /3 was estimated to be 3.3 nm ™", which is consistent with

previously reported values for 77-conjugated molecules.
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through a DNA molecule laid on a Cu(111)
surface: the transverse electron transfer
should play an important role in the device
with a specific configuration, such as metal
particles assembled on DNA template laid
on a metal surface. Herein, we visualized the
electron transfer parameters (i.e., the decay
constant 8 and the contact conductance G)
and we find that the transverse electron
transfer varies spatially in a DNA molecule.
From quantitative analysis, we estimated
the decay constant 3 across a DNA strand
to be 3.3 nm™', which is consistent with
previously reported values for 7-conjugated

molecules.
* Address correspondence to

RESULTS AND DISCUSSION

Figure 1 panels a—c show (left) STM and
(center) frequency-shift images and (right)
line profiles of DNA molecules, Cu mon-
atomic steps, and aggregates of buffer mole-
cules observed by STM/FM-AFM, respec-
tively. Two DNA molecules twisted around
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Figure 1. Simultaneously obtained (left) STM and (center) frequency-shift images and (right) line profiles of (a) DNA
molecules, (b) Cu monatomic steps, and (c) aggregates of buffer molecules on a Cu(111) surface. The white arrows in the

images correspond to those in the line profiles. The sample bias voltage was 3 V and the average tunneling current was 10 pA.
(a) Double-stranded DNA molecules are observed in both the STM and frequency-shift images. (b) Upper and lower terraces

across Cu steps show the same contrast in the frequency-shift image. (c) Aggregates of buffer molecules are observed only in

the frequency-shift image.
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Figure 2. A schematic illustration of STM/FM-AFM observation of a Cu step, an aggregate of buffer molecules, and a DNA
molecule under a constant-current STM feedback condition. In the STM image, the STM height reflects the Cu step. In contrast,
the buffer molecules appear almost transparent since it is insulating. For DNA, both STM height and frequency shift are

influenced by the presence of the DNA molecule.

each other are visible in Figure 1a. Protrusions are
observed in the DNA molecules at an interval of
3—5 nm, which is consistent with the pitch length of
B-form DNA. This implies that our STM/FM-AFM system
has a sufficiently high spatial resolution. The DNA
molecules are observed in both the STM and the
frequency-shift images (Figure 1a). In contrast, upper
and lower terraces across the Cu steps show the same
contrast in the frequency shift image (Figure 1b) and
many particles (assumed to be aggregates of Tris-HCl
and/or EDTA molecules in the buffer solution) are
observed in only the frequency-shift image
(Figure 1c). These differences are schematically illu-
strated in Figure 2. The frequency shift is constant for
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conductive objects (such as the Cu steps) because the
tip—sample distance is kept constant during scans.
Insulating molecules (such as the aggregates of buffer
molecules) appear transparent in STM images. Thus,
reducing the tip—sample distance alters the frequency
shift. In the case of DNA, both the STM height and
frequency shift are modified by the presence of the
DNA molecule, implying that DNA has a measurable
conductivity.

For a more quantitative analysis of the correlation
between the STM height (Hsty) and the frequency shift
(Af), the local displacement of Hsty and Af against the
surface are plotted in Figure 3 (Hsym—Af plot). As
Figure 3 shows, the data points for the Cu steps and
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Figure 3. Plot of frequency shift as a function of STM height
(Hstm—Af plot). The squares, inverted triangles, and trian-
gles correspond to DNA, Cu steps, and buffer molecules,
respectively. The data points for Cu steps and buffer mole-
cules are located on or near the horizontal and vertical axes,
respectively. The Cu step heights are consistent with the
monatomic step height of Cu(111) (0.208 nm). The data
points for DNA are widely distributed, and the frequency
shift increases linearly with the STM height. The plots are
fitted with the straight line Af = 6.02Hsqy + 1.43.

the buffer molecules are located on or near the horizontal
and vertical axes, respectively. In addition, the step heights
(average value of 0.23 nm) are consistent with the mon-
atomic step height of Cu(111) (0.208 nm). The data points
for DNA are widely distributed (with heights from 0.17 to
0.74 nm) and the frequency shift increases linearly with
the STM height. Since the average STM height (0.61 nm) is
smaller than the average AFM height (0.76 nm) obtained
by constant-amplitude AFM, the tip—sample distance on
DNA molecules is probably less than that on the substrate
in this STM/FM-AFM observation. This is consistent with
the increase in the frequency shift when the tip—sample
distance is reduced in the tunneling region observed by
Guggisberg et al. for dynamic lever STM."?

Electron Transfer in STM/FM-AFM. We analyzed the elec-
tron transfer of DNA using the following procedure.
According to Bumm et al., the correlation between the
STM height (Hstm) and the height of a molecule (Hyno) is
expressed by

Hom = (1 —2’%) Hno +550@ (1)
where B (nm™") is the decay constant and G is the
contact conductance (see Supporting Information).
Here, we assume that the frequency shift is propor-
tional to the mth power of the tip—sample distance. If
Hmol —Hstm is sufficiently small, the relative frequency
shift is given by Af= AmLy ™ (Humol — Hsti), Where Lg
is the tip—sample distance on the substrate and A is a
constant. Eliminating H,,o from eq 1, we obtain the
following expression between Af and Hsry

B

A= 5

{BHstm — In(G)} (2)
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Figure 4. (a) Simultaneously obtained (left) STM and (right)
frequency-shift images of DNA molecules. (b) A plot of
frequency shift as a function of STM height (Hst—Af plot)
obtained from the images. Hsty and Af of each pixel point
(x, y) inthe images are plotted as a data pointin graph b. The
distance &(x, y) from a data point to a straight line is
measured for each point to obtain a correlation map of the
electron transfer parameters (5, G). Straight lines corre-
spond to various combinations of (3, G).

where B = AmLy " "". As the Hspu—Af plot for DNA
shows (see Figure 3), Afincreases linearly with Hspy. This
indicates that eq 2 is suitable for analyzing DNA mole-
cules. The Hsty—Af plot is fitted with a straight line (Af =
sHstm + t) and comparing this equation with eq 2 gives
In(G) t
i 3)
From Figure 3, the slope s and the intercept t for DNA
molecules are determined to be 6.02 and 1.43, respec-
tively. To estimate 3 and G, the average STM (0.61 nm) and
AFM (0.76 nm) heights for DNA obtained by STM/FM-AFM
and AFM, respectively, are used for Hsry and Hyg in €q 1.
Substituting these values into egs 1 and 3, we estimate the
S and G of DNA to be 3.3 nm™' and 045, respectively.
According to Bumm's theory, these values should lie in the
ranges 0 < # < 22 and 0 < G < 1. The obtained values lie
within these ranges. Values of 8 of 11 and 3.5—5 nm ™'
have been previously reported for alkyl chains and
s-conjugated systems, respectively.'® Our 3 value is close
to the latter, which is consistent with the fact that the DNA
molecule contains s-conjugated systems.
Correlation Mapping of Electron Transfer Parameters. As
Figure 3 shows, the data points for DNA deviate slightly
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Figure 5. Correlation maps of electron transfer parameters (5, G) obtained from the STM and frequency-shift images in
Figure 4a. In the images, white regions correspond to the specific (3, G) represented in each image. DNA molecules appear
light at (5, G) = (3.3, 0.2) and (1, 0.2). (3, G) varies spatially in DNA molecules. For example, although a large area of the DNA
molecules is observed at (3.3, 0.2), the arrowed position is observed at (1, 0.2).

from a straight line, suggesting that the transverse
electron transfer varies spatially in the molecule. Two-
dimensional analysis is preferable for revealing the spatial
variation. This section presents correlation maps of elec-
tron transfer parameters, in which the spatial distribution
of specific combinations of electron transfer parameters
(B, G) is visualized in the following manner (see Figure 4).
First, the STM height (Hsy) and the frequency shift (Af) of
each pixel point (x, y) in the simultaneously obtained STM
and frequency-shift images are plotted in Hspy—Af
space; for example, Figure 4b is obtained from the images
in Figure 4a. Next, the perpendicular distance &(x, y) from
a data point to a straight line is measured for each point.
&(x, y) indicates the correlation between the images and
the specific (8, G); &(x, y) = 0 implies that (3, G) at the pixel
point (x, y) is equal to the specific (5, G). Consequently,
colored mapping of &(x, y) generates a correlation map of
the electron transfer parameters (3, G)."”

Figure 5 shows the correlation maps obtained from
Figure 4a. In the images, white regions correspond to
&(x, y) = 0. When G = 1, which is the value for the
substrate, the Cu substrate appears white regardless of
the value of f5. For a lower G value (G = 0.2), the color
of DNA depends on 5. DNA molecules appear dark for

METHODS

All experiments were performed using a homemade ultra-
high vacuum scanning probe microscopy (SPM) system
equipped with a SPM head (JEOL). The base pressure of the
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B =11, whereas they appear light for § < 3.3. These
results are qualitatively consistent with the results in
the previous section. Note that, G = 0.2 is slightly
smaller than the estimated value of 0.45 because the
correlation mapping is influenced by image processing
procedures (e.g., plane fitting). The value of j varies
spatially in the DNA molecule in the correlation maps.
For example, a large area of the DNA molecules
appears light with f = 3.3, whereas the position
indicated by the arrows in Figure 5 has a lower 3 of 1.
This variation is possibly due to changes in the local
electronic structure induced by the deformation of the
DNA molecule on the surface.

CONCLUSIONS

To investigate the transverse electron transfer of
DNA/Cu(111), correlation mapping of electron transfer
parameters (3, G) was performed using STM/FM-AFM.
In the images, the decay constant /5 varied in the DNA
molecule, indicating that our method can be used to
analyze the two-dimensional distribution of transverse
electron transfer on a nanometer scale. Hence, we
consider that this method is useful for revealing the
conductivity properties of DNA-based devices.

system was of the order of 1078 Pa. The substrate used was a
Cu(111) thin film prepared by thermal evaporation on a freshly
cleaved mica surface. Circular double-stranded DNA (pBlue-
Script I KS(-), Strategene, 2961 base pairs) was deposited on the
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surface by pulse injection. The experimental details have been
reported elsewhere.'®'?

STM/FM-AFM performed using a rectangular conductive
cantilever (silicon-MDT) with a spring constant of 14 N/m and
a resonance frequency of 300 kHz. The cantilever was made of
highly boron-doped Si (specific resistance: 0.002 Q-cm). In our
STM/FM-AFM system, the cantilever deflection was detected by
deflection of an optical beam and the oscillation amplitude and
frequency shift were detected using an additional two-phase
lock-in amplifier and a home-built crystal-controlled hetero-
dyne phase-locked loop circuit, respectively. The time-averaged
tunneling current was detected through a STM preamplifier
with the conductive cantilever oscillated in self-oscillation
mode with constant excitation. A frequency-shift image was
simultaneously obtained with a STM topography by controlling
the tip—sample distance using the time-averaged tunneling
current. Prior to STM/FM-AFM measurements, the tip was
sharpened by contacting the surface with a load of 0.1—
1.0 uN and then applying a high voltage (typically 10 V)
between the tip and the substrate. The sample bias voltage
and the tunneling current were set to +3 V and 10 pA,
respectively. The obtained frequency shift was typically in the
range of —100 to —200 Hz, and typical free oscillation amplitude
was roughly estimated to be 160 nm. We performed AFM
observations with the same setup to measure the height of a
DNA molecule. It was operated in constant-amplitude mode
with no bias voltage. The oscillation amplitude was set to 90% of
the free oscillation amplitude. The obtained images were
processed by using WSxM software.?

Supporting Information Available: Derivation of the correla-
tion between Hsty and Hino) (€9 1). This material is available free
of charge via the Internet at http://pubs.acs.org.
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