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Abstract

Study on Charge Transport Properties through DNA
by Nanoscale Electrical Measurements

Yoichi Otsuka
Osaka University
2006

DNA is very unigue macromolecule not only from the viewpoint of biology, but also
from that of physical chemistry. As for the structure of DNA, it was found that base molecules
(A, T, G, C) inside double helix form the specific complementary hydrogen bonding®. The base
sequence contains the essential information for the synthesis of compounds to maintain the
living things. As the plane of m-conjugated base molecules connected by hydrogen bond are
stacked each other through the strand, it was proposed that charge migration might occur
through n—stacked base sequences?.

The charge migration along DNA is treated as “the damaging of base sequences” from
both of the biological and chemical viewpoints. The base molecules are oxidized in the charge
migration process. Hence, the “charge transfer” of DNA in solution has been studied.

On the other hand, the charge migration is treated as “electrical conductivity” from both
of the physical and chemical viewpoints. As the size of DNA is so small, extremely small
electrical circuits may be fabricated if DNA can be utilized as molecular wire, switch and
memory. Hence, the “charge transport” of DNA under dried state has been studied. However,
various controversial results are reported so far. This would indicate various factors are
involved in the experimental results.

This thesis focuses on the controlled direct electrical measurements of DNA with the
“Electrode — DNA — Electrode” configuration in order to study the origin of discrepant results.
Different methods are employed and / or newly developed, and electrical measurements are
performed.

As a result, the electrical properties of DNA are measured under both of the condition that

! J. Watson, F, Crick, Nature 171, 737 (1953).
2 D.D Eley, D.I. Spivey, Trans. Faraday. Soc. 58, 411 (1962).



the structure of DNA at the interface between electrodes and DNA is maintained and that
counter ions exist around DNA. The temperature dependence of electrical property indicates the
formation of electrical carrier due to counter ions and it is transported through the localized state
along DNA. The conduction mechanism varies by both of the temperature and electric field
between electrodes. These mechanisms are as follows; 1: Hopping Conduction at low electric
field (V < 0.1V) and high temperature (T > 150K). 2: Frenkel-Poole Conduction at high electric
field and high temperature. 3: Trap assisted tunneling at high electric field and low temperature.

The information obtained from these experiments is that the electrical properties of DNA
are too much sensitive to the change of environment. Therefore, it was essentially needed to
work out the proper measurement method. This method would be applicable not only to DNA,

but also other soft materials in the next step.
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vanishes. This is explained by a change of the reaction mechanism where also
the adenines act as charge carriers. (From B. Giese Curr. Opin. Chem. Biol. 6,
612 (2002).)
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oligonucleatides. (b) I-V characteristics of fabricated samples. They are also
measured the electrical properties of silver stained DNA nanowire. The main
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(From E. Braun, Y. Eichen, U. Sivan, G. Ben-Yoseph, Nature 391, 775 (1998).)
A schematic diagram and a photograph of DNA-lipid complex cast film. (b)
Dark current of aligned-DNA films on comb-shaped electrodes at 25 “C. (1)
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DNA strands in the film was placed perpendicularly to electrodes and measured
in the atmosphere, (2) the same film as (1) was measured in vacuum at 0.1
mmHg, and (3) DNA strands in the film was placed parallel to electrodes both
in vacuum and atmosphere. (From the report by Y. Okahata, T. Kobayashi, H.
Nakyama, K. Tanaka, Supramolecular Science 5, 317 (1998).)

I-V characteristic of 600-nm-long DNA rope. (From H.W. Fink, C.
Schonenberger, Nature 398, 407 (1999).)

(a) 1-V characteristics of a DNA molecule immobilized between Pt electrodes
under atmospheric condition at room temperature. (b) I-V charactericstics that
show that transport is indeed measured on DNA. The solid curve is measured
after trapping a DNA molecule as in (a). The dashed curve is measured after
incubation of the same sample for 1 hour in a solution with DNAse | enzyme.
(From D. Porath, A. Bezryadin, S. de Vries, C. Dekker, Nature 403, 635
(2000).)

AFM images of DNA assembled in various devices. For all these devices, we
observe an absence of conduction. (a) Mixedsequence DNA between
platinum electrodes spaced by 40 nm. Scale bar: 50nm. (b) Height image of
Poly(dG)-Poly(dC) DNA bundles on platinum electrodes. The distance between
electrodes is 200 nm, and the scale bar is 1 um. (c) High magnification image
of the device shown in (b). Several DNA bundles clearly extend over the two
electrodes. Scale bar: 200 nm. (d) Poly(dG)-Poly(dC) DNA bundles on
platinum electrodes fabricated on a mica substrate. Scale bar: 500 nm. (From
A.J. Storm, J. van Noort, S. de Vries, C. Dekker, Appl. Phys. Lett. 79, 3881
(2001).)

(A) Schematic drawing of the measured sample. (B) AFM image showing DNA
molecules combed on the Re/C bilayer. The large vertical arrow indicates the
direction of the solution flow. The small arrows point toward the combed
molecules. (C) DC resistance as a function of temperature on a large
temperature scale, showing the power law behavior down to 1 K. (From the
report by A.Y. Kasumov, M. Kociak, S. Gueron, B. Reulet, V.T. Volkov, D. V.
Klinov, H. Bouchiat, Science 291, 280 (2001).)

(a) Schematic illustration of the. (b) Relationship between resistance and DNA

length. The exponential fitting plots of data are also shown. (c) Typical I-V
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repeat measurement of five samples. (d) Rectifying curves of
Poly(dG)-Poly(dC) at L = 100 nm. (From the report by L. Cai, H. Tabata, T.
Kawai, Appl. Phys. Lett. 77, 3105 (2000).)

Three-dimensional SFM image of the channel border, showing two DNA
molecules in contact with the left gold electrode. It is also presented the scheme
of the electrical circuit used to measure the DNA resistivity. (From the report
by P.J. de Pablo, F. Moreno-Herrero, J. Colchero, J, Gomez Herrero, P. Herrero,
A.M. Baro, P. Ordejon, J.M. Soler, E. Artacho, Phys. Rev. Lett. 85, 4992
(2002).)

(a) AFM images (scale bar, 10 nm) of a three-terminal single DNA molecule
device at source—drain distance (dps); 25 nm are shown. NT, P1, P2 indicate
SWCNT (gate), first CNT probe (source), and second one (drain), respectively.
(b) Ips—Vps curves for various gate voltages (Vg)=0, 1, 2, 3, 4, and 5 V is shown.
(From the report by H. Watanabe, C. Manabe, T. Shigematsu, K. Shimotani, M.
Shimizu, Appl. Phys. Lett. 79, 1 (2001).)

(a) SEM Image of the nanogap electrode separated by 20 nm. (b) SEM image of
a Poly(dG)-Poly(dC) DNA molecule trapped between two electrodes. (c), (d)
The I-V curves measured at room temperature for various values of the gate
voltage for Poly(dA)-Poly(dT) (c) and Poly(dG)-Poly(dC) (d). In the inset of
(c), the conductance at V = 0 is plotted as a function of gate voltage for
Poly(dA)-Poly(dT). The inset of (d) is the schematic diagram of electrode
arrangement for gate dependent transport experiments. (From the report by
K.-H. Yoo, D.H. Ha, J.-O. Lee, J.W. Park, J. Kim, JJ. Kim, H.-Y. Lee, T.
kawai, H.Y. Choi, Phys. Rev. Lett. 87, 198102 (2001).)

I-V characteristics measured in vacuum at room temperature on M-DNA (O)
and B-DNA (@) molecules. Lower inset shows a schematic experimental
layout. (From the report by A. Ratkin, P. Aich, C. Papadopoulos, Y. Kobzar,
A.S. Vedeneev, J.S. Lee, J.M. Xu, Phys. Rev. Lett. 86, 3670 (2001).)

The |-V characteristics of a Poly(dG)-Poly(dC) [(@) and (b)] and
Poly(dA)-Poly(dT) [(c) and (d)] DNA films. The I-V curves in an air showed in
(a) and (c), whose difference shows the typical fluctuations of our data. The

data in an oxygen ambient exhibited (b) and (d). The distance between the
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electrodes was about 100 nm. The |-V characteristics were measured several
times, and the measured |-V curves were found to be quite reproducible. (From
the report by H.-Y. Lee, H. Tanaka, Y. Otsuka, K.-H. Yoo, J.-O. Lee, T. Kawai,
Appl. Phys. Lett. 80, 1670 (2002).)

I-V and the dI/dV-V characteristics measured from the electrodes with the gap
of 20 nm after dropping the diluted DNA solution. There are clear staircases in
the 1-V and maxima are observed in the dl/dV-V. The inset shows the I-V
measured between the 20 nm gap electrodes after dropping the DI water. (From
the report by J.S. Hwang, K.J. Kong, D. Ahn, G.S. Lee, D.J. Ahn, S.W.Hwang,
Appl. Phys. Lett. 81, 1134 (2002).)

(a) The schematic of the incorporation of deoxynucleoside triphosphates into
lambda DNA sticky ends using the Klenow fragment. (b) I-V characteristics for
a sample of lambda DNA bridging two parallel Au electrodes separated by 4
um. The DNA was rinsed with NH;Ac before the measurement to remove the
buffer salt residue. The dashed line is a linear fit to the data. The inset shows
the I-V curve for a test chip containing TE buffer solution (without DNA). The
chip was dried in vacuum but not subject to NH4Ac rinsing. The observed
conductance is entirely from trace TE salt residue. Both measurements were
done in vacuum at 295 K. (From the report by Y. Zhang, R.H. Austin, J. Kraeft,
E.C. Cox, N.P. Ong, Phys. Rev. Lett. 89, 198102 (2002).)

(a) Above: the Au electrode geometry. Below: sketch of the disulfide-labeled
lambda DNA molecules used in this work. The nicked DNA features a gap
between the 3’ and 5’ nucleotides, where indicated. In the repaired DNA, the
gaps were repaired using T4 DNA ligase. (b) I-V characteristics measured at
room temperature on disulfide-labeled I-DNA molecules. Dashes: repaired
DNA,; dots: nicked DNA, swept from negative to positive potential; solid line:
nicked DNA, swept from positive potential to negative potential. (From the
report by B. Hartzell, B. McCord, D. Asare, H. Chen, J.J. Heremans, V.
Soghomonian, Appl. Phys. Lett. 82, 4800 (2003).)

(a) AFM height image of several small DNA ropes contacted by gold leads
separated by 1 um. The scan width is 2.5 um. (b) AFM height image of a dense
DNA network contacted by 15-nm-thick, 12-um-wide AuPd leads separated by

1 pum. The scan size is 8 um. (c) I-V characteristics of a dense DNA network



Figure 1.2-20

Figure 1.3-1

Figure 2.1-1

Figure 2.2-1
Figure 2.2-2

Figure 2.2-3

((b)) in air and vacuum. (d) I-V characteristics in air and vacuum of a bare mica
sample with electrodes identical to those of the circuit in (c). (From Y.X. Zhou,
A.T. Johnson, J. Hone, W.F. Smith, Nano Lett. 3, 1371 (2003).)

AFM (left) and SRM (right) images of DNA molecules: (a) AFM image of
DNA molecules on the clean substrate without penthylamine; (b) SRM image
of the same molecules (right bright part of (a) and (b) images is Pt); (c) AFM
picture of DNA molecules on the substrate treated by penthylamine; (d) SRM
image of the same molecules, Pt electrode is outside of the image; (¢) AFM
image of a DNA combed across the slit between Re/C electrodes on mica; (f)
SRM image of a rope of DNA molecules combed between Pt electrodes on
mica. On the left- and right-hand sides of the image there are profiles of DNA
molecules and current scales of SRM (bias voltage was up to 0.23 V) images,
respectively. Note that when (b) is plotted on the same current scale as (d), the
DNA molecules on the mica still appear as black as the mica substrate. (From
the report by A. Yu. Kasumov, D.V. Klinov, P.-E. Roche, S. Gueron, H.
Bouchiat, Appl. Phys. Lett. 84, 1007 (2004).)

Important factors that would affect the electrical properties of DNA

Schematic illustrations of electrical measurement methods. (a) Bottom
contacted geometry type electrode. (b) Top-contacted geometry type electrode.
(c) Conductive probe AFM method.

Electrical schematic diagram of PCI-AFM.

(a) Schematic illustration of the principle of PCI-AFM, which is operated by
repetitive sequences: (1) Tapping-mode scan is employed for obtaining a
topographic image, (2) Cantilever oscillation is stopped and feedback-loop is
held to set tip position, (3) The tip approaches the sample for making electrical
contact by additional input to the piezo scanner, and then I-V characteristics are
measured. (b) Signals for the PCI-AFM operation. (1) Feedback control, (2)
cantilever excitation, (3) Z-control, and (4) bias voltage for I-V measurement.
(a) Time-course of cantilever deflection during PCI-AFM operation. The inset
shows the deflection for I-V measurement on a magnified scale. (b) Force curve
including the dynamic behavior in tapping mode. A and B show the set points

for tapping mode and point contact. C and D indicate the positions of the
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Figure 2.2-4

Figure 2.2-5

Figure 2.2-6

Figure 2.3-1

Figure 2.3-2

Figure 2.3-3

Figure 2.3-4
Figure 2.3-5
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sample surface and the turning point of cantilever oscillation.

(a) Topographic image taken by tapping-mode AFM. One end of a bundled
SWCNTs is covered with a gold electrode (top of figure). (b) Line profiles
correspond to lines indicated in the image. The differences in height indicate
that an additional SWCNT is adsorbed on the bundle in the region from B to D.
Topographic images (left panel) and current images (right panel) obtained by
PCI-AFM. Gray scale of Current images shows the current values at 1.0 V bias
voltage. These images were obtained with (a) attractive (adhesion) loading
force of 11 nN and (b) repulsive loading force of 10 nN. (c), (d) I-V
characteristics obtained by PCI-AFM. Solid and dotted lines correspond to
positions | and Il indicated in Fig. 3(a) and (b), respectively.

(@) Schematic illustration of bundled SWCNTs used in this study. (b)
Relationship between total resistance R and the distancedistance between the tip
from and gold electrode. Resistance data are plotted in logarithmic scale at bias
of 0.1V, 0.5V and 1.0V. Arrows (A to D) correspond to the part of the bundled
SWCNTs in Figure 3. (c), (d) Partial resistance R; +R,+ R, and R; are plotted as
a function of bias voltage with attractive and repulsive forces. R; corresponds to
contact resistance between SWCNTs shown in (a).

Schematic illustrations for measuring electrical properties of molecules.
Molecules are connected to electrodes with (a) Bottom-contacted geometry and
(c) top-contacted geometry. (b) Molecules are positioned onto a coplanar
electrode.

(a) Fabrication procedure of angle-controlled shadow-masking method. The
width of the metal mask shown in the fifth image is actually much wider than
shown in the illustration. (b) Topography of first-layer electrode obtained by
AFM. (c) Cross-section of the first-layer electrode measured by AFM.

(a) Image of nanogap electrodes observed by optical microscope. The narrow
white lines are the 5-um-wide electrodes. (b) SEM image of nanogap between
first- and second-layer electrodes. (c) I-V characteristics of four electrodes
without molecules.

Schematic illustration of the method to fix the silicon mask on the sample.

SEM images of nanogap electrodes fabricated by the developed shadow

masking method. Each electrode are fabricated on the same substrate. The



Figure 2.3-6

position of electrodes is also noted, and it is correspond to the position of
aligned electrode as shown in figure 2.3-3 (a).

(a) Molecular structure of TPPS. Left and right structure correspond to the
free-base form and dianion form, respectively. (b) TPPS nanorods on sapphire
substrate observed by AFM. (c) UV-Vis absorbance spectrum of TPPS
molecules in solution and as nanorods. The straight line corresponds to the

solution and the dotted line to a nanorod.

Figure 2.3-7 (a) Current-voltage characteristics of TPPS nanorods under the vacuum condition

Figure 2.3-8

Figure 3.1-1

Figure 3.1-2

Figure 3.1-3

Figure 3.1-4

Figure 3.2-1

for seven samples. (b) Current change of TPPS nanorods under various
conditions. (c) and (d) Current change in TPPS nanorod under oxygen and
nitrogen gas conditions, respectively. The current was measured under 4 V of
applied bias voltage.

CD spectrum of TPPS nanorod under various environmental conditions. Upper
and lower graph show experimental results and differential results between

different environmental conditions, respectively.

(@) SEM image of comb-shaped nanogap electrodes. Each electrodes are
separated 100 nm, respectively. (b) Morphology of dried DNA films.
Poly(dG)-Poly(dC) DNA formed dendrite structure. Concentration of DNAS is
1.25 pg/pl.

Typical 1-V curves of DNA film (Poly(dG)-Poly(dC)). Squares and triangles
indicate the 1-V curve measured in vacuum and the atmospheric condition at the
relative humidity of 28%, respectively.

Relationship between relative humidity and resistance of DNA film.
Resistances are estimated from the |-V measurements at the voltage of -2 V
under each relative humidity condition.

(a) Cole-Cole plot of DNA at 83% relative humidity. Solid line and dotted line
indicate the measured result and the fitted curve, respectively. The equivalent
circuit adopted for fitting is shown in the inset. Rs, R1 and C1 are calculated to
be 3.2x10%Q, 1.5x10°Q and 1.6x10° F, respectively. @ (83%), ¥ (70%)
and @ (50%). (b) AC measurement of capacitance vs. frequency of applied
electric field (25 mV) under various relative humidities.

(a) Topographic image of DNA network on mica substrate. The gold electrode

15
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Figure 3.3-8
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is shown in upper part of the image. (b) Topographic image (left) and current
image (right) obtained by PCI-AFM. The relative humidity is 15 %. The current
image shows the current level as 2.8 V is applied between gold electrode and
tip. (c) Topographic image (left) and current image (right) obtained by
PCI-AFM. The relative humidity is 60 %. The current image shows the current
level as 4.4 V is applied between gold electrode and tip.

Schematic representation of G-quartets

AFM image of prepared sample. Scale bars shown in every images are
correspond to 500 nm. (a) SiO, after UV-Ozone treatment (b) APS SiO, (c), (d)
Control solution with MgCl, and phosphate buffer on APS SiO; (e), (f) Lambda
DNA solution on APS SiO, (g), (h) Poly(dA)-Poly(dT) solution on APS SiO,.
(a), (b) Optical images of aggregation of Poly(dG)-Poly(dC) on APS SiO,. (b)
is the magnified image at the position framed by the square in (a). (¢) AFM
image of Poly(dG)-Poly(dC) immaobilized on APS SiO..

The schematic illustrations of different G-quartet structures.

CD spectrum of G-wire solution.

(a) Proposed structure of G-wire by Walsh et al. Synthesized DNA with
guanine rich sequences are hybridized each other to form G4-DNA domains.
The overlapping slipped G4-DNA structures are responsible for the formation
of the G-wire. Inner cavity is filled with K* ion, hence the structure of G-wire is
stabilized. (b) (left) Side view of G-wire derived from an experimental X-ray
structure. Note that K* ion is coordinated with 8 oxygens inside cavity (lower
right). (Taken from the result by T.C. Marsh, E. Henderson, Biochemistry 33,
10718 (1994) and A. Calzolari, R.D. Felice, E. Molinari, A. Garbesi, cond-mat
041012 (2004).)

(@), (b) AFM image of G-wire immobilized on mica substrate. Scale bars in
each images are correspond to 200 nm. (c), (d) 3D image of G-wire
immobilized on APS SiO,. The sequence of DNA used for (a), (c) is SEQ1 and
for (b), (d) is SEQ2, respectively.

Height distribution of G-wire (SEQ1) on mica substrate

AFM image of G-wire immobilized on different substrate. (a), (b) and (c)
indicate the image for mica, SiO, treated with UV-Ozone and APS SiO,,

respectively. Scale bars in each images are correspond to 500 nm. The sequence
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Figure 3.3-15
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Figure 3.3-18

Figure 3.3-19

Figure 3.3-20

of DNA is SEQ1.

I-V characteristics of Lambda DNA for different pairs of electrodes.

Time course of current of Poly(dG-dC),. The change in current is measured
with increasing the time under 1 V of bias voltage is applied between
electrodes.

I-V characteristics of lambda DNA for different pairs of electrodes. The
distance between electrodes is also noted in each charts that is measured by
SEM.

Correlation chart between resistance and distance between electrodes. (a)
Lambda DNA (c) Poly(dG-dC), (d)
Poly(dA)-Poly(dT) () G-wire (SEQ1) (f) G-wire (SEQ2). The straight line,

Control measurements  (b)
dashed line and dotted line indicates averaged line calculated by least-squares
method, confidence limits (95 %) and prediction limit (95 %), respectively.

The relationship between the calculated resistance and distance between
electrodes. (a) Experimental data. Fitted curve is also shown only for control
experiment. (b), (c) Fitted data. All data is calculated by least-squares
method.

CD spectrum and absorbance spectrum for different sequence of DNA.
Comparison between resistance and distance between electrodes in order to
discuss the significant difference. The straight line, double dashed line is the
resistance calculated by least-squares method and confidence limit (95 %),
respectively.

(a) Relationship between the applied bias voltage and the degree of increase in
resistance. The slope is corresponded to the degree of increase in resistance.
The values are calculated as the same method as figure 3.3-14. (b) Value of
slope vs InV plot.

I-V characteristics measured at different temperature. (a) and (b) show the
results of lambda DNA and G-wire (SEQ2), respectively.

Temperature dependence of current. Current under specific bias voltage is
plotted. Bias voltage is noted in the viewgraph. (a) and (b) show the results of
lambda DNA and G-wire (SEQ?2), respectively.

In(V/1) vs. /T plot. (a) and (b) show the results of lambda DNA and G-wire
(SEQ?2), respectively.
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Figure 3.3-21

Figure 3.3-22

Figure 3.3-23

Figure 3.3-24

Figure 3.3-25

Figure 4-1

Figure 4-2
Figure 4-3
Figure 4-4

Figure 4-5

Figure 4-6

Figure 4-7
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In(J/E) vs. EY? plot. (a) and (b) show the results of lambda DNA and G-wire
(SEQ?2), respectively.

InJ vs.1/7E plot. (a) and (b) show the results of lambda DNA and G-wire
(SEQ?2), respectively.

Schematic illustrations of conduction mechanism under different bias voltage
are applied between electrodes. (a) V=0, (b) V<0.1V, (c)V>0.1V. (d
Magnified image at the position shown in (c).

In(J/E) vs E¥?plots for both of different DNA and different distance between
electrodes. The distance between electrodes are noted in each graph. (a)
Lambda DNA, (b) Poly(dG-dC),, (c) Poly(dA)-Poly(dT), (d) G-wire (SEQ1),
(e) G-wire (SEQ2).

The relationship between calculated intercepts and distance between electrodes
for different DNA. (a) Calculated data, (b) Fitted correlations by least-squares

method.

The schematic illustration of electrical measurements of DNA molecules by
top-contacted geometry type electrodes. (a) and (b) shows the randomly
immobilized DNA and straight DNA on insulative substrates, respectively.

The schematic illustrations of the preparation methods of patterned surface.
Estimated surface energy for each substrate.

(a) and (b) Topographic image and phase image of patterned surface by AFM,
respectively. (c) Metal mask pattern observed by optical microscope.

(a) AFM images of DNA molecules immobilized on the patterned surface. (b)
Magnified AFM image for the area indicated as square with dotted line in (a). A
and B shows the hydrophilic and hydrophobic area, respectively. (c) The height
distribution of bundled DNA molecules. The fitted curve by Gaussian
distribution and the sum of counts are also shown as well.

(a) 1-V characteristics of bundled DNA molecules. Control measurements of
laser irradiated TPS-SiO,, counter ion and buffer solution (without DNA
molecules) on the TPS-SiO, with and without laser irradiation are also shown.
(b) The time course of current through bundled DNA molecules.

AFM and SEM image of sample structure around top-contacted geometry type

nanogap electrode. (a) shows the 3D image obtained by AFM. (b),(c) and (d)



Figure 4-8

Figure 6-1.

Figure 6-2.

Figure 6-3.

Figure 6-4.

shows the magnified image at the area noted in (a). (b) and (d) are topography
by AFM, and (c) is SEM image of nanogap between electrodes.

AFM images of DNA molecules on the substrate. (a) and (b) shows the
randomly immaobilized DNA on APS coated SiO, and bundled DNA on the

patterned SiO,, respectively.

AFM image of atomically smooth sapphire surface treated with acid solution.
The scale bar shown inset is 100 nm.

AFM images of the DNA on the acid treated sapphire substrate. (a) Elongated
DNA molecules under low concentration condition. (b) network-structured
DNA under high concentration condition (c) only a few stretched DNA
molecules on the no-acid treated substrate under high concentration condition.
The scale bars shown inset are 1 um, respectively.

Difference spectrum of infrared ray measurements between before and after
acid treatment. The absorbance peak at about 3500 cm™ was measured which is
attributed to the hydroxyl groups on the surface.

Fluorescence images of DNA molecules immobilized on (a) APS coated glass

and (b) acid treated sapphire substrate.

19



List of Abbreviations and Symbols

20

CHCI;
CM-AFM
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Co

Cr

DC
dATP
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DNA
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eV

€
EDTA
EtOH
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alternating current
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Gold
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base pair
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chloroform
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direct current
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2'-Deoxyguanosine 5'-triphosphate
degree centigrade
deoxyribonucleic acid

electric field

activation energy

electron beam

electronvolt

the vacuum dielectric constant
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Pt
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Chapter 1 General Introduction

1.1. Structure of DNA

Deoxyribonucleic acid (DNA) is a biological molecule that contains generic information
to maintain organisms. The synthesis of amino acid, that is essential to build an organ, is based
on the information derived from the sequence of base molecules. Base molecules are classified
into two compounds, pyrimidine and purine. Adenine (A) and guanine (G) are purine bases;
thymine (T) and cytosine (C) are pyrimidine bases. (Figure 1.1.1 (a))

As it is not allowed to disarrange the order of base sequnece, the structure of DNA is
found to be quite unique in order to protect them from external damage. Watson and Click
found that the structure of DNA is double stranded [1]. The double stranded structure is
composed of two DNA strands that are interacted in the antiparallel manner each other.

Single DNA strand is composed of polynucleotide in which the nucleotide is connected
through the phosphodiester linkage. A nucleotide is composed of base, sugar and phosphate and
connected each other in this order. (Figure 1.1.1 (b)) The specific feature of polynucleotide is
the complementary interaction between base molecules. G bonds specifically to C and A bonds
to T through hydrogen bonds, respectively. Thus, these specific pairings of bases permit the
duplication of genetic information (Figure 1.1.1 (c)). Moreover, as phosphate groups surround
the double stranded structure, DNA is stable in water.

The structure of double helix is variable due to the freedom of the conformational change
of nucleotide. The structure proposed by Watson and Click is referred to as B-form. The B-form
is the most stable structure for a DNA with random sequence. On the other hand, different
structures have been also characterized in a crystal structure. The A form is favored in many
solutions that are relatively devoid of water. The DNA is still arranged in a right- handed double
helix, but the helix is wider and the number of base pairs per helical turn is 11, rather than 10.5
as in B-DNA. Z-form DNA is quite different from the B structure; the most obvious distinction
is the left-handed helical rotation. There are 12 base pairs per helical turn, and the structure
appears more slender and elongated. The DNA backbone takes on a zigzag appearance. Certain
nucleotide sequences fold into left-handed Z helices much more readily than others. These
Z-DNA tracts may play a role (as yet undefined) in the regulation of the expression of some

genes or in genetic recombination. (Figure 1.1.1 (d))
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Figure 1.1-1

(@) Molecular structure of base molecules. (b) Molecular structure of
polynucleotide. (¢) Complementary base pairs through hydrogen bonds. (d)
Structure of double helix. (From Lehninger Principles of Biochemistry, 3rd Ed.)
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1.2. Experimental Results

The paired base molecule (A-T and G-C pair) forms the plane of m—conjugated
compounds (Figure 1.1-1 (c)). As these planes are stacked each other inside double helix, it has
been proposed that charge migration might occur through mi—stacked structure [2]. The p orbitals
perpendicular to the plane of n—conjugated compounds form delocalized molecular orbitals. The
delocalized molecular orbitals as a result of side-to-side overlap are classified into two kinds;
n bonding and =" antibonding molecular orbitals. The energy gap between two orbitals is
around 4 eV [3]. Moreover, the strong coupling between adjacent base pairs may lead to
extended states in the direction vertical to the plane of m—conjugated compounds. Therefore, it is
expected the metallic behavior for the vanishing gap, or the semiconductive behavior in the case
of a non-vanishing gap, with a possibility of doping by electrons or holes, in analogy with
conventional semiconductors [4].

This idea has stimulated researchers to study the electrical properties of DNA
enthusiastically from both of biological and physicochemical viewpoint.

As biological viewpoint, it is important to elucidate the electrical properties of DNA
because the charge migration along m—stacked structure would cause the damage to base
molecules due to the oxidative reaction. Hence, most study targets the measurement of DNA in
solution. The phenomenon of charge migration along DNA in this system is usually noted as
“charge transfer” because the charge migration occurs spontaneously according to the electrical
potential difference between base molecules, and the distance of migration is relatively shorter
than that of studied from the physicochemical viewpoint as noted next.

Then, as physicochemical viewpoint, it is important to elucidate the electrical properties
of DNA because DNA might be encouraging material. Amid growing concern over the
limitation of miniaturization technique of semiconductor, it is required to find novel materials to
overcome this problem. As the size of DNA molecule is known to be 2 nm in diameter it may
be possible to fabricate the smaller electrical circuits than conventional one. Moreover, as it is
possible to synthesize DNA with controlled base sequences, it might be possible to control the
electrical properties of DNA and fabricate elemental devices such as conductive wire and
switching devices.

Based on these motivations, electrical measurements are mostly performed for dried DNA
molecules that are connected to metal electrodes. The phenomenon of charge migration along

DNA in this system is usually noted as “charge transport” because the distance of migration is
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larger compared to the “charge transfer” phenomenon in solution, and/or the main driving force
of charge is supplied by applying bias voltage between electrodes.
In this section, previous results both of “charge transfer” and “charge transport” are

shown, and the reason of controversial results in “charge transport” studies is discussed.

Charge Transfer of DNA in solution

Charge transfer is already known as fundamental chemical process. The physics of charge
transfer is often explained by the semi-classical Marcus theory [5]. This theory predicts the
charge transfer efficiency in large molecules such as proteins that falls off as e with p = 1.5A.
On the other hand, p-value for DNA was first reported to p= 0.2A [6]. This value was
surprisingly smaller than expected, and the possibility of long rage charge transfer along DNA
was shown. Therefore, charge transfer of DNA has been studied vigorously after the interesting
results reported by Barton group at the beginning of 1990.

Measurement of charge transfer rate is performed for synthesized DNA in solution. The
synthesized DNA molecules used for experiments are mainly classified into two cases.

One is based on the photochemical experiments. Donor (D) and acceptor (A) are
incorporated in DNA and the excited-state quenching of D by A is measured. [7-12] For
example, Ru(phen)**; was used for D and Co(l11) and Rh(ll) are used for A [13-15]. (Figure
1.2-1)
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Long-range charge transfer is
mediated by the DNA base paired
stack. Metal complexes whose
ligands have an extended “aro-
matic surface” for intercalation
in DNA can function as electron
donors (red) and acceptors
(yellow) to probe photoinduced
electron transfer through the
DNA base stack.

The major target of oxidative
damage of nucleic acid within
the cell is guanine (G). Metal
intercalators which are strong
photooxidants and attached to
the DNA at a well-defined sepa-
ration from a GG doublet can
initiate selective oxidation of
5’-guanine from a distance.
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Figure 1.2-1

Illustration of the charge transfer between donor and acceptor bound
to DNA. Electron donor and acceptor are [Ru(phen)z(dppz)]** (red)
and [Rh(phi),(bpy)]** (yellow), respectively. (From the cover image

of R.E. Holmlin, P.J. Dandliker, J.K. Barton, Angew. Chem. Int. Ed.
Engl. 36, 2714 (1997).)
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Other stydy is based on the synthetic chemistry. Guanine is selectively oxidized
immediately after the formation of an adjacent deoxyribose radical cation by Norrish | cleavage
of ketone (Figure 1.2-2 (a)). This is because G is the most favorable site for location of holes
due to the order of the ionization potentials (G < A < T < C) [16-18]. (G is easy to be oxidized
compared to other base molecules) After the formation of radical cation (G*), it migrates along
base sequences spontaneously, stops at GGG sequence and due to the formation of GGG'. DNA
with GGG" was cleaved at the position GGG" exist by the piperidine treatment. The amount of
DNA with different length was measured by electrophoresis, and the relative rate coefficients of

the charge transfer were estimated [19-21]. (Figure 1.2-2 (b))
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Figure 1.2-2

(@) Assay for the charge injection into a guanine. (b) Yield of
H,O-trapping products at the GGG sequence (Pggs) in long-distance
charge transfer by a hopping between guanines (G). (From B. Giese, M.
Spichty, S. Wessely, Pure Appl. Chem. 73, 449 (2001).)
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The rate of charge transfer is strongly affected by both of the length of DNA and base
sequences. (Figure 1.2-3) The mechanism of charge transfer is a combination of
“superexchange” and “multistep thermally induced hopping”. In case the distance between G*-
and GGG is short, the rate-limiting step is “superexchange” that is coherent transfer. On the
other hand, in case the distance is long, the rate-limiting step is “multistep thermally induced
hopping” that is incoherent transfer [22]. Moreover, as the experiments target DNA in solution,
there is an interaction between G*  and water molecules. The reaction of G* to water
molecules cause the oxidized guanine, and charge transfer stops. The rate of this reaction is two
orders smaller than those of charge transfer, but may not in case the distance is long. Therefore
the efficient distance for charge transfer is limited to be about a few tens of angstrom at most.

As summery, the charge transfer phenomenon is occurred along G site distributed in base
sequences. This is because the HOMO of G is higher than other base molecules (A, T, C), and
G is easily oxidized. The distance between G sites limits the transfer rate strongly. These
relatively consistent results by chemical experiments indicated the evidence that charge can
migrate along n-stacked base sequences. Followed by these findings, measurements of charge

transport properties have been studied as noted in the next section.

\
—Cc(accc—s
32, _*+° 3
2.0 P G\T/nTTG 8
log Peaa P Pece
Pa
1.0
- - - -
- S— .
\
123 4567 8 910111213141516
n
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Figure 1.2-3

The relationship between the efficiency of charge transfer and the number
of A:T base pairs that intervene between G and GGG sequence. The
efficency is measured by the ratio of the cleavage products Pgss/Pg that
are formed by water trapping of the guanine radical cations. The A:T base
pairs do not carry the charge, they are the bridge between the electron
donor and electron acceptor. The flat line shows that at long (A:T)n
sequences the distance dependence vanishes. This is explained by a
change of the reaction mechanism where also the adenines act as charge
carriers. (From B. Giese Curr. Opin. Chem. Biol. 6, 612 (2002).)
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Charge Transport of DNA under solid state

The charge transport property of DNA has been studied after the findings of charge
transfer phenomenon. The experimental approach to measure the charge transport property is
fairly different from that of charge transfer property. Whereas DNA is present in the solution in
the charge transfer study, DNA is present under solid (dried) state in the charge transport study.

One of the main motivations for this study is whether it is possible to conduct an electrical
current through dried DNA molecules. This is because if it is possible to utilize DNA molecules
as molecular electronic wire, highly integrated molecular-based computer might be emerged in
the next-generation.

For this purpose, it is important to measure the electrical properties under the condition
that DNA molecules are connected to metal electrodes on the substrate. Then, the electrical
measurement of DNA with the “Electrode — DNA - Electrode” configuration has been

performed so far. Then, the various results are shown in the next section.

Review of the electrical measurement of DNA

In 1998, Braun et al. performed the first electrical measurement. [23] (Figure 1.2-4) The
electrical conductivity of 16-um-long lambda DNA was studied. Lambda DNA was connected
to the Au electrode fabricated on the glass substrate. The electrodes were separated by 12 - 16
um. The connection between lambda DNA and electrodes were made by hybridizing two distant
surface-bound 12-base oligonucleotides with a fluorescently labeled lambda DNA that contains
two 12-base sticky ends, where each of the ends was complementary to one of the two different
sequences attached to the Au electrodes. (Figure 1.2-4 (a)) Electrical measurements showed no
observable current up to 10V. (Lower inset of figure 1.2-4 (b)) Hence it is concluded that DNA

is insulative.
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(a) The procedure of DNA immobilization between electrodes. First,
12-base oligonucleotides with two different sequences attached to the
electrodes. Then lambda DNA is connected to electrodes by the
hybridization with oligonucleatides. (b) I-V characteristics of fabricated
samples. They are also measured the electrical properties of silver
stained DNA nanowire. The main plot shows the I-V characteristic of
silver nanowire. Please see the lower inset that shows the I-V
characteristics of DNA moleucules connected to electrodes. (From E.
Braun, Y. Eichen, U. Sivan, G. Ben-Yoseph, Nature 391, 775 (1998).)

In 1998, Okahata et al. reported the electrical conductivity of DNA-aligned cast film [24].
(Figure 1.2-5 (a)) DNA was taken from salmon testes and it was mixed with cationic
amphiphiles. The polyion complex precipitates were gathered and freeze-dried. The white
powder was only soluble in organic solvents. Then the powder was dissolved in the CHCI; /
EtOH solution and it was deposited on the Teflon plate. After the solvent was evaporated, the
transparent film was obtained. In the film of the DNA-lipid complex, DNA strands could be
aligned in the same direction that the film was stretched. The stretched DNA film was put on
the comb-shaped Au electrode, and DC conductivity was measured.

As shown in the figure 1.2-5 (b), the I-V characteristics of the DNA film in which DNA
strands aligned perpendicular to the electrodes showed the large ohmic current under both of
atmospheric and vacuum (10" mmHg (Torr)) condition. On the other hand, the I-V

characteristics of the DNA film in which DNA strands aligned parallel to electrodes showed
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observable current. Therefore, it was concluded that electric currents might pass through
stacked base pairs of the aligned DNA strands. The conductivity was calculated to be 5.6 X 10
and 10° S cm™ for parallel and perpendicularly immobilized DNA. This value was compared
with fragile conductive polymers (polyacetylene and polyphenylene; 102 — 107, and the value

was found to be reasonable.
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Figure 1.2-5

A schematic diagram and a photograph of DNA-lipid complex cast film.
(b) Dark current of aligned-DNA films on comb-shaped electrodes at
25 C. (1) DNA strands in the film was placed perpendicularly to
electrodes and measured in the atmosphere, (2) the same film as (1) was
measured in vacuum at 0.1 mmHg, and (3) DNA strands in the film was
placed parallel to electrodes both in vacuum and atmosphere. (From the
report by Y. Okahata, T. Kobayashi, H. Nakyama, K. Tanaka,
Supramolecular Science 5, 317 (1998).)

Nakayama et al. also reported the detailed study in 2001 [25]. They prepared the similar
DNA-aligned cast film and its DC conductivity in a dry box was measured. Two different
length of DNA taken from salmon testes were used. The stretched DNA film was put on the
comb-shaped electrodes that were separated 5um each other so as the direction of DNA strands
were perpendicular to the electrodes.

In case the DNA film with long DNA (10 um) was measured, a large ohmic current was
again measured in the range of +0.5 V. The conductivity was estimated to be 5x10° S cm™.

On the other hand, in case the DNA film with short DNA (0.2 um) was measured, very small
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ohmic current was measured, but it diminished within 5 sec. Moreover, temperature dependence
of Cole-Cole plots was studied. As for the DNA film with long DNA, the apparent resistances at
the zero imaginary of impedance were constant at 400 Q independent of temperature from 25 to
60 “C. On the other hand, as for DNA film with short DNA, the resistance was increased to 100
— 650 kQ depending on temperature, and semi-circle form was observed in the plot.

Thus it was concluded that temperature independent conductance of the film with long
DNA indicates electron conductance along intramolecular DNA strands, and the
temperature-dependent conductance of the film with short DNA indicated the small ionic

transport between DNA molecules.

In 1999, on the other hand, Fink et al. reported nearly ohmic I-V characteristics through
lambda DNA ropes [26]. (Figure 1.2-6) Lambda DNA ropes were first immobilized across the
2mm-wide holes in a Au-covered carbon grid by dropping DNA solution. DNA solution
contains 0.3 pg/ml DNA, 10 pM Tris-HCI and 1 pM EDTA (pH 8). The ropes were then
observed by low-energy electron point source (LEEPS) microscope. After the suitable ropes
were found, manipulation tip (tungsten) that was introduced into the ultrahigh vacuum chamber
(~10" mbar) was controlled to move to the position that the DNA ropes exits. Finally, the tip
was contacted to the DNA ropes and electrical measurements were performed. As it was
possible to control the length of DNA rope between Au-covered carbon grid and manipulation
tip, I-V characteristics of different DNA ropes were measured.

In case of 600-nm-long DNA rope, linear and fluctuated I-V characteristics were
measured at the bias voltage of within = 20 mV and above this range, respectively. The
estimated resistance was about 2.5 MQ. In case of 900-nm-long DNA rope, the resistance was
estimated to be 3.3 MQ. It was also reported that the estimated values of resistance include the
unknown contact resistance between metal electrode and DNA. Measurements were performed
under vacuum condition, and hence the ionic conduction would not be applicable to the
conduction mechanism. However, there was a room that the residual buffer, counter ions around
DNA might affect the electrical properties of DNA. Moreover, even if the energy of imaging
electrons are limited to be between 20 and 300 eV, there was still a room that such electrons

irradiated to DNA ropes might cause contaminations around DNA ropes.
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Figure 1.2-6
I-V characteristic of 600-nm-long DNA rope. (From H.W. Fink, C.
Schonenberger, Nature 398, 407 (1999).)

In 2000, Porath et al. reported a different electrical property of synthesized DNA. [27]
(Figure 1.2-7) The DNA was obtained by the hybridization between two different 30-base
oligonucleotides. The base sequence was Polyd(G)s, and Poly d(C)s, respectively. DNA
solution contains 300mM NaCl, 10mM Na citrate and 5mM EDTA. DNA was trapped between
Pt electrodes by electrostatic trapping method. About one DNA molecule exist for (100 nm)2.
The gap size between electrodes was controlled to be 8 nm.

Electrical measurements under atmospheric condition (relative humidity 50 %) showed
nonlinear 1-V characteristics with threshold voltage about a few volts for 20 different samples.
After such characteristics were measured, DNA immobilized electrodes were incubated in a
solution containing DNAse |, an enzyme that specifically cut double-stranded DNA. After this
treatment, no significant current was measured. Hence it was suggested that the electrical
property was actually originated from DNA immobilized between electrodes. Moreover,
temperature dependence of electrical properties was also studied under the range from 4 K to
300 K. The differential conductance dI/dV versus V exhibited a peak structure, with a peak
spacing of 0.1 to 0.5 eV. The I-V curves for tree different samples showed the voltage gap at
low temperature, and the width of the gap was increased with increasing temperature.

Authors concluded that Poly(G)-Poly(C) DNA is a large-bandgap semiconductor, and the
electrical contact between metal electrodes and DNA would be originate from the offset

between the Fermi level of electrodes and the molecular energy bands of DNA molecule.
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(@) 1-V characteristics of a DNA molecule immobilized between Pt
electrodes under atmospheric condition at room temperature. (b) I-V
charactericstics that show that transport is indeed measured on DNA. The
solid curve is measured after trapping a DNA molecule as in (a). The
dashed curve is measured after incubation of the same sample for 1 hour in
a solution with DNAse | enzyme. (From D. Porath, A. Bezryadin, S. de
Vries, C. Dekker, Nature 403, 635 (2000).)

In addition, Storm et al. performed the expanded study in 2001 [28]. They measured the
electrical characteristics both of individual DNA molecules and small DNA bundles (up to tens
of molecules) that were connected to metallic electrodes. (Figure 1.2-8) The well-defined
electrodes with nanogap ranging from 40 - 500 nm were employed. The electrodes were
fabricated by electron-beam lithography and subsequent liftoff process. Pt or Au was used for
electrode material, and the thickness was about 15 nm on top of a 3-nm-thick titanium sticking
layer.

Results indicated no evidence of any electronic conductivity for DNA molecules with
various length and base pair sequences. In case the DNA molecules with mixed-sequence was
immobilized between Au electrodes spaced by 300 nm, the resistance was measured to be more
than 10 TQ that was lower limitation of the measurement device.

Moreover, in case Poly(dG)-Poly(dC) DNA molecules (100 ng/ul in buffer solution of 20
mM HEPES and 5 mM MgCl,) were immobilized between platinum electrode spaced by 100
nm on SiO, substrate, the bundled DNA molecules were observed by AFM. However, the

resistance was the same as mixed-sequence DNA, and no conduction was found again. Finally,
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Poly(dG)-Poly(dC) DNA molecules were immobilized between platinum electrodes separated
by 200 nm on mica substrate. Nonetheless, The result was the same as other results. As

conclusion, DNA molecules were insulating at length scales longer than 40 nm.

Figure 1.2-8

AFM images of DNA assembled in various devices. For all these devices, we
observe an absence of conduction. (a) Mixedsequence DNA between platinum
electrodes spaced by 40 nm. Scale bar: 50nm. (b) Height image of
Poly(dG)-Poly(dC) DNA bundles on platinum electrodes. The distance between
electrodes is 200 nm, and the scale bar is 1 mm. (c) High magnification image of
the device shown in (b). Several DNA bundles clearly extend over the two
electrodes. Scale bar: 200 nm. (d) Poly(dG)-Poly(dC) DNA bundles on platinum
electrodes fabricated on a mica substrate. Scale bar: 500 nm. (From A.J. Storm, J.
van Noort, S. de Vries, C. Dekker, Appl. Phys. Lett. 79, 3881 (2001).)

Kasumov et al. reported the surprising electrical characteristics of DNA in 2001 [29].
They measured the proximity-induced superconductivity of lambda DNA molecules below 1 K.
(Figure 1.2-9) Lambda DNA was immobilized between rhenium-carbon electrodes (2 nm
thickness) on mica substrate. The |-V characteristics showed the ohmic behavior at temperature
ranging from room temperature down to 1 K. As the random base sequence was present in
lambda DNA, it is natural to consider the molecular energy band is fluctuated along base
sequence. This unique result may arise from the electrical connection between DNA molecules

and rhenium-carbon electrodes, but other measurements tracking this result are not reported yet.
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(A) Schematic drawing of the measured sample. (B) AFM image showing DNA
molecules combed on the Re/C bilayer. The large vertical arrow indicates the
direction of the solution flow. The small arrows point toward the combed
molecules. (C) DC resistance as a function of temperature on a large
temperature scale, showing the power law behavior down to 1 K. (From the
report by A.Y. Kasumov, M. Kociak, S. Gueron, B. Reulet, V.T. Volkov, D.V.
Klinov, H. Bouchiat, Science 291, 280 (2001).)

In 2000, the electrical conductivity of DNA networks was measured by the different
measurement technique by AFM by Cai et al. [30]. (Figure 1.2-10) The synthesized DNA
solution (250 ng/ul) containing Poly(dG)-Poly(dC) or Poly(dA)-Poly(dT) was deposited on the
mica substrate and incubated for a minute. The residual solution was blown off by air blow.
Then it was found that DNA network structure was formed on a mica substrate. In case of
Poly(dA)-Poly(dT) DNA, various DNA strands were crossed over together and the height of
bundle was 1.7 nm. On the other hand, in case of Poly(dG)-Poly(dC), a uniform reticulated
structure with the height of 2.1 nm was observed. For the electrical measurements, two kinds of
electrodes were used. As one-half of electrodes, Au layer was fabricated on the DNA network
structure.

The conductive probe that was coated with Au layer was used as the other side of

electrodes. After the tip was contacted with DNA network, |-V characteristics were measured by
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applying bias voltage (=5 V) between Au layer and conductive tip. The sample was pretreated
under vacuum (10 Torr) for 5 - 12 hours. The suitable position for the measurement was found
by noncontact mode AFM. The loading force of the conductive tip was controlled to be 20 — 40
nN.

Typical -V measurements of Poly(dG)-Poly(dC) showed two kind of characteristics at
the different position of the conductive tip. One was linear ohmic, and the other was p-type
rectifying character. (Figure 1.2-10 (c), (d)) On the other hand, the linear I-V characteristics was
measured as for Poly(dA)-Poly(dT). The relationship between calculated resistance under the
range of bias voltage of £0.2 V and DNA length indicated that resistance was exponentially
increased with increasing the length of DNA. As a base sequence dependency, the better

conductance of Poly(dG)-Poly(dC) was found compared to Poly(dA)-Poly(dT).
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(a) Schematic illustration of the. (b) Relationship between resistance and
DNA length. The exponential fitting plots of data are also shown. (c)
Typical I-V curves of Poly(dG)-Poly(dC), the linear Ohmic behaviors on
L = 100 nm at the repeat measurement of five samples. (d) Rectifying
curves of Poly(dG)-Poly(dC) at L = 100 nm. (From the report by L. Cai,
H. Tabata, T. Kawai, Appl. Phys. Lett. 77, 3105 (2000).)

P. J. de Pablo et al. reported the electrical measurement of lambda DNA by the similar
AFM method in 2000 [31]. (Figure 1.2-11) Lambda DNA solution contains TE buffer (10 mM
Tris, 1 mM EDTA, pH 8.0) and 2.5 mM MgCl, was dropped on the freshly cleaved mica
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substrate. After the incubation time for 20 - 120 sec, mica was rinsed twice with distilled water
and dried [32]. The Au layer was fabricated onto the lambda DNA molecules by a thin-wire
shadow masking technique [33]. The temperature of the sample surface was measured and it
was confirmed not to exceed 310 K during the whole evaporation process. The silicon nitride
cantilevers coated with 20 nm titanium and 60 nm Au layers successively were used as
conductive cantilevers. The minimum horizontal distance between Au layer and conductive tip
as limited to be 70 nm in order not to measure the spurious current.

The I-V characteristics of different measurement showed insulative behavior under the
range of 0 — 10 V. The estimated minimum resistivity was p ~ 10 Q-cm. Moreover, for the
purpose of improving the sensitivity of electrical measurements, longer DNA molecules about
15um were immobilized between electrodes spaced by about 3 um. The number of molecules
was estimated to be more than 1000. Although bias voltage of up to 12 V was applied between
electrodes, the current measured was below the noise level of 1 pA. The minimum resistivity
was calculated to be p ~ 10° Q-cm.

These results were inconsistent with the result by Fink et al. [26] and it was suspected that
the LEEPS microscopy might cause the electron-induced hydrocarbon cracking. For the
verification of this assumption, the effect of a low energy electron beam irradiation was also

studied. The metallic like conductivity that showed liner |-V characteristic was actually

A-DNA

AZ=27 nm

Figure 1.2-11

Three-dimensional SFM image of the channel border, showing two DNA
molecules in contact with the left gold electrode. It is also presented the
scheme of the electrical circuit used to measure the DNA resistivity.
(From the report by P.J. de Pablo, F. Moreno-Herrero, J. Colchero, J,
Gomez Herrero, P. Herrero, A.M. Baro, P. Ordejon, J.M. Soler, E.
Artacho, Phys. Rev. Lett. 85, 4992 (2002).)
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measured, and the formation of contamination layer over DNA was observed by SFM.
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Figure 1.2-12

(a) AFM images (scale bar, 10 nm) of a three-terminal single DNA
molecule device at source—drain distance (dps); 25 nm are shown. NT,
P1, P2 indicate SWCNT (gate), first CNT probe (source), and second
one (drain), respectively. (b) Ips—Vps curves for various gate voltages
(Ve)=0, 1, 2, 3, 4, and 5 V is shown. (From the report by H.
Watanabe, C. Manabe, T. Shigematsu, K. Shimotani, M. Shimizu,
Appl. Phys. Lett. 79, 1 (2001).)

As a derived electrical measurement method by AFM, Watanabe et al. reported the
electrical properties of single salmon sperm DNA by triple-probe AFM. [34] (Figure 1.2-12)
DNA solution (300 mM NacCl, 10 mM Na citrate and 5 mM EDTA are included) was deposited
on the SiO,/ Si (100) substrate; the surface was rinsed by water after the immobilization of
DNA and dried by nitrogen gas flow.

The nanotweezers that was composed of two MWCNTSs at the apex of glass needle was
fabricated. Controlling the vibration frequency of nanotweezers at the range of 100 — 800 kHz
enabled them to control the steady position of CNTs without attaching to each other or the
substrate. Additionally, conductive CNT-AFM probe (MWCNT was attached at the tip apex of
AFM probe) was used in order to perform both of high spatial resolution imaging and electrical
measurements. The two CNTs of nanotweezers were positioned on the single DNA molecule
with less than 1 — 2 nm accuracy. These CNTs were used as source and drain electrode,
respectively. Another SWCNT was also deposited on the substrate that DNA molecules were

immobilized. The SWCNT was moved by CNT-AFM onto the DNA molecules between source
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and drain electrode. After it was confirmed that the SWCNT was placed at the desired position,
CNT-AFM was contacted to the SWCNT, and specific bias voltage as gate voltage was applied.

The electrical measurement with these three terminal electrodes was performed under dry
nitrogen atomosphere at room temperature. The I-V characteristics at the distance of source and
drain (dps) ~ 25 nm, nonlinear I-V curve was obtained. The voltage gap at lower bias voltage in
this 1-V curve was decreased with increasing the gate voltage from 0 to 5 V, and the
conductance increased more than three orders. This result indicated that the electrical property

of DNA was conductive and possibility of switching device with its gate biased.

Yoo et al. reported the direct electrical transport properties both of Poly(dA)-Poly(dT)
and Poly(dG)-Poly(dC) by nanogap Au / Ti electrodes separated by 20 nm [35]. (Figure 1.2-13)
This was similar measurement method reported by Porath et al. DNA molecules were
immobilized between electrodes by the electrostatic trapping method [36]. They fabricated more
than 20 samples and measured the electrical property under both of ambient and vacuum
condition.

Most measurements under both conditions showed almost identical results, and therefore
the effect of water on the conductance could be neglected. After all electrical measurements,
samples were treated with DNAse enzyme that decomposes DNA molecules, and it was
confirmed that the electrical transport properties were disappeared. The strong temperature
dependence of the conductance at V = 0 was measured as for both of base sequences.

The I-V curves measured at various temperatures of Poly(dA)-Poly(dT) showed the linear
shape at room temperature and nonlinear shape at lower temperature. The temperature
dependence was measured until 50 K. A small polaron-hopping model could account for this
temperature dependence. As for Poly(dG)-Poly(dC), behavior at various temperature was
similar to that of Poly(dA)-Poly(dT), but the resistance (13.3 MQ) was much smaller than that
of Poly(dA)-Poly(dT) (100 MQ). The temperature dependence was measured until 4.2 K.

Moreover, the gate-voltage effect on the I-V characteristic at room temperature was also
studied. As for Poly(dA)-Poly(dT), the current was suppressed under the negative gate voltage
was applied and slightly enhanced under positive gate voltage. On the other hand, as for
Poly(dG)-Poly(dC), oppose characteristics were measured. The current was enhanced and
depressed under negative and positive gate voltage, respectively. Therefore, it was concluded
that Poly(dA)-Poly(dT) exhibited n-type semiconducting behavior, while Poly(dG)-Poly(dC)
did p-type behavior.
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Figure 1.2-13

(@) SEM Image of the nanogap electrode separated by 20 nm. (b) SEM
image of a Poly(dG)-Poly(dC) DNA molecule trapped between two
electrodes. (c), (d) The I-V curves measured at room temperature for various
values of the gate voltage for Poly(dA)-Poly(dT) (c) and Poly(dG)-Poly(dC)
(d). In the inset of (c), the conductance at V = 0 is plotted as a function of
gate voltage for Poly(dA)-Poly(dT). The inset of (d) is the schematic
diagram of electrode arrangement for gate dependent transport experiments.
(From the report by K.-H. Yoo, D.H. Ha, J.-O. Lee, J.W. Park, J. Kim, J.J.
Kim, H.-Y. Lee, T. kawai, H.Y. Choi, Phys. Rev. Lett. 87, 198102 (2001).)
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Figure 1.2-14

I-V characteristics measured in vacuum at room temperature on M-DNA
(O) and B-DNA (@) molecules. Lower inset shows a schematic
experimental layout. (From the report by A. Ratkin, P. Aich, C.
Papadopoulos, Y. Kobzar, A.S. Vedeneev, J.S. Lee, J.M. Xu, Phys. Rev.
Lett. 86, 3670 (2001).)

Ratkin et al. reported the electrical properties both of bundled lambda DNA (B-DNA) and
M-DNA by micron scale gap electrodes [37]. (Figure 1.2-14) M-DNA used in the experiments
contains a Zn metal ion replacing the imino proton of every base pair. It was also argued that the
preliminary experiments by lithographically patterned Au electrodes on an insulating substrate
might cause the difficulty in quantifying the possible contribution of the buffer solution on the
measured electrical properties. Therefore, the new fabrication method of electrodes was
developed in order to address this problem.

The fabrication procedure was as follows. Initially, thin metallic layers (Cr - Au or W — Pt
- Au) of less than 1 um in thickness were sputtered onto a thick dielectric substrate. The
samples were then cracked by force mechanically, brought back together again, and later glued
to a rigid support frame while applying external pressure. It was possible to control the
interelectrode spacing down to about 1 um. The presence of such a gap between the electrodes
ensured that no traces of solution but those adsorbed on the DNA surface remained within the
interelectrode space. The gap size between electrodes was measured to be 1 — 30 um by optical
microscope. DNA was prepared in 20 mM NaBO; buffer, pH 9.0 (or 20 mM Tris, pH 7.5) with
10 mM NaCl and 0.1 mM Zn?* or 2 mM EDTA as appropriate.
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DNA bundles with about 100 molecules were immobilized between electrodes and
electrical measurements are performed under vacuum condition (107 Torr).

I-V characteristics of B-DNA showed a semiconductor like plateau about 200 meV,
whereas such plateau was not measured as for M-DNA. These results suggested that the
qualitative difference in |-V characteristics of M- and B-DNA at low bias could only be
attributed to a difference in their conduction mechanisms. In case of B-DNA, taking the
common assumption, the difference between the Fermi level of the Au electrode and the edge of
molecular band of DNA suppresses tunneling through the DNA-electrode interface. Therefore,
the plateau region was measured in the I-V curves. On the other hand, Inserting metal ions
resulted in the formation of a d band aligned with the electrode Fermi level. As a result,
injection of electrons (or holes) exhibited no voltage threshold and, consequently, no plateau

appeared in the I-V dependence.

In 2002, Otsuka et al. [38] and Lee et al. [39] reported the effects of environmental
condition on the electrical properties of DNA molecules.

Otsuka et al. reported the effect of humidity on the electrical conductivity of DNA thin
film. The synthesized Poly(dG)-Poly(dC) solution was deposited on the nanogap electrodes
separated by 100 nm, and fabricated the thin film after dried up the water. The I-V
measurements were performed in a homemade desiccator under the condition that the relative
humidity was changed. DNA films of Poly(dG)-Poly(dC) were found to be extremely affected
by humidity; the resistance decreased exponentially with increasing relative humidity.
Furthermore, AC measurement indicated the increase in the value of capacitance and the
semicircles and spurs in the Coal-Coal plot.

Therefore, ionic conduction was found to dominate the conductivity of DNA film under
the atmospheric condition. Moreover, the contact resistance affected the conductivity of DNA
film. Results of this study showed that, in the case of measuring the DNA conductivity
accurately with an external electrode, it was necessary to note the important factors: humidity
and contact resistance between electrodes and samples. The detailed results are noted in the
section 3.1. Similar results were reported after this result. Jo et al. reported the effect of
humidity on lambda DNA immobilized between Au electrodes separated by 150 nm. [40]
Kleine et al. reported the effect of humidity on lambda DNA immobilized between platinum
electrodes separated by 20 — 3000 nm [41]. Both of these results indicated the insulative

characteristics under dried condition.
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Lee et al. reported the effect of oxygen on the electrical conductivity of DNA thin film.
(Figure 1.2-15) Both of and Poly(dA)-Poly(dT) were used, and the DNA thin films were
fabricated by the same method as Otsuka et al. I-V characteristics of these films were measured
under different conditions: 1, in the atmospheric condition with 35 % relative humidity. 2, in the
controlled condition that contain oxygen and nitrogen of 1 : 4 ratio with less than 0.1 % relative
humidity. 3, in the vacuum condition (10 Torr).

The resistances of Poly(dG)-Poly(dC) film that were calculated at 1 V under various
conditions changed from about 0.8 GQ to 7 GQ to 100 GQ in that order. Similar results was
obtained for Poly(dA)-Poly(dT) film, the resistance was smaller by a factor of 10 than that of
Poly(dG)-Poly(dC) film. Then, the I-V measurement was performed under the pure oxygen
purged condition, and it was found that the conductance of Poly(dG)-Poly(dC) film was
increased by a factor of 100. On the other hand, the conductance of Poly(dA)-Poly(dT)
decreased by a factor of 10.

These results showed both of oxygen doping and dedoping occurred on the

Poly(dG)-Poly(dC) film and Poly(dA)-Poly(dT) film, respectively. These results might also
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The |-V characteristics of a Poly(dG)-Poly(dC) [(a) and (b)] and
Poly(dA)-Poly(dT) [(c) and (d)] DNA films. The I-V curves in an air showed
in (a) and (c), whose difference shows the typical fluctuations of our data. The
data in an oxygen ambient exhibited (b) and (d). The distance between the
electrodes was about 100 nm. The I-V characteristics were measured several
times, and the measured I-V curves were found to be quite reproducible.
(From the report by H.-Y. Lee, H. Tanaka, Y. Otsuka, K.-H. Yoo, J.-O. Lee,
T. Kawai, Appl. Phys. Lett. 80, 1670 (2002))
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support early findings by Yoo et al. that Poly(dG)-Poly(dC) was a p-type, and
Poly(dA)-Poly(dT) was n-type semiconductor.

Hwang et al. measured the electrical transport through 60 base pairs of
Poly(dG)-Poly(dC) in 2002 [42]. (Figure 1.2-16) DNA solution was prepared by heating at the
temperature of 97 °C for 5 min and natural cooling down to room temperature. After the DNA
preparation was identified by several techniques such as UV spectroscopy, mass spectroscopy
and gel electrophoresis, DNA solution was diluted with deionized water to the concentration of
25 uM. A 1 pl of solution was deposited on the center of the electrodes, water was evaporated
and the device was finally dried by nitrogen gas. Electrodes were fabricated by e-beam
lithography and liftoff process. Au / Ti layer (10 nm /5 nm thickness) was thermally evaporated
on the 200-nm-thick SiO2. The gap between electrodes was 20 nm.

The electrical measurements were performed under atmospheric condition and room
temperature. 1-V characteristics showed the clear staircases and maxima were observed in the
di/dVv — V. Measurements were repeated more than 20 times over the time scale of several days,
and the completely reproducible results were obtained. I-V measurements were also performed
under vacuum condition, and no change was found. It was suggested that the I-V curve was

originated from the electrical transport through 60 base Poly(dG)-Poly(dC) and the size of
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Figure 1.2-16

I-V and the dI/dV-V characteristics measured from the electrodes with the
gap of 20 nm after dropping the diluted DNA solution. There are clear
staircases in the I-V and maxima are observed in the dl/dV-V. The inset
shows the I-V measured between the 20 nm gap electrodes after dropping
the DI water. (From the report by J.S. Hwang, K.J. Kong, D. Ahn, G.S. Lee,
D.J. Ahn, S.W.Hwang, Appl. Phys. Lett. 81, 1134 (2002).)
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staircase was consistent with the energy gap calculated by one-band tight-binding model.

Zhang et al. reported the insulating behavior of lambda DNA immaobilized micron scale
electrodes [43]. (Figure 1.2-17) The point in this experiment was that the interface between
DNA and Au electrodes were modified with Au — S chemical bonds. Lambda DNA contained
single stranded 12-base 5’ overhangs (sticky ends) at both sides of double strand. The sticky
ends were modified with three deoxynucleoside triphosphates (dATP, dGTP, S*-dTTP) by the
standard reaction using Klenow fragment of DNA Polymerase. (Figure 1.2-17 (a)) As the
thiol-modified dTTP (S*-dTTP) could react with Au surface, the modified lambda DNA was
chemically connected to the electrodes. Au electrodes were fabricated on a quartz substrate in
parallel strips by standard photolithography. The electrodes were separated by 4 or 8 um, and

the width was 4 pum. DNA solution was deposited on the chip. After 20 min of incubation, a
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(a) The schematic of the incorporation of deoxynucleoside triphosphates
into lambda DNA sticky ends using the Klenow fragment. (b) I-V
characteristics for a sample of lambda DNA bridging two parallel Au
electrodes separated by 4 um. The DNA was rinsed with NH;Ac before
the measurement to remove the buffer salt residue. The dashed line is a
linear fit to the data. The inset shows the I-V curve for a test chip
containing TE buffer solution (without DNA). The chip was dried in
vacuum but not subject to NH;Ac rinsing. The observed conductance is
entirely from trace TE salt residue. Both measurements were done in
vacuum at 295 K. (From the report by Y. Zhang, R.H. Austin, J. Kraeft,
E.C. Cox, N.P. Ong, Phys. Rev. Lett. 89, 198102 (2002).)
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clean covers slip was put on the chip and a flow of the buffer solution was applied
perpendicular to the electrodes. It was confirmed that modified DNA molecules were bridged
between electrodes by fluorescence optical microscope.

Electrical measurements were performed in vacuum (<10 Torr) and at room temperature.
The semiconductor like history-dependent conductance was repeatedly measured. However, I-V
characteristic of the sample prepared with only 1XTE buffer also showed the typical curve.
Moreover, it was found that the treatment of DNA immobilized sample with solution (both of
10 mM MgSQO, / 40 mM Tris-HCI (pH 8) and NH,Ac) to remove buffer and salts diminished
the electrical properties. After the treatment, no current was detected at up to 20 V although
DNA molecules were connected to electrodes. This result was different from the results by
Ratkin et al. [37] and it was suggested that the high conductance might arise from residual salts

trapped between the DNA strands.

Hartzell et al. reported the effect of the structure of double stranded structure on the
electrical properties in 2003 [44]. (Figure 1.2-18) Linear lambda DNA used possesses two short
overhang regions 12 base long at both sides was complementary to the single strands of 12
bases long. The single strands were labeled with C3 S — S disulfide groups at their 3’ ends.
These single strand sequences were complementary to the 12 unpaired bases of each overhang
region, and were hybridized to these regions, effectively providing a complete, double stranded
molecule with a gap in each strand. (Figure 1.2-18 (a)) The hybridized DNA was connected to
the Au electrodes through Au — S bonding as the similar method by Braun et al. [23].

Although each DNA could hybridize through 12 base overhang region, gaps (nicks)
existed between 5’ ends of the single strands and the 3’ ends of lambda DNA. Then, the authors
compared the I-V characteristics of nicked lambda DNA to identical lambda DNA samples with
the nicks repaired by ligation technique.

Electrodes fabricated by standard lithography techniques were used. Au / Cr layer (30 nm
/ 8 nm thickness) was thermally evaporated on the 450-nm-thick SiO2. The electrodes were
separated by 8 um, and the width was 50 um. DNA strands were immobilized between
electrodes by electric field [45]. The alignment was followed by a rinse with de-ionized water to
remove both unbound DNA and buffer solution. The sample was then dried under a flow of

nitrogen gas.
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Figure 1.2-18

(@) Above: the Au electrode geometry. Below: sketch of the
disulfide-labeled lambda DNA molecules used in this work. The nicked
DNA features a gap between the 3’ and 5’ nucleotides, where indicated.
In the repaired DNA, the gaps were repaired using T4 DNA ligase. (b)
I-V characteristics measured at room temperature on disulfide-labeled
I-DNA molecules. Dashes: repaired DNA,; dots: nicked DNA, swept
from negative to positive potential; solid line: nicked DNA, swept from
positive potential to negative potential. (From the report by B. Hartzell,
B. McCord, D. Asare, H. Chen, J.J. Heremans, V. Soghomonian, Appl.
Phys. Lett. 82, 4800 (2003).)

I-V measurements were performed under ambient condition and at room temperature. It
was noted that the slight dependence of humidity was noticed, but was neglected in this work.
For the nicked DNA, the I-V characteristic was pronouncedly nonlinear, showed a conductivity
gap up to =3 V, beyond which sizable current flow occurs. On the other hand, the repaired
DNA showed a significantly more ohmic behavior, with no observable conductivity gap when
the same potential sweeps were applied. The low field at less than *=3 V dc conductivity of the
nicked DNA was reduced by a factor ~ 20 compared to the repaired DNA. Whether the voltage
threshold was due to the presence of an energy barrier, due to interband tunneling or due to a
Coulomb blockade effect was uncertain at this point, but these results would indicate that the

complete double helical structure plays an important role in electronic transport.

Zhou et al. reported the electrical conductivity of lambda DNA network by different
electrode geometry [46]. (Figure 1.2-19) Former results of electrical measurements were
performed by the bottom-contacted geometry type electrodes or conductive AFM. In the

bottom-contacted geometry type electrodes, DNA molecules were immobilized between
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electrodes after electrodes were fabricated. In this report, they developed the new fabrication
process of nanogap electrode upon the DNA molecules (lead-on-top geometry). The electrical
contacts were made by evaporating metal on DNA molecules through a nanoscale stencil mask
etched in a freestanding silicon nitride membrane. The pattern in stencil mask was separated by
500 nm — 1 um. The advantage of this electrode was avoiding problems in conventional
fabrication scheme: the solvents used in electron beam lithography would destroy DNA
molecules.

DNA solution (500 pg/ml lambda DNA, 10 mM Tris buffer, 1 mM EDTA) was diluted
by a ratio varying from 10 to 100 with a solution of 11 mM MgCl, and 10 mM Tris. Magnesium
ions in the solution were used to enhance the attraction of DNA molecules to the mica surface.
A 10 ul of 10-fold diluted solution was deposited on the cleaved mica substrate. After
incubation time of 2 — 3 min, the sample was rinced with sterilized water and spun dry. The
contacts for these samples were fabricated from AuPd and designed to be 12 um wide,
separated by a gap of 1 um. About hundreds of molecules were estimated to span the gap
without a break.

The electrical measurements were performed under both of atmospheric and vacuum
condition (10 — 10 Torr). The resistances under atmospheric and vacuum condition were 5
TQ and 13 TQ, respectively. When the sample was returned to air, the conductivity recovers
after several hours. As control experiments similar electrical measurements were performed as
for bare mica substrate. The resistances under atmospheric and vacuum condition were 3.5 TQ
and 50 TQ (exceeding the limit of measurement setup), respectively. The atmospheric
resistance was similar between DNA immobilized sample and bare mica substrate. However,
the resistance of DNA sample was much lower than that of mica substrate.

Therefore, it was concluded that the measured conduction in air was predominantly due to
water adsorbed on the hydrophilic molecule and mica substrate. On the other hand, a small
residual conductivity was measured under vacuum that may be intrinsic to small bundles of

DNA molecules.
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Figure 1.2-19

(@) AFM height image of several small DNA ropes contacted by gold
leads separated by 1 mm. The scan width is 2.5 um. (b) AFM height
image of a dense DNA network contacted by 15-nm-thick, 12-mm-wide
AuPd leads separated by 1 mm. The scan size is 8 mm. (c) I-V
characteristics of a dense DNA network ((b)) in air and vacuum. (d) I-V
characteristics in air and vacuum of a bare mica sample with electrodes
identical to those of the circuit in (c). (From Y.X. Zhou, A.T. Johnson, J.
Hone, W.F. Smith, Nano Lett. 3, 1371 (2003).)

Kasumov et al. again reported the electrical properties of lambda DNA from the
viewpoint of structural deformation on the insulative substrate in 2004 [47]. (Figure 1.2-20)
Thin Pt electrodes with thickness of 3 nm were fabricated on the mica substrate. Polymer film
with thickness of 0.5 nm was fabricated on the surface both of Pt electrodes and mica by
sputtering by glow discharge of pentylamine vapor. A drop of 10 — 15 pl of DNA solution was
deposited on the surface treated with polymer film. The DNA solution contains 1 — 3 pg/ml of
DNA, 10 — 30 mM of ammonium acetate and 7 — 9 mM of magnesium chloride. The samples
were incubated for 5 — 10 min. The mica was then washed with water, blotted with filter paper,
and dried with argon. The height distribution of DNA molecules on the surface by AFM
indicated that DNA molecules on the substrates treated by pentylamine was 2.4 nm that is very

close to the native thickness, while the average thickness of DNAs on the clean substrate the
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thickness was 1.1 nm. This result was interpreted that the deposition of the polymer film
decreases hydrophilicity of mica and thus its interaction with DNA molecules.

The electrical measurements were performed by both of spreading resistance mode
(SRM) AFM and DC method between nanogap electrodes separated by 200 — 500 nm. Results
by SRM indicated the conductive properties for 2-nm-height DNA molecules, but not for
small-height DNA molecules. Moreover, the temperature-controlled measurements indicated
that the resistances at room temperature and 4 K are 5 kQ and 95 k<, respectively. The charge
transport was measured at temperature below 1 K, and it also indicated the parasitic ionic
conduction was excluded. These results were the confirmation that it was possible to prepare
conductive DNA molecules by taking care of the surface chemistry not to deform the double
stranded structure.

For more detailed reviews of electrical property of DNA, please see references cited [48 —

51].
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AFM (left) and SRM (right) images of DNA molecules: (a) AFM image of
DNA molecules on the clean substrate without penthylamine; (b) SRM image
of the same molecules (right bright part of (a) and (b) images is Pt); (c) AFM
picture of DNA molecules on the substrate treated by penthylamine; (d) SRM
image of the same molecules, Pt electrode is outside of the image; (¢) AFM
image of a DNA combed across the slit between Re/C electrodes on mica; (f)
SRM image of a rope of DNA molecules combed between Pt electrodes on
mica. On the left- and right-hand sides of the image there are profiles of DNA
molecules and current scales of SRM (voltage was up to 0.23 V) images,
respectively. Note that when (b) is plotted on the same current scale as (d), the
DNA molecules on the mica still appear as black as the mica substrate.
(Taken from the report by A. Yu. Kasumov, D.V. Klinov, P.-E. Roche, S.
Gueron, H. Bouchiat, Appl. Phys. Lett. 84, 1007 (2004))
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1.3. Purpose of Study

As noted in the previous section, reported experimental results vary such as insulator,
semiconductor, ohmic conductor and superconductor. These results would indicate that the
electrical measurement of DNA molecules in a solid state with “electrode — DNA — electrode”
configuration is very difficult to obtain consensus. This is because various factors were involved
in the experiments. Moreover, as for the style of report, most results were usually reported only
in the letter-format. Therefore, details in the experimental section in such as sample preparation
method and electrical measurement protocols tend to be shortened, and such situations make
detailed analysis difficult.

Nevertheless, the comparison between former results would indicate some important
factors that affect the electrical property of DNA molecules as follows.

1, Electrical contacts between DNA molecules and electrodes.
2, Structure of DNA molecules.
3, Environment around DN A molecules.

Controlling the electrical contacts is quite important because in case the electrical
property of DNA molecule is studied, ohmic contact should be formed at the interface between
electrode and DNA. If the contact resistance between electrode and DNA is much higher than
that of DNA molecules, it is difficult to study the charge transport phenomenon along DNA
molecules because the current is limited by contact resistance that arise from the potential
difference between the Fermi level of metal electrode and molecular orbital of DNA.

Furthermore, the structure of DNA molecules between electrodes also affects their
electrical properties. As it is assumed that the charge transport would be occurred through the
n-stacked base molecules, the structural change such as bending or nicking would cause the
localized potential barrier that results in increasing the resistance. The base sequence also
affects electrical properties. The HOMO - LUMO gap of four base molecules are different each
other, and guanine is easy to oxidize compared to other base molecules. The results of charge
transfer study also indicated the effective charge transfer occurred in guanine-rich sequences.
Therefore, the resistance of Poly(dG)-Poly(dC) seems lower than other base sequences such as
Poly(dA)-Poly(dT) or lambda DNA (random sequences).

Lastly, environmental control would be essentially needed. As shown in the previous
results about the effect of humidity, the electrical measurement should be performed under

vacuum or dried condition. This is because ionic conduction is easy to occur under atmospheric
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condition through the adsorbed water layer around DNA molecules.

The counter ions also affect the stability of structure. As the melting temperature of DNA
in a solution is known to increase in the presence of counter ions, they would be needed to
stabilize the structure in the sample preparation.

These three factors noted above do not solely exist, but affect each other. In case the
water molecules around DNA are decreased under dried condition, the structural change from
B-form to A-form might occur and the electrical properties might be changed. In case DNA
molecules are connected to electrodes, structure would be changed.

Therefore, as shown in figure 1.3-1, all factors should be considered to measure the

precise electrical property of DNA molecules.

Electrical Measurement Nature of DNA
Interface at Base
DNA / Metal Sequence

DNA -

(- °
S Structureon Y S S e
q Substrate 7 = Counter Ions

Figure 1.3-1
Important factors that would affect the electrical properties of DNA.
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Chapter 2 Development of Electrical Measurement Techniques in Nanoscale

2.1. Introduction

In case we measure electrical properties of molecules such as DNA molecules, it is very
important to discuss the method to fabricate electrical contact to molecules. This is because the
structure of molecules would show strong correlation with their electrical property.

Figure 2.1-1 shows the schematic illustrations of typical electrical measurement methods.
Figure 2.1-1 (a) shows the electrical measurement of molecules by the so-called “Bottom
-contacted geometry type electrode”. In this method, molecules are immobilized between
electrodes that are fabricated by conventional photolithography and/or electron beam
lithography. As just dropping molecular solutions usually performs the immobilization of
molecules, it is very simple way to fabricate samples. Furthermore, electrodes that are separated
in nanoscale each other can be fabricated by electron-beam lithography and a double-angle
evaporation technique onto insulative substrate. Therefore, various kinds of measurements of
molecules are reported so far.

Figure 2.1-1 (b) shows the electrical measurement of molecules by the so-called “Top-
contacted geometry type electrode”. Unlike with bottom-contacted one, molecules are covered
with electrodes that are fabricated after the immobilization of molecules on the substrate. The
clear distinction between (a) and (b) is the structural change of molecules at the edge of
electrodes. In case we measure the electrical properties of long and soft molecules such as DNA
molecules especially, the structural change would cause the localization of conductive path
along molecules. Therefore, the method shown in (b) seems appropriate for DNA study.
However, it is impossible to employ conventional methods such as photo- and electron beam
lithography for electrode fabrication, because both of the irradiation of light (electron beam) and
the organic solvents in the lift-off process would cause damages to DNA molecules that are
immobilized on the substrate beforehand.

Figure 2.1-1 (c) shows the electrical measurement of molecules by the so-called
“conductive probe AFM”. The tip coated with conductive materials such as Au, Pt and W is
usually employed. During the scanning of surface, the electrical measurements can be
performed. The most distinctive function of this method is the possibility of local electrical
measurements because it is possible to study the distribution of conductance in nanoscale. Like
with top-contacted geometry type electrode, this method seems appropriate DNA study.
However, as noted below, it is difficult to employ conventional technique due to structural

deformation of molecules and instability of tip positioning.
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Comparing these different methods enables us to understand that both of merits and
demerits are included in all methods. That is, it is important to have an effort to retain structure
of soft DNA molecules between electrodes, but conventional methods seem difficult to employ.

In order to solve these problems and measure electrical conductivity of DNA molecules,
new measurement techniques are developed in my study. One is the method of simultaneous
measurements both of nanostructures and local electrical characteristics by conductive probe
AFM. The other is the method to fabricate top-contacted geometry type nanogap electrodes
without conventional techniques that include wet process. In this chapter, the development of
these measurement techniques are shown and discussed.

First, the new AFM method, called point-contact current-imaging AFM (PCI-AFM)
which combines tapping mode (for mapping topographic image) and point-contact operation
(for measuring 1-V characteristics) will be discussed. This PCI-AFM technique can
simultaneously map high-resolution topographic image and measure spatially resolved I-V
characteristics of materials (placed on an insulative substrate and connected to Au electrode) on
the nanoscale. The high performance of the PCI-AFM system was evaluated in experiments on
single-walled carbon nanotubes (SWCNTS).

Next, the new method to fabricate top-contacted geometry type electrode, called
angle-controlled thermal deposition method is discussed. This method enables us to fabricate
nanogap electrodes on molecules that are immobilized on the substrate without wet process. The

advantageous of this method is evaluated in experiments on porphyrin nanorods.

@ I : (b) I : (CH
Figure 2.1-1

Schematic illustrations of electrical measurement methods. (a)
Bottom contacted geometry type electrode. (b) Top-contacted
geometry type electrode. (c) Conductive probe AFM method.
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2.2. Point-contact Current Imaging Atomic Force Microscopy

Introduction

The electronic properties of various materials in nanoscale have recently been studied
with a view to realize nanoscale devices. Typical materials are, for example, carbon nanotubes
(CNTSs) [1-3] and deoxyribonucleic acids (DNASs) [4,5] and nano organic crystals. [6] To realize
nanoscale devices, these materials should be placed on insulative substrates and connected to
conductive electrodes.

To characterize the electrical properties of such systems of nanoscale devices, AFM is
more useful than STM because it can be applied to both conductor and insulator. In particular,
contact-mode AFM (CM-AFM) [9] using a conductive cantilever can produce images that
indicate the spatially resolved conductance of a n-conjugated molecule isolated in an insulating
self-assembled monolayer.

In previous CM-AFM measurement, the samples kept their structure during the
contact-mode scan because the molecules were densely packed on the substrate. However,
problems arise with CM-AFM when it is used for measuring the conductivity of soft and/or
nanoscale materials, which are easily deformed and damaged when the tip under a heavy load
(about 10 nN) in order to produce electrical contact [10].

On the other hand, tapping mode AFM (TM-AFM) doesn’t suffer the same difficulties
with this kind of sample. That is, the damage to the tip and the samples is greatly reduced in
comparison with CM-AFM because the tip taps sample surface intermittently. Thus, TM-AFM
can perform high-resolution topographic image on the nanoscale; however, it cannot form
electrical contact because it has a weak loading force and a short contact time with the sample.

For these reasons, -V characteristics of nanoscale materials have been measured by point
contact AFM (PC-AFM) [11-13], which are able to avoid lateral motion during -V
measurement. This method, however, faces the additional problems that the correspondence
between the material structure and the electronic properties cannot be assessed by experiment
because of error in tip positioning (i.e., tip drift).

In response to the above circumstances, we have developed a new method for measuring
I-V characteristics on the nanoscale, namely, point-contact current-imaging atomic force
microscopy (PCI-AFM). By combining tapping mode (for topographic image) and point-contact

mode (for measuring |-V characteristics), this method can simultaneously provide
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high-resolution topographic image and spatially resolved I-V characteristics. It is thus possible
to measure the structure and electrical properties of a material, simultaneously. Furthermore, the
problems concerning CM-AFM, TM-AFM, and PC-AFM noted above have been solved in the
case of PCI-AFM. The instrumental set-up of the PCI-AFM system and the demonstration to
measure the conductance of single walled carbon nanotubes (SWCNTSs) connected to a Au

electrode on a mica surface is shown as follows.

Development of PCI-AFM

System setup

The PCI-AFM measurement was conducted by a scanning-probe microscope (JSPM-4200,
JEOL) equipped with two function generators (WF1946, NF). The setting of function genereters
is shown in Figure 2.2-1.

Figure 2.2-2 (a) shows a schematic illustration of the PCI-AFM method. Topographic
image is measured in tapping-mode scan (noted as “I””) and I-V characteristics are measured in
point-contact mode during (noted as “l1”) the interruption of the tapping-mode scan. Based on
the spatially resolved I-V measurements, a current image can be formed at a chosen bias voltage.
This means that the topographic image and the current image can be obtained simultaneously.

Figure 2.2-2 (b) shows the timing chart of the signals used in the PCI-AFM measurement.
Feedback is controlled by a TTL signal. When the signal is high (period 1), the feedback is
active and the cantilever is oscillated at a resonant frequency of 150 kHz for the tapping-mode
scan. In this period, the z-servo voltage is stored in the memory of the computer to form a
topographic image.

When the tip meets the preset positions for I-V measurements, the lateral scan is set to
stop and the feedback control signal decreases. This high-to-low transition provides the trigger
signal for the measurement of I-V characteristics during period Il. In this period, the feedback
system is deactivated, the cantilever excitation is stopped, and the tip-sample separation is set so
that the tip and the sample contact under a particular loading force. Stopping the excitation
enables the tip to contact the sample statically. Then, the applied bias voltage is ramped up and
the I-V characteristics are stored in the memory of computer.

Finally, the tip-sample separation is re-set to the former value, the feedback system is

66



Chapter 2 Development of Electrical Measurement Techniques in Nanoscale

reactivated, and tapping mode scan is restarted. These alternate operations are continued, and

both the topographical data and the 1-V data are obtained at 128 points lengthwise and crosswise

(total: 16,384 points).
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Figure 2.2-1
Electrical schematic diagram of PCI-AFM.
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(a) Schematic illustration of the principle of PCI-AFM, which is operated by
repetitive sequences: (1) Tapping-mode scan is employed for obtaining a
topographic image, (2) Cantilever oscillation is stopped and feedback-loop is held
to set tip position, (3) The tip approaches the sample for making electrical contact
by additional input to the piezo scanner, and then I-V characteristics are
measured. (b) Signals for the PCI-AFM operation. (1) Feedback control, (2)
cantilever excitation, (3) Z-control, and (4) bias voltage for I-V measurement.



Chapter 2 Development of Electrical Measurement Techniques in Nanoscale

Analysis of tip oscillation

To analyze the tip behavior during PCI-AFM operation, the time-course of the cantilever
displacements and the force curve are measured. The cantilever displacement is determined by
measuring the deflection of a laser beam reflected off the back of the cantilever. The deflection
is detected by a position-sensitive photodiode. The difference in the intensity of the upper half
(A) segment of the photodiode and that of the lower half (B) is proportional to z-bending of the
cantilever (Vag).

Figure 2.2-3 (a) shows signal Va.g during the PCI-AFM operation. The cantilever
oscillation during tapping mode remains for about 10 ms in period Il after the stop of excitation.
The measurement of 1-V characteristics starts after the oscillation is quenching [as indicated in
Fig. 2.2-2 (a)]. The inset shows the difference between the center oscillations of signal Vag in
period I and the displacement of that in period Il. The measured value of 0.011 V corresponds
to the loading force during point contact. This force was estimated from a force curve obtained
in the experiment described below.

Figure 2.2-3 (b) shows the force curve including the dynamic behavior of cantilever
oscillation. When the tip is far from the sample surface, the cantilever oscillates freely. As the
distance between the tip and sample decreases, the oscillation amplitude is suppressed by the
tip-sample interaction, so the oscillation is quenched completely by the tip-sample adhesion
when d is 35 nm. As the tip further approaches the sample, the cantilever displacement changes
from negative to positive when the force changes from attractive to repulsive. In tapping mode,
the feedback is set at about 70% of the amplitude of free oscillation (as indicated by point A).
On the other hand, during the point-contact operation, the cantilever displacement observed in
Fig. 2.2-2 (a) is 3.2 nm (indicated by point B) and the calculated loading force is 14 nN.

It is noted that the set point in tapping-mode operation is far from d = 0 (indicated by
point O). Line C defines the position of the sample surface and line D indicates the lower
turning point of the oscillating cantilever. Line D is 35 nm shifted from line C, suggesting that
the tip does not touch the sample surface during tapping-mode operation. This result agrees with
the former investigation reported by Pablo et al. [42] and implies that the operating conditions in

tapping mode are not suitable for conductivity measurement.
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Figure 2.2-3

(a) Time-course of cantilever deflection during PCI-AFM operation. The
inset shows the deflection for I-V measurement on a magnified scale.

(b) Force curve including the dynamic behavior in tapping mode. A and B
show the set points for tapping mode and point contact. C and D indicate
the positions of the sample surface and the turning point of cantilever
oscillation.
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Experimental Results ~Electrical conductivity along bundled SWCNTs~

In this section, we focus on spatially resolved conductivity measurement for bundled
single-walled carbon nanotubes (b-SWCNTSs) connected to a Au electrode on a mica surface.
CNTs have attracted much attention due to their intriguing electrical properties, which make
them prime candidates for nanoscale applications. For example, CNTs have been used as field
effect transistors, single-electron transistors, rectifiers, and multi-terminal devices. [1-3, 14, 15]
In these applications, the electrical and electric properties of CNT-CNT or CNT-metal
interfaces strongly affect their device properties. For this reason, it is necessary to obtain the
correspondence between local structure and electrical properties on the nanoscale in order to

identify the properties of CNT-CNT/metal interfaces.

Materials and methods

Conductive cantilevers
The cantilever used have a platinum-coated tip (MikroMasch, NSCS-12/Pt) for current
detection, and their force constant is 4.5 N/m and resonant frequency is about 150 kHz. The

nominal tip radius was less than 40 nm.

PCI-AFM measurement
The PCI-AFM measurements were performed in a nitrogen-gas atmosphere in order to
avoid electrochemical reactions at the tip and sample surfaces due to presence of oxygen and

water.

Sample preparation

SWCNTs (Aldrich Corp.) with nominal diameters of 1.2 to 1.5 nm were suspended in
N,N-dimethylformamide (10 mg/ml) [16] and the supernatant of the suspension was deposited
on the cleaved mica surface. After an adsorption time of 1 min, surplus solution was removed
by air blowing, and then the sample was dried. Au layer was deposited on half of the area of the

sample surface to form electrical contacts with SWCNTs.
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Results and Disucussion

Figure 2.2-4 shows a topographic image of b-SWCNTs and a Au layer (electrode)
obtained by tapping-mode AFM. The cross-sectional profiles (a to d) show that the heights in
the bundle are in the range of 6.3 to 8.3 nm. In the region of B to D, an additional SWCNT
seems to be bundled because the height of this region is higher than that of region Aby 1.5 or 2

(b)
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Figure 2.2-4

(a) Topographic image taken by tapping-mode AFM. One end of a

bundled SWCNTs is covered with a gold electrode (top of figure). (b)

Line profiles correspond to lines indicated in the image. The differences

in height indicate that an additional SWCNT is adsorbed on the bundle in

the region from B to D.
nm, which corresponds to the diameter of a single SWCNT. The additional SWCNT is clearly
observed and distinguished from the other part by the gray scale difference in this image.

The effect of loading force on the electrical contact at the tip/SWCNT interface measured
by PCI-AFM is shown in Figure 2.2-5. The topography and current images were obtained
simultaneously. The current images are formed by the current values extracted from the I-V data
at 1.0 V. Since the PCI-AFM method is able to choose set points separately for tapping-mode
and point-contact measurements, the topographic images in Figure 2.2-5 (a) and (b) were taken
with identical set points where the oscillation amplitude of the cantilever was reduced to 60% of
free oscillation, respectively. On the other hand, the current images were obtained by
point-contact measurements with a loading force of 11 nN in the attractive region and 10 nN in
the repulsive region. The loading force was obtained by multiplying force constant of cantilever
by z-displacement.

In comparison of current images with topography for the b-SWCNTs, differences in the

width and brightness depending on loading force were observed. This difference is assumed to
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Figure 2.2-5

Topographic images (left panel) and current images (right panel) obtained
by PCI-AFM. Gray scale of Current images shows the current values at
1.0 V bias voltage. These images were obtained with (a) attractive
(adhesion) loading force of 11 nN and (b) repulsive loading force of 10
nN. (c), (d) I-V characteristics obtained by PCI-AFM. Solid and dotted
lines correspond to positions 1 and Il indicated in Fig. 3(a) and (b),
respectively.

come from the different convolutions of the effective tip shape required to achieve electrical
contact between the tip and the bundle. In the case of attractive loading force, the tip interacts
mainly with the contamination layer covering the tip and sample, and only the tip apex can form
the electrical contact. As a result, the tip size contributing the electrical contact is smaller than
that working in the topography measurements, and the electrical contact is assumed to be
insufficient. On the contrary, measurements with repulsive force make it possible to achieve
electrical contact even at the side part of the tip. For this reason, the effective tip size for
electrical contact becomes larger than that used in the topography.

Furthermore, the current image shows the difference in gray-scale distribution for the
b-SWCNTs depending on loading force. When attractive loading force is applied, the additional
SWCNT (parts B, C, and D) is observed with the same brightness as the other part as shown in
Figure 2.2-5 (a). In contrast, the current image with repulsive loading force shows that the
additional SWCNT gives weak brightness in comparison with the other part. These results are
consistent with the investigation reported by Pablo et al. [10] They suggested that stable
electrical contact of SWCNTSs requires sufficient loading force to penetrate a contamination

layer overlaying the samples. Our results indicate the effect of loading force on contact
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resistance through images of the conductance.

To clarify the origin of loading force dependence, I-V characteristics were examined.
When the loading force is attractive (Figure 2.2-5 (c)), the current at position | is a few times
larger than at position Il on the additional SWCNT. On the other hand, when the tip is pushed
until the loading force becomes repulsive (Fig. 2.2-5 (d)), the current at | becomes much larger
than that at Il. In this measurement, it is noteworthy that the 1-V curves at position Il show
agreement between the attractive and repulsive loading forces. Namely, loading force has
considerable influence on I-V curves at position I, but the change at position Il is almost
negligible on the additional SWCNT. These results suggest that the contact resistance between
SWCNTs is much higher than the tip-sample contact resistance.

A schematic illustration of the point-contact measurement for b-SWCNTs and an
additional SWCNT is given in Figure 2.2-6 (a). Here, Ry is contact resistance between a Au
electrode and b-SWCNTSs, R, is resistance of b-SWCNTS, and R3 is contact resistance between
b-SWCNTs and the additional SWCNT. R, is contact resistance between SWCNTs and the tip,
and it is assumed to be constant regardless of tip position and changes only with the variation in
loading force. Figure 2.2-6 (b) shows the variation in total resistance R along SWCNTs. The
abscissa is the distance from the Au electrode to the tip. Although R in region A shows scattered
values ranging from 2 X 10° to 2 X 10" owing to defects and contamination, the averaged R value
does not change in this region. Therefore, R, can be neglected in the analysis of contact
resistance, and the total resistance is given by Ryq = R1 + R3+ R4 on the additional SWCNT and
R = R; + R4 on the other part. The value of R; can be obtained from the difference between R,y
and R. Conversely, R; + R4 cannot be separated into individual components because R; and R4
are identical in Ryyg and R.

The values of contact resistance are plotted as a function of bias voltage as shown in
Figure (c) and (d). These values were obtained from measurements with (c) attractive and (d)
repulsive loading forces. In both measurements, the R; value is one or two orders higher than R;
+ Ry4. In the case of attractive loading force, the R; + R, value is several times higher that that
obtained by repulsive loading force. Since R; is identical in both measurements, this result
means R, (repulsive) < Ry (attractive). In contrast, Rz at high bias (V| > 0.5V) shows similar
values ranging from 1 <10’ to 1 10® ohms. This implies that the contact resistance between
SWCNTs is not influenced by loading force at high bias voltage. However, at the low bias (V| <
0.3V), the Rz with attractive loading force is one order higher than that with repulsive force.

This suggests that the origin of contact resistance between SWCNTs has two or more factors
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that behave in different ways to loading force. This assumption is supported by the fact that a

shoulder is observed in the I-V curve of R, at |V| =0.3V in Figure 2.2-6(d).
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Figure 2.2-6

(a) Schematic illustration of bundled SWCNTs used in this study. (b)
Relationship between total resistance R and the distancedistance between
the tip from and gold electrode. Resistance data are plotted in logarithmic
scale at bias of 0.1V, 0.5V and 1.0V. Arrows (A to D) correspond to the
part of the bundled SWCNTs in Figure 3. (c), (d) Partial resistance R;
+R,+ R4 and R; are plotted as a function of bias voltage with attractive
and repulsive forces. Rz corresponds to contact resistance between
SWCNTSs shown in (a).
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Conclusion

Electrical resistance of bundled single-walled carbon nanotubes (b-SWCNTs) are
measured by PCI-AFM. Simultaneous mapping of the topographic information and current level
through SWCNTSs enable us to investigate the relationship between structure and conductance.
Variation in resistance of a b-SWCNTSs indicates that the resistance between SWCNTs was
higher than 10" ohms with strong voltage dependence.

As mentioned above, PCI-AFM provides a detailed picture of the electrical contact at the
SWCNT-SWCNT interface. We demonstrated that PCI-AFM is a powerful tool for
characterizing local properties of nanotube devices. In particular, PCI-AFM enables us to
measure conductance along the vertical direction to the substrate surface. This advantage cannot
be found in non-contact type microscopy such as electric force microscopy and Kelvin probe
microscopy [17,18]. This ability will be important in future investigations of

nanomechanoelectric devices [19].
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2.3. Top-contacted geometry type nanogap electrodes

Introduction

The construction of electrical circuits with molecules has been proposed and studied with
much enthusiasm due to the several advantages of this method. There are three primary factors
to consider when designing this type of circuit. First, the electronic properties of molecules can
be designed by employing well-established synthetic chemistry. Recent progress in chemistry
has enabled us to obtain long molecules of about 40 nm [20]. Second, the size of each molecule
is so small that it might be possible to fabricate extremely small functional electrical elements,
and the fabrication costs would fall because molecules can be synthesized in large quantities at a
time. Third, distinctive nanostructures can be fabricated by self-assembly with specific
molecules [21].

Although the development of molecular devices looks promising, it is crucial to recognize
that there are problems in connecting molecules to electrodes, mainly related to electrical
contacts and structural deformation. Usually, molecules tend to form higher-order structures
such as crystals and self-assembled monolayers, with the exception of matter comprising single
molecules [22, 23]. Because there is a complex relationship between structural and electrical
properties, it is essential to measure the electrical characteristics of molecules that are connected
to electrodes while retaining the molecular structures.

Molecular electronic properties have usually been examined using electrodes with
nanoscale gaps (nanogaps) as small as the molecular sizes, fabricated by electron beam (EB)
lithography, photolithography or electromigration methods [24-27]. The molecules are fixed
between electrodes by dropping the solution after the electrodes are fabricated
(bottom-contacted geometry).

The problem with these methods is that the structure of molecules between electrodes is
unclear. When molecules are fixed between electrodes, the structure of the molecules can
become bent and/or deformed at the edge of the electrodes, as shown in Figure 2.3-1 (a) [28].
This deformation can cause electrical phenomena such as electron scattering or reflection at the
locally deformed conductive path. Therefore, it is important to develop a new approach to
retaining the molecular structure.

Figures 2.3-1 (b) and (c) show schematic illustrations of approaches to overcoming this

problem. In both cases, the electrical characteristics of molecules can be measured without
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structural deformation. Figure 2.3-1 (b) shows that the molecules are positioned on the coplanar
electrodes with an insulating substrate. The coplanar electrode would be useful for achieving
not only deformation-free electrical characterization but also spatially resolved characterization
by scanning probe microscopy. This is due to an open structure, permitting a tip to approach the
molecules without interfering with the electrodes. Although such an advantage exists with
coplanar electrodes, a problem remains: during fabrication, it is difficult to obtain a surface flat
enough to use in the study of molecular electrical properties. Moreover, fixation of molecules to
coplanar electrodes might cause local aggregation or deformation due to the difference in
surface energy between the insulating substrate and the electrode.

The top-contacted geometry electrode (TCE) features advantages over the
bottom-contacted geometry electrode mentioned above. Figure 2.3-1 (c) shows that the
molecules are positioned on the flat surface and they are top-contacted by electrodes. Because
electrodes are fabricated on molecules that are fixed on the flat substrate beforehand, the
structural deformation can be avoided thanks to the homogeneous surface energy. However,
there are still problems for electrode fabrication with this method. One is that the irradiation of
EB as well as lift-off processes may cause structural degradation and denaturing of molecules
due to the EB and organic solvents.

In this part, we report a new fabrication method, the angle-controlled shadow-masking
method, for nanogap TCE (nTCE) without using photo- or EB lithography techniques. We have
successfully and reproducibly fabricated nTCEs separated by less than 100 nm. Previous results
have demonstrated electrode fabrication by nanoscale stencil masks [29] in order to preserve the
molecular structure; however, the reported gap length was about 1 um [30].

Because the proposed method is very simple, it is possible to fabricate nanogap electrodes
faster than by conventional methods and to obtain statistical results for use in reproducibility
studies. Furthermore, we have obtained the electrical characteristics of molecular nanorods

made of a porphyrin derivative by nTCE.

(@) Molecule(s) (b) ©
R
Electrode | | ./\——-J———'>
Substrate
Figure 2.3-1

Schematic illustrations for measuring electrical properties of molecules.
Molecules are connected to electrodes with (a) Bottom-contacted geometry
and (c) top-contacted geometry. (b) Molecules are positioned onto a
coplanar electrode.
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Development of fabrication method

Figure 2.3-2 (a) illustrates the fabrication procedure of the angle-controlled
shadow-masking method for nTCE. The procedure is as follows.

(1) Molecules are placed or patterned on the substrate (substrate A). The substrate should

be flat to avoid the conformational change in the molecules.

(2) A small piece of silicon wafer (Si(100)), which was cleaved along its crystal axis, was
mounted on substrate A. This is used for the mask. The silicon mask and substrate A
were clipped together by alligator clip or fixed together by homemade gigue.

(3) The first Au electrode layer was fabricated by thermal evaporation method, after
which the silicon mask was removed. With such an atomically sharp edge of the
cleaved silicon substrate, it is possible to fabricate electrodes with very sharp edges.
Figures 2.3-2 (b) and (c) show the topographic image and cross-section of the
first-layer electrode obtained with an atomic force microscope (AFM, Digital
Instruments, Nanoscope Il1a), respectively. Note that the electrode has a very sharp
edge and there is no structural change such as thermal migration of metal particles
occurring near the electrode.

(4) A metal mask was mounted onto substrate A, and Au electrodes (second layer) were
fabricated by thermal evaporation method. The metal mask has a pattern of nine
windows, each with a width of 5 um, in this study. The direction of the evaporation
angle was controlled to be oblique against the first layer to form a shadow.

This method is based on a previous report by Naitoh et al. [31] and Philipp et al. [32]
Following fabrication of the second layer, gaps between the first and second layer formed due to
the shadow of the first layer. The gap length G can be ideally estimated as

G =H(1/tand, -1/tand,),

Where H is the height of the first-layer electrode, and 6, and 6, are the angle of the edge
of first-layer electrode and the oblique deposition angle of the second-layer electrode,
respectively. This indicates that the gap length can be controlled by changing the thickness of
the first-layer electrode and the oblique angle in the fabrication process of the second-layer

electrode.
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Figure 2.3-2

(a) Fabrication procedure of angle-controlled shadow-masking method.
The width of the metal mask shown in the fifth image is actually much
wider than shown in the illustration. (b) Topography of first-layer
electrode obtained by AFM. (c) Cross-section of the first-layer electrode
measured by AFM.

Fabrication of electrodes

Figures 2.3-3 (a) and (b) show a representative image of nTCE without molecules as
observed by optical and scanning electron microscopy, respectively. The thicknesses of the
first- and second-layer electrodes were 80 nm and 30 nm, respectively, as measured by a quartz
thickness monitor. The oblique angle for second-layer deposition was set to 30 degrees.

Figure 2.3-3 (a) shows the first-layer electrode and nine patterned second-layer electrodes
fabricated on a substrate. The nanogaps are formed inside the square marked in the image. The
gap length between the first-layer electrode and the second-layer electrode was measured as 65
nm as shown in Fig. 2.3-3 (b), although the minimum length attained to date is 40 nm. The

smallest reproducible gap length we have been able to produce for a fabricated nTCE is less
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(a) Image of nanogap electrodes observed by optical microscope. The
narrow white lines are the 5-um-wide electrodes. (b) SEM image of
nanogap between first- and second-layer electrodes. (c) I-V characteristics
of four electrodes without molecules.

than 100 nm.

Figure 2.3-3 (c) shows |-V characteristics of four electrodes without molecules, and these
measurements were performed under a vacuum condition (10 Torr). The resistance exceeded
10" Q, which is the apparatus’ detection limit. This value is high enough for the electrical
measurement of molecules, as shown later. It should also be noted that this electrode is stable

under the application of a £ 5 V bias voltages.

The effect of fixation of silicon mask on the 1st layer Au electrode fabrication

Next, the difference of fixing silicon mask on the sample between two different methods
is studied. Figure 2.3-4 shows the schematic illustration of the method to fix the silicon mask on
the sample. (a) shows the fixation method by alligator clip. (b) shows the method by homemade
gigue made by Al. Each left and right figure shows the front and side view, respectively. The
alligator clip is made blade spring, and therefore the pressure is given uniformly all over the
contact area between clip and silicon mask.

On the other hand, the homemade gigue is composed of tension plate, base and screw.
The tension plate and the base are connected by screws, which are arranged to the both side of
the tension plate. The silicon mask is fixed on the sample by tighten up screws. As the strongest
pressure is given at both side of the plate, the pressure distribution along the silicon mask is
rather different from that of by alligator clip.

That is, as the tensions are applied at the position that screws are tighten, and the width of
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silicon mask is controlled to be wider than that of sample, both of tension plate and silicon mask
would be bent as shown in figure 2.3-4 (c). If both of tension plate and silicon mask is bent and
fixed on the sample, the space is formed between silicon mask and sample, and the degree of
space would be changed with increase the distance from the screw. Then, after the first Au layer
electrode is fabricated on it by thermal deposition, the form of the edge of the electrode would
be changed due to the space between silicon mask and sample.

Supporting this assumption is obtained by measuring the distance between electrodes by
SEM. Figure 2.3-5 shows because the edge of the first Au layer electrode is changed from steep
edge to gentle one, and that the variation of nanogap electrode that are fabricated on the same
substrate, simultaneously. The distance between electrodes is observed to change for adjacent
pairs of electrode, each other. The minimum distance is observed at the center part of the
sample substrate.

The important viewpoint in these results is that top-contacted geometry electrodes with
different nanogap distance can be fabricated simultaneously due to the space between silicon

mask and sample.

(a) Tension plate
Silicon Mask
Sample

(b)

Screw

Tension plate

Sample L

~ Tension plate
Silicon Mask

Figure 2.3-4
Schematic illustration of the method to fix the silicon mask on the sample.
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Figure 2.3-5

SEM images of nanogap electrodes fabricated by the developed shadow
masking method. Each electrode is fabricated on the same substrate. The
position of electrodes is also noted, and it is correspond to the position of
aligned electrode as shown in figure 2.3-3 (a).
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Experiment ~Electrical conductivity along porphyrin nanorods~

In this section, we focus on conductivity measurement porphyrin nanorod by
top-contacted nanogap electrodes. The molecular nanorod made of porphyrin-derivative
molecules (TPPS: 5,10,15,20 - tetraphenyl - 21H, 23H - porphyrine tetrasulfonic acid) shows
the formation of J-aggregates inside. (Figure 2.3-6 (a))

Experimental findings reveal that the electrical conductivity of TPPS nanorods decreased
under oxygen and nitrogen gas-purged conditions. Furthermore, comparing between these
results to previously reported results would indicate the structural deformation arising from the
type of electrical connection between electrodes and molecules affects electrical conductivity

strongly.

Material and methods

Porphyrin Nanorods

Synthesized TPPS [33] was dissolved in MilliQ to a final concentration of 6.7 x 10° M
(pH = 4.85), after which the TPPS solution was deposited onto the sapphire substrate and dried
at 55°C in a drying machine. The sapphire substrate was treated in a boiling acid solution

beforehand to clean it and to introduce hydroxyl groups onto the surface [34].

Fabrication of Electrodes

We have employed both polished Si(100) with a 300-nm thick layer of SiO, (Electronics
and Materials Corp., Japan) and annealed sapphire (Al,03(0001)) (Shinkosha Corp., Japan) as
substrates. Au (99.95%, Nilaco Corp., Japan) electrodes were fabricated by thermal evaporation
in a homemade chamber under a vacuum pressure of 107 Torr. In this study, the deposition
rates for Au were 1.5 A/sec for the first-layer electrode and 3 A/sec for the second-layer

electrode. The silicon mask is fixed on the sample by the alligator clip.

Electrical Measurements
Electrical measurements were performed by a semiconductor characterization system
(Keithley 4200) under different condition such as vacuum, N, gas purged and O, gas purged

condition..
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Spectrum Measurements
The absorbance spectrum was obtained with UV/visible spectrometer (Ultrospec 3300 pro,
Amarsham Biosciences). The circular dichroism (CD) is measured with a CD spectrometer

(J-820, JASCO)

Results and Discussion

Structure of Nanorods

Figure 2.3-6 (b) shows a topographic image of the prepared sample measured by AFM. It
was found that the distinctive nanorod structure was formed after the evaporation of water
solvent, and as shown in the inset, the mean height was 25.2 nm with a standard deviation of 4.5
nm. The length of each rod was measured to be a few micrometers. Previous results reported the
formation of TPPS nanorods with a smaller diameter by a different fabrication method from
ours [35].

In order to study the structure of TPPS nanorods, we measured the absorbance spectra of
both the TPPS solution and the TPPS nanorods on the sapphire substrate, as shown in figure
2.3-6 (c). The TPPS solution exhibited absorbance peaks at 413 nm and 433 nm, which are
attributed to the n-n* transition of the TPPS molecule (solet band) in free-base form and the
diacid monomer, respectively (Figure 2.3-6 (a)) [36]. On the other hand, TPPS nanorods
showed maximum peaks at 491 nm and 705 nm, which are attributed to the B-band and the
Q-band, respectively, of J-aggregates. The formation of J-aggregates indicates that molecules
are stacked head-to-tail and aligned along one direction inside each nanorod [32, 37 — 39].

To measure the TPPS nanorods’ electrical conductivity, we fabricated nTCE on TPPS
nanorods and measured the I-V characteristics under vacuum (10 Torr) and gas-purged
conditions. The thickness of the first-layer and the oblique angle for thermal deposition were 80
nm and 15 degrees, respectively. The gap length was estimated to be about 225 nm from the
results of an electrode without molecules as shown in Figure 2.3-3 (b). We employed this
estimation because it was difficult to measure the gap length by SEM due to charging of the
sapphire substrate or by AFM due to the resolution limit of the finite tip apex for relatively large
TPPS nanorods. About 30 nanorods were estimated to exist between electrodes from the AFM

results mentioned above.
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(a) Molecular structure of TPPS. Left and right structure correspond to the
free-base form and dianion form, respectively. (b) TPPS nanorods on
sapphire substrate observed by AFM. (c) UV-Vis absorbance spectrum of
TPPS molecules in solution and as nanorods. The straight line
corresponds to the solution and the dotted line to a nanorod.
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Electrical measurements

Figure 2.3-7 (a) shows the averaged current-voltage (I-V) characteristics of seven samples
under the vacuum condition. Linear 1-V characteristics were measured, giving an estimated
mean resistance of 8.1 x 10™° Q. The standard error of the mean was calculated to be 6% of the
mean resistance, a small value that indicates the homogeneous distribution of nanorods on the
substrate and the fabrication of uniform electrodes. N, and O, were introduced into the
evacuated chamber (10 Torr) until atmospheric pressure was attained. As a result, the current
decreased following the introduction of both N, and O, gases, but the magnitudes of current
changes were quite different between these gases. As Figure 2.3-7 (b) shows, the resistances
under N, and O, gases were ten times and three orders of magnitude, respectively, higher than

that under the vacuum condition.
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Figures 2.3-7 (c) and (d) indicate the time course of the change in current at 4 V of
applied bias voltage. Figure 2.3-7 (c) illustrates that the current fell sharply to below the
apparatus’ detection limit immediately after introducing O, gas; in contrast, N, introduction led
to a more gradual decrease (Fig. 2.3-7 (d)). After evacuation of the chamber, the current
increased with time to almost the same level as the initial state (Fig. 2.3-7 (b)).

These results suggest that a conductive path might form inside the TPPS nanorods under
the vacuum condition. This means that because J-aggregates form inside the nanorods, it is
possible for the carriers to pass through the n-stacked porphyrin molecules. On the other hand,
under the gas-purged conditions, the conductivity decreased due to the introduced molecules.
Figures 2.3-7 (c) and (d) clearly show that O, has a stronger effect on the current than N, does.
Since the gas pressure was maintained at atmospheric pressure under both N, and O, gas
conditions in this experiment, gas pressure can be ruled out as an influence on the differences in
conductivity. Thus, the different changes in conductivity between O, gas and N, gas might be

due to local oxidation of the nanorods or local structural change induced by the introduced O,
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Figure 2.3-7

(a) Current-voltage characteristics of TPPS nanorods under the vacuum
condition for seven samples. (b) Current change of TPPS nanorods under
various conditions. (c) and (d) Current change in TPPS nanorod under
oxygen and nitrogen gas conditions, respectively. The current was
measured under 4 V of applied bias voltage.
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gases. A detailed investigation into this mechanism is needed, but the change of local structure
along nanorod is probable. Figure 2.3-8 shows the CD spectrum measured under various
environmental conditions. As it is difficult to identify the differences in experimental results,
the differential spectrum is shown in lower part. It is clearly observed that chirality changes
between oxygen and vacuum condition, nitrogen and vacuum condition and oxygen and
nitrogen condition, respectively.

This result indicates that the structure is changed under various conditions. The method to
control the chirality in J-aggregates is studied previously [40]. As the nanorods used in this
study are fabricated just by drying solution on the substrate, it is conceivable that the mixed
chirality exist inside nanorods. Therefore, it is quite difficult to identify the origin of peaks in
the differential spectrum, and the detailed study is needed as the next step. However, this result
is the evidence that the change in local structure affect electrical transport properties.

It also should be noted that the previous study had suggested that TPPS nanorods with
smaller diameters, obtained by a bottom-contacted geometry electrode [41], had insulating
characteristics. The different results could be attributed to electro-scattering at locally deformed

structures of the nanorod at the edge of the electrode or at the defect inside the smaller

nanorods.
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Figure 2.3-8

CD spectrum of TPPS nanorod under various environmental conditions.
Upper and lower graph show experimental results and differential results
between different environmental conditions, respectively.
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Conclusion

We have developed the fabrication method of nanogap electrodes by the angle-controlled
shadow-masking method without employing conventional lithography techniques, which
involve a wet process. By using this method, it is possible to measure the electrical
characteristics of nanostructured molecules and/or materials at the nanoscale without structural
deformation resulting from a solvent and/or electron beam. We measured the electrical
characteristics of TPPS nanorods, and the findings show that a conductive path is formed along
TPPS nanorods and that conductivity is strongly affected by the environmental gas condition.

The point of these studies is to determine whether electrical measurement of TPPS
nanorods, a nanostructured organic molecule, could actually be performed with nTCE. Obtained
results indicate that if a wet process were to be used in the fabrication of nanogap electrodes,
both of these molecules would be deformed and/or dissolved.

This method is applicable not only to organic materials but also to non-organic materials.
Moreover, the method makes it possible to fabricate electrodes with different materials,
facilitating study of the electrical alignment between electrodes and molecules, which is an

interesting topic in the field of molecular electronics.
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Chapter 3 Direct Electrical Measurements of DNA

In this chapter, results of the electrical measurements of DNA molecules are noted. The
measurements were performed by both of the conventional and newly developed methods noted
in the chapter 2. At first section, the results obtained by top-contacted geometry type electrode
are shown. The results by PCI-AFM and bottom-contacted geometry type electrodes are shown

in these orders later.

3.1. Bottom-contacted geometry type nanogap electrodes

Introduction

DNA plays important roles, such as protein synthesis, in many activities of life on earth.
It possesses all of the information required to maintain the homeostasis of life. Furthermore,
DNA has a unique double-stranded structure and the characteristic that it can self-recognize its
bases. Recently, not only from a biological viewpoint but also from a physical one, the
electrical conductivity of DNA has been studied closely with the aim of producing nanoscale
devices such as molecular wire in several ways [1-8]. Many studies have thus been
accomplished in order to determine whether DNA is conductive or not [9-11]. Various models
explaining both of the charge transfer and charge transport of DNA have also been proposed
[12-17]. Several factors are thought to contribute to the charge transport of DNA, that is,
electric (hole) conduction along the base pair sequences, ionic conduction related to counter
ions and protons, and loss of conduction due to dipole orientation in the water layer around the
DNA [17]. DNA molecules are composed of three parts: phosphates, sugars, and bases. In
aqueous solution, phosphates face towards water; therefore, the structure of the double strand is
stabilized. Any change in the DNA’s environment, particularly in humidity, might affect the
characteristics of the DNA. In order to study the effect of humidity in more detail, we
fabricated DNA film on nanogap electrodes and measured their electrical conductivity under

various humidity conditions.
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Experimental Results

Material and Methods

Sample fabrication

A drop of DNA solution (0.3 pl; Amersham Pharmacia Biotech co.) containing 1.25 pg/ul
poly(dG)-poly(dC) was placed at the center of a comb-shaped nanogap electrode. The DNA
used in these experiments was synthesized to form homopolymers consisting of 50 bases as
starting materials and synthesized DNA strands are held together by hydrogen bonds between
the bases in the solution. This solution also contains about less than 10 mM NaCl as counter
ions for stabilizing the DNA structure. After being incubated for about 10 minutes, the samples
were dried at room temperature. The macrostructure of the DNA film was observed under an
optical microscope. The lengths of the poly(dG)-poly(dC) was also determined by
electrophoresis. the length of poly(dG)-poly(dC) was widely distributed from 1 kbp to over 35
kbp.

Nanogap Electrodes
The comb-shaped nanogap electrode is fabricated by the combination of photolithography
and a double-angle evaporation technique onto insulative SiO2/Si substrate. The set of electrode

is composed of ten electrodes with a pitch of 100 nm.

Electrical Measurements

Direct I-V measurements were carried out under relative humidity from 30 % to 95 % and
in vacuum (Keithley 213 Quad Voltage Source, Keithley 236 Source Measurement Unit).
Relative humidity was controlled in a laboratory-made airtight container.

In order to elucidate the conduction mechanism, AC measurements were carried out
under various relative humidity. (Solartron SI 1260 Impedance / Gain-Phase Analyzer) As

external electrodes, Au wires were connected to the nanogap electrodes by silver paste.
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Results and Discussion

Formation of DNA film

Figure 3.1-1 (a) and (b) shows the SEM image of nanogap electrodes and the morphology
of DNA film measured by optical microscopy. The DNA film of Poly(dG)-poly(dC), shows a
dendrite structure. The amount of DNA between electrodes separated with a distance of 100nm
is estimated to be about 5~7 X 10 ng. We measured X-ray diffraction and RHEED, but there
was no specific peak observed. Hence, the structure of DNA film is thought to be in the
amorphous state. As each DNA molecule exists randomly between electrodes, the electrical

conductivity of DNA film indicates that there is no anisotropic characteristic. One of the

Figure 3.1-1

(a) SEM image of comb-shaped nanogap electrodes. Each electrodes are
separated 100 nm, respectively. (b) Morphology of dried DNA films.
poly(dG)-poly(dC) DNA formed dendrite structure. Concentration of
DNAs is 1.25 pg/ul.
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possible explanations for the formation of dendrite structure is due to the concentration of NaCl

in the solution.

Current-voltage measurement of DNA film

The 1-V measurements were performed under both vacuum and atmospheric conditions
(typical relative humidity was approximately 28 %). Figure 3.1-2 shows the typical results of
I-V measurements of poly(dG)-poly(dC). Under the atmospheric condition, the resistance was
estimated to be 1.7 x10° Q, whereas under the vacuum condition, the resistance was
estimated to be 3.9 X 10" Q. After measuring under the vacuum condition, the resistance was
measured under the atmospheric condition for the second time, and was almost the same as that
under the first atmospheric condition (result not shown here). This suggests that the dramatic
change of resistance is strongly depend on the atmospheric condition and shows reversible
character.

In order to study the effect of humidity on DNA film conductivity, 1-V measurements
were performed under controlled relative humidity. The temperature was maintained at 18 “C.
As the relative humidity increases, conductivity increases rapidly. As shown in Figure 3.1-3, the
resistance decreases exponentially with increasing relative humidity. In particular, it decreases
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Figure 3.1-2

Typical I-V curves of DNA film (poly(dG)-poly(dC)). Squares and
triangles indicate the I-V curve measured in vacuum and the
atmospheric condition at the relative humidity of 28%, respectively.
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Figure 3.1-3

Relationship between relative humidity and resistance of DNA film.
Resistances are estimated from the |-V measurements at the voltage of
—2 V under each relative humidity condition.

rapidly by about one order of magnitude at a relative humidity of 65 ~ 70 %. Overall, the
resistance decreases dramatically from ~ 10° Q at 30 % relative humidity to ~ 10° Q at 90 %
relative humidity. It is understood that the amount of water molecules adsorbed by the DNA
affects the decrease in resistance.

This transition is explained as follows. DNA is composed of three parts: phosphoric acids,
sugars, and bases. Because of the hydrophilic phosphoric acid around the base pairs of DNA,
water molecules are easily adsorbed and form hydrogen bonds between the phosphoric acid and
the water molecule. Infrared spectroscopy has revealed that five or six water molecules are
coordinated to the oxygen atom of single phosphoric acid at 65 % relative humidity.
Furthermore, as the relative humidity is over 65 %, additional water molecules will hydrate to
the amino groups, imino groups and keto groups of the bases. At the relative humidity of 80 %,
the number of water molecules adsorbed is about 20 [18]. When the next water molecule comes,
it is physically adsorbed through hydrogen bonding to the neighboring water molecule. This
process is consistent with that illustrated in Fig. 3.1-3.

The electric conducting mechanism in a physically adsorbed layer of water molecules on
the DNA surface may be similar to that of aqueous solution. Without rotation of the water
molecules, a hydrogen bond and a covalent bond between the hydrogen atom and an oxygen
atom of a neighboring water molecule can easily and quickly exchange. Continuous exchange
of protons through the physically adsorbed water layer occurs in this way [19]. Although

sodium ions act as counter ions for stabilizing the DNA, protons move several times faster than
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sodium ions in aqueous solution (mobility of a proton is 36.3 10 cm?-s*-V* and that of
sodium ion is 5.19 X 10 cm?-s™- V™). [20] Therefore, at higher relative humidity, the proton

conductivity dominates the ionic conduction.

Alternating current measurement of DNA film

Considering the results of AC measurements, Fig. 3.1-4(a) shows the Cole-Cole plot of
the DNA film at 83 % relative humidity. Although this is an incomplete semicircle, a complete
semicircle will be estimated at a much higher frequency than 1 MHz. At relative humidity lower
than 80 % and in vacuum, no semicircles were measured in the Cole-Cole plot. Some studies
have been reported on interpreting the deviation from the ideal semicircular behavior observed
in Cole-Cole plots [21]. In the previous literature [22], impedance spectroscopy of SnO, shows
that a low-frequency spur has been observed in the Cole-Cole plots at higher relative humidity
and it is concluded to be due to the migration of ions towards the electrode sample contact
region. In our case, the Cole-Cole plot is similar to that of this previous literature; the spur is
thought to appear at frequencies lower than 100 Hz. Therefore, our results indicate that the
conduction mechanism is ionic conduction under high humidity. We have adopted the

equivalent circuit for fitting the experimental data. The equivalent circuit is composed of three
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Figure 3.1-4

(a) Cole-Cole plot of DNA at 83% relative humidity. Solid line and
dotted line indicate the measured result and the fitted curve,
respectively. The equivalent circuit adopted for fitting is shown in the
inset. Rs, R1 and C1 are calculated to be 3.2x10°Q, 1.5x10°Q and
1.6x10™ F, respectively. @ (83%), ¥ (70%) and @ (50%). (b)
AC measurement of capacitance vs. frequency of applied electric field
(25 mV) under various relative humidity.
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parts, as shown in the inset in Fig. 3-4(a). R1 and C1 represent the contributions to resistance
and capacitance, respectively, arising from the DNA boundaries and electron depletion regions.
Rs is a resistance added in series to the parallel capacitance resistance combinations. Rs, R1 and
C1 are calculated to be 3.2X10°Q, 1.5X10°Q and 1.6 X 10™*° F, respectively.

We compared the degree of capacitance, one of the important factors in the electrical
conduction. As shown in Fig. 3.1-4 (b), capacitance increases with increasing relative humidity.
At the relative humidity of 50 %, the capacitance is constant at frequencies higher than 10* Hz.
With increasing relative humidity, the saturation is shifted to the higher range, up to 10° Hz.
Finally, at the relative humidity of 83 %, no constant area is observed. This increase in the
values of capacitance indicates the proton transfer through the physically adsorbed layer of
water, enhanced with increasing humidity [22]. On the other hand, in the case of 40 ~ 80 %
relative humidity, the phases of AC measurements of DNA film are 6 = -70° ~ -90° and
Debye-type dielectric dispersion is observed. These findings suggest that the DNA film is
partially dissolved and DNA molecules, which have the dipole moment, can relax up to the
frequency of 10* Hz. The AC measurements support that the conduction is strongly affected by
humidity and the main conduction mechanism is ionic conduction.

Lastly, it must also be noted that the contact resistance between the electrode and DNA
film affects the total conductivity of the DNA-electrode system. To distinguish between contact
resistance and DNA resistance, resistance was measured by the conventional four-probe
technique. The four-probe technique eliminates the contact resistance; therefore, we can
determine the actual resistance of the sample itself. The temperature was 19 “C and the relative
humidity was maintained at 85 %. The measured resistance was 1.5 10° Q. As a comparison,
in the two-probe measurement, the resistance under the same conditions was approximately =
10° Q. These results suggest that the contact resistance is three orders of magnitude higher than
that of DNA film. The issue of contact resistance between sample and electrodes is particularly
important in mesoscopic science. Therefore, we need to establish a means of fixing DNA

molecules to electrodes with ohmic contact in the next step.
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Conclusion

The humidity dependence of DNA film conductivity using a nanogap electrode is studied.
DNA films of poly(dG)-poly(dC) were found to be extremely affected by humidity; the
resistance decreased exponentially with increasing relative humidity. Furthermore, AC
measurement indicated the increase in the value of capacitance and the semicircles and spurs in
the Coal-Coal plot. Therefore, ionic conduction was found to dominate the conductivity of
DNA film under the atmospheric condition. Moreover, the contact resistance affects the
conductivity of DNA film. The contact resistance is three orders of magnitude higher than the
conductivity of DNA film. Results of this study show that, in the case of measuring the DNA
conductivity accurately with an external electrode, it is necessary to note the important factors:

humidity and contact resistance between electrodes and samples.
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3.2. Point-contacted Current Imaging Atomic Force Microscopy

Introduction

Previous results obtained by the top-contacted geometry type electrodes in section 3.1
shows that the electrical conductivity of DNA thin film increases exponentially with increasing
the relative humidity. This is because the water molecules are adsorbed on the DNA molecules,
and the ions included in the solution move through the water layer around DNA. Meanwhile,
the electrical conductivity is not measured under vacuum condition. (Resistance is much more
than the background resistance of apparatus.) As it can be imagined that the structure of DNA is
bend at the edge of electrode, the insulative behavior might originate from such structural
bending.

The PCI-AFM, which is noted in the previous chapter 2.1, enables us to measure both of
the structure and the I-V characteristics simultaneously in nanoscale. Moreover, the samples
(molecules) are immobilized on the substrate and electrodes are connected to them by
top-contacted geometry. Hence, the structural deformation anticipated in the measurement by
bottom-contacted geometry type electrode noted in the previous section would be prevented,
and the PCI-AFM seems suitable for the electrical measurements of DNA.

In this section, the results of electrical measurements of DNA network on a mica surface

by PCI-AFM are noted thereafter. The effect of relative humidity is also discussed.

Experimental

Material and Methods

Sample preparation

The DNA sample used in our study consisted of synthetic nucleic acids comprising
poly(dG)-poly(dC) (Amersham Pharmacia Biotech Co., Tokyo, Japan). DNA is diluted with
17.4 MQ deionized water to concentrations of 500 pg/ml.

A 10 ul sample drop was dropped on the freshly cleaved mica and spread over an area
approximately 10 mm diameter. Freshly cleaved muscovite green mica (Nilaco Co., Japan) was

used as substrates. After 1 min of incubation at room temperature, the sample solution was
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blown off with air.

Electrical measurments

An Au layer was deposited over half of the sample surface area to form electrical contacts
with the DNA network. Cleaved silicon substrate is used as mask and it mounted on the sample.
Silicon mask and sample are clipped together by alligator clip. The thickness of the Au
electrode was nominally 20 nm.

The PCI-AFM measurement was conducted using AFM (JSPM-4200, JEOL) equipped
with a two-function generator (WF1946, NF Corporation). The range of bias voltage is set to be
-5 to +5 V. The cantilever used have a platinum-coated tips (MikroMasch, NSCS-12/Pt) for
current detection, and their force constant is 4.5 N/m and resonant frequency is about 150 kHz.
The nominal tip radius was less than 40 nm.

The atmospheric condition is changed by controlling the relative humidity. Initially, dry
nitrogen gas was filled in the vacuum chamber of the AFM system (0 % of relative humidity),

and the water steam was injected to it in an effort to control the humidity.

Results and Discussion

DNA network structure on the substrate

Figure 3.2-1 (a) shows the topography of DNA network structure on mica substrate. A
different morphology at the upper part in the image indicates that Au layer is fabricated on the
DNA network structure. As the thin Au layer (around 20 nm) is fabricated, it is possible to
observe the network structure through Au layer. The height and width distribution of network
structure are measured approximately 2 — 4 nm and 10 — 50 nm, respectively. As is reported
previously, it is well known that the actual height of DNA on the substrate is quite smaller than
the nominal diameter of DNA strand. Assuming the distribution of height to be 0.5 — 1.2 nm,

the number of DNA strand in the network structure is estimated to be 2 — 8.
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Figure 3.2-1

(a) Topographic image of DNA network on mica substrate. The gold
electrode is shown in upper part of the image. (b) Topographic image
(left) and current image (right) obtained by PCI-AFM. The relative
humidity is 15 %. The current image shows the current level as 2.8 V is
applied between gold electrode and tip. (c) Topographic image (left)
and current image (right) obtained by PCI-AFM. The relative humidity
is 60 %. The current image shows the current level as 4.4 V is applied
between gold electrode and tip.

Electrical measurements

Electrical measurements are performed by PCI-AFM. Figure 3.2-1 (b) and (c) show the
image obtained under 15 % and 60 % of the relative humidity, respectively. The closest
distance between the Au layer and tip in figure 3.2-1 (b) and (c) is 100 nm and 300 nm,
respectively. The loading force of the tip is set to be 20 nN. In order to assure the presence of
metal coating of the tip during measurements, it is confirmed that ohmic contact is obtained
after the tip is contacted with the Au layer. This confirmation is performed between each
measurement by PCI-AFM.

Under the condition that the relative humidity is 15 %, topography shows the network
structure as shown in figure 3.2-1 (a), but nothing is observed in the current image. Previous
results of the electrical measurements of single-walled carbon nanotubes by PCI-AFM showed
the current image along nanotubes that is exactly correspond to topography (chapter 2.2).

Therefore, the current image for these measurements implies that the resistivity of DNA
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network is as much as that of mica. The resistance is estimated to be more than 500 GQ from
the I-V characteristic.

On the other hand, different results are obtained under the condition that the relative
humidity is kept to be 60 %. Note that the topography shows the similar network structure as
dried condition (figure 3.2-1 (a)), and this indicates the network structure is stable even under
higher humidity condition. The current image shows the brighter contrast at the position that
DNA network structure exists. That is, the current level between DNA network and mica
substrate is different. The current is measured to be 60 pA on the DNA network and 40 pA on
mica substrate from the I-V characteristics at 5 V of bias voltage.

These results may indicate that it seems possible to conduct an electrical current through
DNA molecules, but it doesn’t actually. Although the differences in current are measured to be
20 pA at 5 V of bias voltage, it was impossible to ascertain the change in current with
increasing the distance between Au layer and conductive tip. Namely, the absence of distance
dependency between electrodes is obtained. Moreover, as the sweeping of bias voltage is
limited to be 100 Hz in the PCI-AFM, it is impossible to measure the charge transport
phenomenon originate from conductive carrier with lower mobility.

Previous results of the effect of humidity on the conductivity of DNA thick film indicated
that the DC conductivity is strongly affected by the relative humidity [23]. (Chapter 3.1) The
resistance decreased exponentially with increasing relative humidity. The time course of current
also showed the decrease in current to the limit of measurement apparatus as the time of
applying bias voltage increased. Furthermore, AC measurements indicated that the capacitance
increased with increasing relative humidity. The origin of capacitance is the proton transfer
through the physically adsorbed water layer around DNA molecules.

As the bias voltage with the sweeping time of 100 Hz is applied to electrode, counter ions
adsorbed around DNA molecule or water molecules would be attracted toward electrode.
Therefore, the differences in current would be originate from the charging at the electric double
layer formed at the metal / DNA interface.

The electrical measurements of DNA network by PCI-AFM show no evidence of the
charge transport along DNA molecules. The presumable origin of these results would be;

1, DNAis insulative. Hence, no current can be conducted.
2, The limitation of electrical measurements by PCI-AFM. It is impossible to detect
the current by this method.

The reason for impossibility of PCI-AFM would be;
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1, Limitation of the distance between the tip and Au electrode.
Due to the finite size of tip apex, it is difficult to shorten the distance between tip
and electrode. Moreover, in case the electrode is contained in the area of
PCI-AFM measurement, the electrode is destroyed due to the electro-migration
of Au layer under the extremely higher electrical field. Therefore, the minimum
distance is limited to be 100nm for the sake of risk-free measurements.

2, Limitation of the speed of bias voltage sweep.
As is already noted, as the sweeping of bias voltage is limited to be 100 Hz, it is
impossible to measure the charge transport phenomenon originate from
conductive carrier with lower mobility.

3, Electrical contacts between tip and DNA.
The conductive tip is used as one-side electrodes, and it is contacted with DNA
for 1-V measurements. The electrical contacts between tip and DNA is different
from that between DNA and Au layer. The interface between Au layer and DNA
would be cleaned because the Au is deposited on the DNA by thermal deposition
(~10 Torr). On the other hand, as the tip is transferred to the chamber as it is
bought (tip is not cleaned before use), it is acceptable that the surface of tip is
covered with phisisorbed water layer and contamination. Hence, the interface
between tip and DNA contains such layers that are not favorable to form the
stable electrical contacts.

In order to clarify the origin of these results, the presumable origins noted above must

be solved. As shown in chapter 3.3, the results by top-contacted geometry type electrodes are

found to be the best way to solve these problems.
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Conclusion

In conclusion, we measured the electrical conductivity of DNA network structure on mica
substrate by PCI-AFM. It was impossible to obtain the evidence of charge transport along DNA
network under 15 % of relative humidity. On the other hand, a distinctive current image is
obtained under 60 % of relative humidity. The differences in current level would be originated
from the charging at the interface between metal electrode and physisorbed water layer around
DNA molecules. These results indicate that the PCI-AFM technique is not appropriate for
electrical measurements of DNA, and possible problems included in this measurement method

must be solved.
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3.3. Top-contacted geometry type nanogap electrodes

Introduction

As noted in the section 3.1 and 3.2, different type of measurement technique is employed
for the study of charge transport along DNA molecules. Despite of efforts, no evidence of
intrinsic electrical properties of DNA is obtained. Electrical current through DNA molecules are
measured under atmospheric condition or higher relative humidity condition due to the ionic
current or the charging current through the water layer around DNA, but it was impossible to
discuss the charge transport phenomenon under vacuum condition. The information derived in
these experiments to achieve the electrical measurements of DNA in vacuum would be as
below.

1, Prevent structural deformation of DNA molecules between electrodes.
2, Distance between electrodes should be smaller than 100 nm.
3, Stable electrical contacts between electrodes and DNA.

Therefore, we have developed the new fabrication method of nanogap electrode that
satisfies requirements noted above. As noted in section 2.2, the top-contacted geometry type
nanogap electrodes make it possible to fabricate electrodes that are separated less than 100 nm
each other on the DNA molecules.

In this section, results of electrical measurement of DNA molecules immobilized on the
APS coated SiO, substrate by the developed nanogap electrodes is noted. Moreover, the
electrical property of G-wire in which the G-quadduplexes are formed inside is studied.
G-quadduplexes are hydrogen-bonded arrays of guanine bases (G-quartets, Figure 3.3-1), and
they are stacked together by m-mt interactions. (Figure 3.3-6(a)) The study of G-wire originate
from the structure analysis of G-rich sequences in telomeric DNA. This is because the telomeric
ends of chromosomes are fundamental in protecting the cell from recombination and
degradation [24]. The disruption of telomere maintenance leads to cell death. Hence, the
structure of G-quartets of the telomeric DNA has been studied for therapeutic intervention in
cancer [25-27].

The reason why the G-wire is used in this study is that it is expected that the conductivity
will be enhanced compared to the natural double stranded DNA molecules, because G-wire is
composed of four guanine bases that possess lowest ionization potential. Moreover, the

enhanced electrical properties are expected, but the detailed study of electrical properties is not
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reported previously.
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Figure 3.3-1 Schematic representation of G-quartets.

Experimental

Material and Methods

DNA solution

Different kinds of DNA molecules are used such as lambda DNA (Takara bio, Japan),
Poly(dA)-Poly(dT) (Amersham Pharmacia Biotech Co. Tokyo, Japan) and Poly(dG-dC)-
Poly(dG-dC) (Poly (dG-dC),, Amersham Pharmacia Biotech Co., Tokyo, Japan) in this study.
Lambda DNA solution is used as bought. Synthesized DNA (Poly(dA)-Poly(dT),
Poly(dG-dC),) powders as bought are first diluted with phosphate buffer in advance and
incubated at 4 “C overnight.

Finally, both of the lambda DNA and synthesized DNA solution are diluted with
phosphate buffer (0.1 M) and counter ion solution (1 M NaCl or MgCl,) before use. The final
concentration of DNA, phosphate buffer and counter ions are 0.37 O.D. (18.5 pg/ml), 87 mM,
100 mM, respectively. The mixed solution is incubated at 4 “C for overnight before use. The
solution (40 pl) is dropped on the APS coated SiO, substrate. After 20 min of incubation, the
surpass solution is removed by nitrogen gas flow. Immediately after it, the surface is rinsed with

80 pl of ultra pure water 2 times and dried by nitrogen gas flow.
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G-wire solution

Single stranded DNA molecules with different sequences are synthesized by standard
phosphoamidide method (Takara bio, Japan). Sequences are 1, “5’-gggg-TT-gggg-3’” (SEQ1)
and 2, “5’-ggggTggggTgggg-3’” (SEQ2). Each DNA powder is dissolved in the solution
prepared beforehand. The solution is prepared by mixing Tris-HCI (1M, pH 7.5), KCI (1 M),
MgCl, (1 M) solution. The final concentration of DNA, Tris-HCI, KCI, MgCl, are 250 pg/ml,
50 mM, 50 mM and 10mM, respectively. The mixed solution is heated at 95 “C for 120 sec,
and incubated at 37 °C. After 48 hours of incubation, the solution is diluted with the solution
(Tris-HCI : KCI : MgCl, =50 mM : 50 mM : 10 mM) to be tenth of concentration (25 pg/ml).
Then the solution (40 ul) is dropped on the APS coated SiO, substrate. After 5 min of
incubation, the surface is rinsed with 500 ul of ultra pure water and dried by nitrogen gas flow.

The hybridization methods are based on the reports by Marsh et al. and others [28-30].

Fabrication of samples

SiO,/Si (100) substrate (electronics and material corp. Japan) is cleaned by UV-Ozone
treatment (NL-UV253, Laser Techno, Japan) for 1 hour and it is reacted with
aminopropyltrimethoxysilane (APS, Wako corp. Japan) immediately. The substrate is placed in
the sealed container with small vial. 20ul of APS solution is put in the vial. The container is
heated at 230 degree centigrade for 30 min. The substrate is picked up and washed with ethanol
and ultra pure water for 3 min, successively. The surpass water is removed by dried nitrogen gas
flow and the substrate is heated at 100 degree centigrade to remove water and promote the
condensation of APS molecules. The SiO, substrate reacted with APS molecules (APS SiO,)
used for DNA immobilization as soon as possible. After the immobilization of DNA, Au
(99.95%, Nilaco Corp., Japan) electrodes were fabricated by thermal evaporation in a

homemade chamber under a vacuum pressure of 10° Torr.

Electrical Measurements
Electrical measurements were performed by a semiconductor characterization system
(Keithley 4200) under vacuum (10 Torr) and dark condition. Temperature is changed by liquid

nitrogen gas and temperature control system that is equipped inside vacuum chamber.

Spectrum Measurements

The circular dichroism (CD) is measured with a CD spectrometer (J-820, JASCO).
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Results and Discussion

AFM observation of DNA immobilized surfaces

Figure 3.3-2 shows the AFM images of prepared samples. Figure (a) and (b) shows the
image of SiO, after UV-Ozone treatment and APS SiO,, respectively. The root square mean
(RMS) of surface roughness for both image are 0.24 nm and 0.22 nm and significant difference
is not measured. Figure (c) and (d) shows the image of APS SiO, treated with control solution.
The control solution contains MgCl, and Phosphate buffer. The RMS of surface roughness is
slightly increased to be 0.29 nm. Figure (e) and (f) shows the APS SiO, treated with lambda
DNA solution. Figure (g) and (h) shows the APS SiO, treated with Poly(dA)-Poly(dT) solution.
The RMS of surface roughness of (e) and (g) are increased to be 0.44 nm and 0.63 nm,
respectively.

Comparing images of DNA immobilized samples to control samples, it is obvious that the
surface morphology is changed and roughness is increased. The increases in surface roughness
indicate that DNA molecules are immobilized on the surface. The degree of increase is different
between lambda DNA and Poly(dA)-Poly(dT). As the synthesized Poly(dA)-Poly(dT) is
composed of hybridized small pieces of fragment both of Poly(dA) and Poly(dT),
Poly(dA)-Poly(dT) would forms not only double stranded structure, but also higher-order
structure. Therefore, the differences in surface roughness between lambda DNA with perfect
double stranded structure and Poly(dA)-Poly(dT) would originate from the structure of DNA
molecules.

Figure (f) and (h) shows the magnified image of (e) and (g), respectively. It is impossible
to identify the isolated DNA molecules on APS SiO,. On the other hand, it is possible to
observe the isolated DNA molecules on SiO, treated with UV-Ozone (not shown here). As APS
treatment is widely used for DNA immobilization because of the strong electrostatic interaction
between phosphate groups around DNA molecules and protonated amino groups of APS
[31,32], these results would indicate that APS SiO, is covered with DNA molecules all over.
The immobilization of DNA on APS treated glass surface is also noted in chapter 6. These
results show that the strong electrostatic interaction exists between DNA and APS SiO, due to

the protonated amino groups at the surface, and they are immobilized on the surface firmly.
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Figure 3.3-2
AFM image of prepared sample. Scale bars shown in every images are
correspond to 500 nm. (a) SiO, after UV-Ozone treatment (b) APS SiO,
(c), (d) Control solution with MgCl, and phosphate buffer on APS SiO,
(e), (f) Lambda DNA solution on APS SiO, (g), (h) Poly(dA)-Poly(dT)
solution on APS SiOs.

As the postscript, the reason why the synthesized Poly(dG)-Poly(dC) is not used in this
study is noted below. Figure 3.3-3 shows the structure of Poly(dG)-Poly(dC) on APS SiO,. As
shown in figure (a) and (b) observed by optical microscope, aggregation over 10 um is observed.
Figure (c) shows the AFM image. Then, the smaller aggregation is again observed. Isolated
DNA strand is observed around the aggregation, and this might shows the aggregation is
composed of these strands. As noted in the next paragraph and it has been found that the DNA
strand with guanine rich sequence tend to form the higher order structure which is totally
different from double stranded structure. Moreover, the result supporting this assumption is
obtained from CD spectroscopy as shown in figure 3.3-15 (d). The presence of positive peak
and negative peak around 260 nm and 240 nm of wavelength indicate the formation of

guadduplex. The detail is noted in next topic.
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This postscript indicates that it is difficult to use Poly(dG)-Poly(dC) because of the
formation of big aggregation on the APS SiO,, although Poly(dG)-Poly(dC) is attractive from
the point of view that poly(dG) is composed with only G that is oxidized (hole-doped) easier

compared to other base molecules, and hence the higher conductivity is expected [33-35].

200 wm

Figure 3.3-3

(@), (b) Optical images of aggregation of Poly(dG)-Poly(dC) on APS
SiO,. (b) the magnified image at the position framed by the square in (a).
(c) AFM image of Poly(dG)-Poly(dC) immobilized on APS SiO,.
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CD spectrum measurements of G-wire and AFM observations of G-wire immobilized surfaces

The prepared G-wire solution is put into the CD spectrum measurement in order to study

the structure of G-wire. The G-quartet structures can be classified into 3 patterns; [36]
1, Tetramolecular parallel quadduplexes. (G4-DNA)
2, Unimolecular antiparallel quadduplexes. (G4’-DNA)
3, Bimolecular antiparallel quadduplexes. (G’2-DNA)

The schematic illustrations of these DNA are shown in figure 3.3-4. These structures are
strongly affected by the factors as; [37]

1, Different ions (monovalent or divalent).
2, DNA and ion concentrations.

3, DNA length of the G-rich strand.

4, Watson-Click complementary DNA.

5, Sequence differences.

The structure of quadduplex can be assigned by CD measurements. It has been studied
that the folded structure (G4’-DNA and G’2-DNA) possess a positive CD peak near 295 nm,
whereas four stranded structure (G4-DNA) possess a positive peak near 265 nm and a negative
peak near 240 nm [38-40].

Figure 3.3-5 shows the CD spectrum for both of SEQL and SEQ2, respectively. It is
measured that the spectrum shows the positive peak around 264 nm and negative peak around
240 nm. Therefore, these results indicate that both of DNA (SEQ1 and SEQZ2) are hybridized
each other to form the tetramolecular parallel quadduplexes (G-wire). The structure of G-wire
fabricated by the similar method as ours is suggested as figure 3-3-6 [28,41]. As four oxygens
of guanine surround the cavity inside the G-quartet, K* ion is sandwitched in between two
G-quartets (G8-K™). This G8-K" octamers can stack to form G-quadduplex.

Figure 3.3-7 shows the AFM image of G-wire immobilized on two kinds of substrate.
Figure (a), (b) and (c), (d) show the G-wire immobilized on the mica substrate and APS SiO,,
respectively. The distinctive wire structure is observed on the mica substrate, as it is projected
from the CD spectrum. The height distribution is measured, and the average height is measured
to be 2.2 nm (Figure 3.3-8). This is agreement with the value (2.8 nm) measured by the X-ray
crystallography [42,43]. On the other hand, G-wires are densely immobilized on the APS SiO,.
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Figure 3.3-4
The schematic illustrations of different G-quartet structures.

(Taken from D. Sen, W. Gilbert, Methods In Enzymology 211, 191

(1992))
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Figure 3.3-5
CD spectrum of G-wire solution.

Figure 3.3-6

(a) Proposed structure of G-wire by Walsh et al. Synthesized DNA with
guanine rich sequences are hybridized each other to form G4-DNA
domains. The overlapping slipped G4-DNA structures are responsible for
the formation of the G-wire. Inner cavity is filled with K* ion, hence the
structure of G-wire is stabilized. (b) (left) Side view of G-wire derived from
an experimental X-ray structure. Note that K* ion is coordinated with 8
oxygens inside cavity (lower right). (Taken from the result by T.C. Marsh,
E. Henderson, Biochemistry 33, 10718 (1994) and A. Calzolari, R.D. Felice,
E. Molinari, A. Garbesi, cond-mat 041012 (2004).)
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Figure 3.3-7

(@), (b) AFM image of G-wire immobilized on mica substrate. Scale
bars in each images are correspond to 200 nm. (c), (d) 3D image of
G-wire immobilized on APS SiO,. The sequence of DNA used for (a),
(c) is SEQ1 and for (b), (d) is SEQ2, respectively.
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Figure 3.3-8

Height distribution of G-wire (SEQ1) on mica substrate

As is noted in the previous topic, the surface property is different between mica and APS
Si0,. The interactions between G-wire and substrate affect the number and morphology of
immobilized G-wire strongly. Figure 3.3-9 shows the AFM image of G-wire (SEQ1)
immobilized on the mica, SiO, treated with UV-Ozone and APS SiO;, respectively. The similar

result is obtained for the mica substrate. On the other hand, the amount of G-wire immobilized
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on the surface decreased (increased) on the SiO, (APS SiO,) substrate.

These results show that the strong electrostatic interaction exists between G-wire and APS
SiO, due to the protonated amino groups at the surface [34,35]. Therefore, APS SiO; is covered
with G-wire all over even after the rinse with water. The surface of SiO, treated with UV-Ozone,
on the contrary, has the hydroxyl groups in the front (silanol groups), and they are dissociated
under the pH of 7 because the isoelectric point of silanol group is 2;

SiOH — Si-O + H"

The dissociated part is negatively charged, and therefore there would be small interactions
between G-wire because the surface of G-wire is composed of the phosphate groups that are
negatively charged. Nonetheless, the immobilization of G-wire on this surface would occur in
the presence of counter ions such as K* and Mg®" that play a part to “glue” G-wires on the
surface [45]. After the rinse of surface with water, immobilized G-wires would be washed away
because both of the mobile counter ions that glue G-wire on the surface and small interaction
between G-wire and surface.

Previous results also showed the effect of counter cation on the immobilization of DNA
on mica substrate. The magnesium ion covers the mica surface that is the atomically flat layer
composed of Si-O-Si bond. Therefore, it is possible to immobilize DNA on mica substrate to
some extent even after the rinse with water.

In case the electrical measurements are performed, it is better to use the atomically flat
surface such as mica in order to minimize the structural bending of DNA. However, the use of
mica substrate contains the intrinsic technical problem. That is, it is quite difficult to obtain the
atomically flat surface that is large enough to fabricate top-contacted geometry type electrode.
As there are wrinkles and large steps on the mica substrate, they become the barrier that results
in the breaking of the electrode. Therefore, we used the APS SiO, because there is no barrier for
electrode fabrication. As the structure of SiO, is amorphous, the surface roughness tends to
larger. So, we prepared the SiO, with mirror finished surfaced. The surface roughness is

measured to be 0.2 nm as noted above.
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Figure 3.3-9
AFM image of G-wire immobilized on different substrate. (a), (b) and
(c) indicate the image for mica, SiO, treated with UV-Ozone and APS
Si0,, respectively. Scale bars in each images are correspond to 500 nm.
The sequence of DNA is SEQ1.
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Electrical measurements

1-V characteristics and time course of current

Figure 3.3-10 shows the |-V characteristics of lambda DNA for different pairs of
electrodes. Even under vacuum condition, symmetrical |-V characteristics are measured for
various kinds of samples. This is noteworthy result because other results by different electrical
detection methods such as bottom-contacted geometry type electrode and PCI-AFM noted in
previous sections indicate that no detectable current is measured.

Figure 3.3-11 shows the time course of current of Poly(dG-dC),. The change in current is
measured with increasing the time under 1 V of bias voltage is applied between electrodes. The
continuous current is measured for different pairs of electrodes over 4 hours. This is again
noteworthy result because the previous results of the same electrical measurement by
top-contacted geometry type electrode under atmospheric condition indicate the sudden
decrease in current with increasing the time due to the ionic current.

These results shown here would indicate that it is possible to conduct an electrical current
through DNA, and the charge transport phenomenon by conductive carriers is measured. In
order to clarify the difference of current level, the relationship between current (resistance) and

gap size of electrode-pair is studied in the next section.
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Figure 3.3-10
I-V characteristics of Lambda DNA for different pairs of electrodes.
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Time course of current of Poly(dG-dC),. The change in current is
measured with increasing the time under 1 V of bias voltage is applied
between electrodes.

Distance dependency on electrical conductivity

Then, as it is possible to fabricate electrodes with different size of nanogap on the same
substrate (noted in the previous chapter), the gap-size-dependency on the electrical
characteristic is studied. Figure 3.3-12 shows |-V characteristics of lambda DNA for different
pairs of electrodes. The distance between electrodes is measured by SEM, is also noted in each
chart. Symmetrical 1-V characteristics are measured for every different nanogap electrodes again.
Similar I-V characteristics are performed for different type of DNA.

Figure 3.3-13 show the correlation chart between resistance and distance between
electrodes. In order to discuss the change of conductivity, the resistance is estimated by
calculating V/1. The current level | under 1.0 V of applied bias voltage is used. Figure (a) shows
the results for control measurements. The electrical measurements are performed for the APS
SiO, treated with the control solution that is composed of counter ion and phosphate buffer. The
difference between the control solution and DNA solution is only the existence of DNA
molecules. The result indicates the linear correlation between the resistance and gap distance.
Moreover, it is found that the limit of nanogap fabricated by this method is 40 nm. That is, the

short circuit is formed between electrodes for the nanogap separated less than 40 nm.
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Figure 3.3-12
I-V characteristics of lambda DNA for different pairs of electrodes. The
distance between electrodes is also noted in each charts that is measured
by SEM.
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Figure 3.3-13

Correlation chart between resistance and distance between electrodes.
(@) Control measurements (b) Lambda DNA (c) Poly(dG-dC)2 (d)
Poly(dA)-Poly(dT) (e) G-wire (SEQ1) (f) G-wire (SEQ2). The straight
line, dashed line and dotted line indicates averaged line calculated by
least-squares method, confidence limits (95 %) and prediction limit
(95 %), respectively.
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On the other hand, different correlations are obtained for DNA presented samples. Figure
(b), (c), (d), (e) and (f) show the results for Lambda DNA, Poly(dG-dC),, Poly(dA)-Poly(dT),
G-wire (SEQ1) and G-wire (SEQ2), respectively. The straight line, dashed line and dotted line
indicate averaged line calculated by least-squares method, confidence limits (95%) and
prediction limit (95%), respectively. These results show that the exponential increase in
resistance is measured with increasing the distance between electrodes. Moreover the value of
resistance for all sequence of DNA is lower than that of control experiments. Therefore, it is
conceivable that the measured electrical characteristics are originated from the DNA.

Then, correlations between the resistance and the distance for different DNA samples are
compared each other. Figure 3.3-14 (a) shows the experimental data for all samples. For
comparison, lines fitted by least-squares methods are plotted as shown in figure (b) and (c).
Figure (b) shows the differences between lambda DNA, Poly(dG-dC), and Poly(dA)-Poly(dT),
while figure (c) shows the differences between lambda DNA, G-wire (SEQ1) and G-wire
(SEQ2). The value of slope, intercept, adjusted  R? that are calculated by the least-squares

method, and the number of samples for the electrical measurements is shown in Table 3.3-1.

Slope Intercept | Adjusted v"R? |Sample Number

0.094+0.008 (MgCl,)| 19.97 0.808 32

Lambda DNA
0.072+0.013(NacCl) 22.04 0.812 8
0.145+0.023 (MgCl,)| 17.01 0.681 19

Poly(dG-dC),
0.091+0.014(NacCl) 22.28 0.790 11
Poly(dA)-Poly(dT) 0.150+0.018 15.60 0.868 22
G-wire SEQ1 0.112+0.013 18.49 0.896 9
G-wire SEQ2 0.117+0.018 17.17 0.816 10

Table 3.3-1

Calculated values of slope, intercept and adjusted v R? by the least-squares
method. The calculated data is plotted as shown in figure 3.3-14. The number
of samples for the electrical measurement is also noted.
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The relationship between the calculated resistance and distance between
electrodes. (a) Experimental data. Fitted curve is also shown only for
control experiment. (b), (c) Fitted data. All data is calculated by
least-squares method.

As shown in figure (b), the difference between lambda DNA and both of Poly(dG-dC),
and Poly(dA)-Poly(dT) in the value of slope is clearly obtained. The value of slope for lambda
DNA, Poly(dG-dC), and Poly(dA)-Poly(dT) is 0.094 + 0.008, 0.145 + 0.023, 0.150 + 0.018,
respectively. These results indicate that the resistance of synthesized DNA (Poly(dG-dC), and
Poly(dA)-Poly(dT)) increases drastically compared to natural DNA (lambda DNA) with
increasing the gap size. On the other hand, as shown in figure (c), the value of slope for lambda

DNA, G-wire (SEQ1) and G-wire (SEQ2) is 0.094 + 0.008, 0.112 + 0.013 and 0.117 + 0.018,
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respectively. These results, again, indicate that the resistance of G-wire increases steeply

compared to natural DNA.

Comparison between natural DNA and synthesized DNA

Then, the exponential increases in resistance for both of lambda DNA and synthesized
DNA is discussed below.

As for the value of resistance, the intersecting point around 70 nm of gap size is found
between synthesized and lambda DNA as shown in figure (b). This result would indicate that
the origin of resistance is different between synthesized and natural DNA.

First, the difference of structure is discussed. The natural DNA is composed of nearly
perfect double-stranded structure. On the other hand, the synthesized DNA is composed of
small pieces of hybridized fragment of single DNA strands. Therefore, it is conceivable that
larger number of defects such as nick exist along the double stranded structure of synthesized
DNA.

The structural difference of DNA that supports this idea is confirmed as follows. Figure
3.3-15 shows the CD spectrum and absorbance spectrum of different DNA. Every DNA
solutions are prepared by dissolving DNA molecules in the phosphate buffer (pH 7, 0.1 M). The
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Figure 3.3-15
CD spectrum and absorbance spectrum for different sequence of DNA.
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kind of DNA is also noted in images. The positive cotton effect is observed for all sequences,
but the position of the peak is different each other. As shown in figure (a), the maximum and
minimum peaks are measured around 280 nm and 250 nm, respectively. Therefore, it is
confirmed that lambda DNA maintain the B-form structure in the solution. On other hand, as
shown in figure (b) and (c), the maximum and minimum peaks are 260 nm and 246 nm for
Poly(dA)-Poly(dT), 270 nm and 252 nm for Poly(dG-dC),, respectively. These results for
synthesized DNA are in good agreement with the former result [46-49], and therefore, it is
confirmed that Poly(dA)-Poly(dT) maintain the alternating B-form and Poly(dG-dC), maintain
B-form, respectively.

As shown in figure 3.3-14, the resistance of synthesized DNA increases drastically
compared to natural DNA, and this would be due to the difference in structure. The difference is
categorized by 2 cases. That is, the presence of nicks and the form of double strand. It also has
been studied that the changes of the form affect the overlap between neighboring base
molecules inside double helix, and electrical conductivity would be changed.

Comparing the “form” and “nicks”, it would be derived that the most effective parameter
that affects the electrical property of DNA would be the “presence of nicks”. This is because the
presence of nicks generates the “local defects in m—stacked structure”. That is, base molecule
that form the conductive path is lacked, and hence the conductivity would decrease after all.

This assumption would be supported by the comparison between Poly(dA)-Poly(dT) and
Poly(dG-dC),. As shown in figure 3.3-16, the fitted lines both of Poly(dA)-Poly(dT) and
Poly(dG-dC), by least-squares method are different each other, but the areas of confidence limit
are overlapped each other. As for lambda DNA, both of the slope of line and the area of
confidence are different from that of synthesized DNA. Therefore, it is impossible to confirm
the presence of significant differences between Poly(dA)-Poly(dT) and Poly(dG-dC),. This
identical correlation between the resistance and gap size of different synthesized DNA indicate
that the increase in resistance is not due to the sequence, but to the structural matter that is
common to both of synthesized DNA. That is, the structural defects as nicks along double
stranded structure. Hence this discussion indicates that the electrical properties of synthesized
DNA are strongly limited by the structural defect.

The reason why the resistance of lambda DNA is lower than that of synthesized DNA
under the condition that gap size is more than 70 nm is the existence of structural defects. Even
the synthesized DNA is composed of uniform sequence, the resistance is higher than lambda

DNA due to the nicks. The sequence of lambda DNA is random, but the structure of double
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Comparison between resistance and distance between electrodes in order
to discuss the significant difference. The straight line, double dashed line
is the resistance calculated by least-squares method and confidence limit
(95 %), respectively.
strand is stable because the DNA is taken from bacteria (lambda phage).

Nevertheless, the effect of base sequence on the electrical conductivity should be
discussed. This is because both of Poly(dA)-Poly(dT) contain uniform base sequence, while
lambda DNA contains random base sequence. The resistances both of Poly(dA)-Poly(dT) and
Poly(dG-dC), are lower than that of lambda DNA under the condition that the gap size is less
than 70 nm. As the discussion about structural difference, the structural defects would cause the
increase in resistance under this condition, as well. However, these lower resistances of
synthesized DNA than lambda DNA would be originated from the difference of base sequence.
That is, charge transport along DNA under smaller gap size is affected by not only structural
defects but also base sequence. Hence, the resistance of synthesized DNA is lower than lambda
DNA because of the uniform sequence. Uniform sequence would possess uniform electrical
potential along m-stacked base molecules, while random sequence would cause potential
difference and make electrical transport harder. As the comparison between Poly(dA)-Poly(dT)
and Poly(dG-dC), indicated no difference in conductivity between them, the reason is unclear
yet, but it might be due to the structural defects. The effect of structural defect to scatter the

conductive carrier might make the effect of uniformity of base sequence obscured.

Hence, it is found that the effective parameters that determine the charge transport along
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DNA are 1, mainly structural defects under the condition that the range of gap size is over 70
nm, 2, base sequence and structural defects under the condition that the gap size is less than 70

nm.

Comparison between natural DNA and G-wire

Then the difference between lambda DNA and G-wire (SEQL and SEQ?2) is discussed.
Back to the figure 3.3-14 (c), the relationship between resistance and distance between
electrodes indicate the exponential increase in resistance as for both of lambda DNA and G-wire
(SEQ1 and SEQ2). The degree of increase in G-wire resistance is larger than that of lambda
DNA as noted in the previous page, and this would be also due to the structural defects. Lambda
DNA is composed of almost perfect double stranded structure, while G-wire contains gaps at
intervals of 2-base T and 1-base T in SEQ1 and SEQ?2, respectively. (See the “G-wire solution”
in “Material and methods”) Hence, the increase in resistance of G-wires would be attributed to
the increase of structural defects along G-wire. The amount of defects would be increased with
increasing the distance between electrodes. Moreover, the value of slope for both G-wire is
similar, and thus this would indicate the effect of structural defects (gaps) is almost same in so
far as the number of base in the gap is 1 or 2.

As for the value in resistance, SEQ2 is lower than both of lambda DNA and SEQ1. Then,
comparison between lambda DNA and SEQL1 indicates that the intersecting point around 85 nm
of gap size is found. The factor to occur this intersection would be again the structural defects.
This comparison may indicate that the resistance of G-wire is lower than that of double stranded
DNA, but the structural defects in G-wire act as parasitic resistance. Although the effect of the
number of base in the gap of G-wire is trivial in the viewpoint of the degree of increase in
resistance, the resistance of SEQ2 is about 5 times lower than SEQ1.

This would originate from the additional structural defects in G-wire. G-wire is formed by
the hybridization of single strand DNA as shown in figure 3.3-6, ideally. However, the
imperfect hybridization would occur because the hybridization process is limited by the
self-assembly. As the primal length of synthesized DNA between SEQ1 (5’-gggg-TT-gggg-3’)
and SEQ2 (5’-ggggTggggTgggg-3’) is different, it would be conceivable that the number of the
additional structural defects of SEQ1 is larger than that of SEQ2. The structure of such defects

is unclear, but the modification of base sequence is needed to reduce the structural defects and
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enhance the electrical conductivity.

Calzolari et al. studied the first-principle study of the electronic and conduction properties
of G-wire. [41] The atomic configuration of G-wire is obtained from the experimental results.
The calculation showed that the high degree of charge delocalization along the long axis of
G-wire, and G-wire may be described as good electron/hole channels for mobile charges
compared to double-stranded DNA. The main difference between G-wire and double-stranded
DNA was indicated to be the pathways for mobile charges. Two kinds of pathways are indicated.
One originates from the component of the HOMO of guanine due to the base-base interaction.
Other originates from the component of the HOMO that results from the K*-guanine interaction.
Hence the dimension of pathway of G-wire would be much larger than that of double stranded
DNA. Moreover, the other difference between G-wire and double-stranded DNA is the rigidity
of structure. As is measured by AFM, the height of SEQ1 is almost identical to the value
measured by X-ray crystallography. On the other hand, the height of DNA molecules are often
measured to be smaller by AFM than the ideal value (2 nm) proposed by Watson and Click.
Hence, G-wire is more stable than double-stranded DNA such as lambda DNA on the substrate,
and the electrical state would be maintained as indicated by this calculation.

Although the structural defects of G-wire should be controlled in the future to control and
enhance the conductivity, these results would be the first direct electrical measurement of

G-wire.

The effect of bias voltage on the exponential change of resistance

Next, the bias voltage dependency on the degree of increase in resistance is discussed.
This is because as the |-V characteristics are not linear (Figure 3.3-12), the degree of increase in
resistance under different bias voltage should be studied. As shown in the previous page (Figure
3.3-13, Figure 3.3-14), the difference of electrode-distance dependency on the degree of
increase in resistance as for different sequence DNA is studied. The resistance is calculated by
V/1 only at the 1 V of bias voltage.

Figure 3.3-17 (a) shows the relationship between the applied bias voltage and the degree
of increase in resistance. The degree of increase in resistance is calculated by the same method
as figure 3.3-14 and table 3.3-1. That is, the correlation between the distance of electrodes and

calculated resistance under different bias voltage is plotted, and the linear correlation is
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calculated by least-squares method. Then the slope of fitted line for different bias voltage is
calculated. The value of slope is correspond to the degree of increase in resistance under the
condition that distance between electrodes is changed.

First, the difference of value of slope between each DNA is discussed. As shown in
previous page, the slope calculated at 1V of bias voltage is increased in the order as;

Lambda DNA < G-wire (SEQ1) < G-wire (SEQ2) < Poly(dA)-Poly(dT) ~ Poly(dG-dC),.

This order is kept under all bias voltage as shown in figure 3.3-17 (a).

Then, the comparison of change of value for each bias voltage indicates the difference of
increase for each DNA. The value of lambda DNA is increased with increasing the bias voltage,
and kept almost constant over 1 V. The similar change is observed for both of G-wires, but the
value is kept constant over 0.5 V. On the other hand, as for Poly(dA)-Poly(dT) and
Poly(dG-dC),, the value is increased with increasing the bias voltage, and no constant value is
observed. At lower bias voltage (V < 0.1V), the degree of increase is bigger than that of higher
bias voltage (V > 0.1V). This indicates the degree of increase in resistance is
bias-voltage-dependent and different mechanism would be involved that affect the electrical
properties. Moreover, as the value under lower bias voltage is not 0, this means the resistance of
every DNA calculated at lower bias voltage still increase exponentially with increasing the
distance between electrodes. Hence, this is another evidence that the measured electrical
properties are not the contact-limited (that is contact resistance between Au electrode and DNA
controls the electrical properties.) but the sample-limited.

As for the mechanism that affect the amount of increase in resistance, the value of slope is
plotted against InV as shown in figure 3.3-17 (b). While lambda DNA and both of G-wires
indicate the value of slope increases with increasing bias voltage, and constant value is observed
at higher bias voltage. The presence of constant value of slope would indicate that the bias
voltage does not affect the electrical properties at higher bias voltage. On the other hand,
Poly(dA)-Poly(dT) and Poly(dG-dC), indicated the linear increase of slope and no constant
value. This indicates that the bias voltage exponentially affects the degree of increase in
resistance.

This difference would originate from the structural difference of DNA. As is noted in the
previous page, the structural defects are involved in every DNA, but the amount is different. If
the structural defects form the localized state, the conductive carriers would be trapped at the
state. The mechanism of degree of increase in resistance is strongly affected by both of the

localized state and the bias voltage. At lower bias voltage, the resistance would strongly
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affected by the conductive carriers at the localized state that is originated from the structural
defects. Hence, the value of slope is smaller at lower bias voltage.

With increasing the bias voltage, the potential barrier for conductive carriers is lowered.
Hence the constant value at higher bias voltage shown as for lambda DNA and both of G-wires
would be correspond to the phenomenon that the effect of structural defects is decreased due to
the lowered potential at higher electric field.

As for both of G-wire, constant value is obtained, but the degree of increase at lower bias
voltage is different. While the value is increased with increasing bias voltage for SEQ1, gradual
increase for SEQ2 is obtained. This would indicate that the amount of structural defect in SEQ2
is lower than SEQ1. On the other hand, the increase in slope at higher bias voltage shown as for
Poly(dA)-Poly(dT) and Poly(dG-dC), would indicate that the electrical properties are still
affected by the structural defects even the potential barriers are lowered. Hence, the amount of
defects of Poly(dA)-Poly(dT) and Poly(dG-dC), would be larger than other DNA.

Moreover, the structural deference between double-stranded DNA under vacuum
condition would also affect the electrical properties, and the detail should be studied.

These results indicate that the electrical properties of DNA are strongly affected by the
structure of DNA and bias voltage between electrodes. The detailed conduction mechanism is

discussed in the next section.
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(a) Relationship between the applied bias voltage and the degree of increase
in resistance. The slope is correspond to the degree of increase in resistance.
The values are calculated as the same method as figure 3.3-14. (b) Value of
slope vs InV plot.
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Temperature dependence on electrical property and conduction mechanisms

In order to study the conduction mechanism, |-V characteristics are measured at different
temperature. Both of lambda DNA and G-wire (SEQ2) is employed for the measurements.
Measurements are performed on three samples for both of DNA. The distances between
electrodes is measured to be 54.1 nm, 55.4 nm and 80.9 nm for lambda DNA sample and 54.9
nm, 60.1 nm and 66.4 nm for G-wire sample, respectively.

Figure 3.3-18 shows the I-V characteristics of lambda DNA (a) and G-wire (SEQ2) (b).
Each result shows the enhancement in current with increasing the temperature. Moreover, the
temperature dependence on current is shown in figure 3.3-19. Same tendency is obtained; the
current increased with increasing temperature. The amount of change in current is found to be
varied by the bias voltage. The current measured under lower bias voltage changed linearly. On
the other hand, the degree of change in current under higher bias voltage decreased with
decreasing temperature. These results indicate that the electrical conduction is thermally

activated process and bias-voltage dependent process.
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I-V characteristics measured at different temperature. (a) and (b) show the

results of lambda DNA and G-wire (SEQ2), respectively.
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Temperature dependence of current. Current under specific bias voltage
is plotted. Bias voltage is noted in the viewgraph. (a) and (b) show the
results of lambda DNA and G-wire (SEQ?2), respectively.
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Then the conduction mechanism is discussed. The possible conduction mechanisms are

shown in table 3.3-2 [50-52]. In case we study the conduction mechanisms, they should be

classified whether they are based on the charge injection at the electrode/sample interface or

charge transport along sample [53].

In this study, the relationship between resistance and distance between electrodes indicate

that the charge transport is sample-limited-process. Hence, it would be unlikely that Schottky

emission, Fowler-Nordheim tunneling and direct tunneling mechanisms can be employed for

explanation of this result. Therefore, we herein discuss the possibility of explanation by hopping

conduction, Frenkel-Poole emission and trap assisted tunneling mechanisms.
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Table 3.3-2 List of possible conduction mechanism
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1, Hopping conduction [54,55]
The thermally excited electrons hop from the isolated state to the neighboring
isolated state. The current is strongly affected by temperature, and can be described
as,
| ~Vexp(-AE/KT) (1)
where A E is the activation energy. The expression can be transformed to,
In(1/V) o< (-AE/KT) (2)
Hence, the proportionally relation following this expression can be obtained for the

electrical property by hopping conduction.

2, Frenkel-Poole conduction [55-58]
The conductive carriers trapped at the localized state are moved to the neighboring
localized state due to the field-enhanced thermal excitation. The current density is

described as follows;
1/2
J=C- Eexp[%] 3)

where B =(q’/nee,)"?

In(J/E) < EY? (4)

Hence the proportionally relation following this expression can be obtained for the

. This expression can be transformed to,

electrical property by Frenkel-Poole conduction.

3, Trap assisted tunneling conduction[51,52,59]
The conductive carriers trapped at the localized state are moved to the neighboring
localized state as Frenkel-Poole conduction, but the moving process is by tunneling.
This process is usually strongly dependent on film thickness and electrical field.
The current density is described as follows;

J= exp(—\, EO/E) ®)

This expression can be transformed to,
InJ x1/AE (6)
Hence the proportionally relation following this expression can be obtained for the

electrical property by trap assisted tunneling conduction.
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The reason why each expression is transformed is that the fitting of obtained results to
the transformed expression is the simplest way to outline the conduction mechanism. Next,

the fitting results are shown.

Fitting by Hopping conduction mechanism

Figure 3.3-20 shows In(V/1) vs. 1/T plot. (a) and (b) show the results of lambda DNA
and G-wire (SEQ2), respectively. This is according to the expression (2). Experimental data
(current) obtained at the bias voltage lower than 0.1 V is plotted. It is found that the linear
correlation between In(V/I) and 1/T at the temperature more than 150 K for both samples.
This indicates that the 1-V characteristics are linear, and ohmic characteristics are measured.
The graph with the same correlation is plotted as for the data obtained at the bias voltage
more than 0.1 V, but the linear correlation is not found for both samples.

These results indicate that the conduction mechanism under both of higher temperature

(T > 150 K) and lower bias voltage (V < 0.1 V) can be interpreted as hopping conduction.

Fitting by Frenkel-Poole conduction mechanism

Figure 3.3-21 shows In(J/E) vs. E* plot. (a) and (b) show the results of lambda DNA
and G-wire (SEQ2), respectively. This is according to the expression (4). The linear
correlations between In(J/E) and E¥? are found with increasing E¥2. Deviances from the
linearity are found under both of the conditions that lower E*? and lower temperature.

These results indicate that the conduction mechanism under both of higher temperature
and higher electric field (that corresponds to bias voltage) can be interpreted as Frenkel-Poole

conduction.

Fitting by trap assisted tunneling conduction mechanism

Figure 3.3-22 shows InJ vs.1/7/E plot. (a) and (b) show the results of lambda DNA and
G-wire (SEQ2), respectively. This is according to the expression (6). The linear correlations
between InJ and1/VE are found with decreasing 1/7E (this is correspond to the increase of E).
Deviances from the linearity are found under both of the condition that higher 1/NE
(correspond to lower E) and higher temperature.

These results indicate that the conduction mechanism under both of lower temperature
and higher electric field (that corresponds to bias voltage) can be interpreted as multi-step

trap assisted tunneling conduction.
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Figure 3.3-20 In(V/I) vs. 1/T plot. (a) and (b) show the results of lambda
DNA and G-wire (SEQ2), respectively.

138



(@)

Chapter 3 Direct Electrical Measurements of DNA

WD
124
-13_-
_14:
154

In (J/E)

-16-
2174
-184

-19

v
N
n
L]
eoe ®
v 204K
250K

(b)

LI FREEL I FRNEL I AL SR RN R PRI N PR Y R FRTL T |
5 10 15 20 25 30 35 40 45 50 55

E" ((100V/m)'"?)

-114
-12 4

-13 4

In (J/E)

' ' ' '
~ (o)} W RN
PO [N (S [

1
(oo}

87K
105K
124K
153K
204K

o " <« 250K
. 300K

o)
4 > o n

(=)

Figure 3.3-21

L |

T 3 T ES L rd S LT rd S ET LS
5 10 15 20 25 30 35 40 45 50 55
E" ((100V/m)"?)

In(J/E) vs E* plot. (a) and (b) show the results of lambda
G-wire (SEQ2), respectively.

60

DNA and

139



Chapter 3 Direct Electrical Measurements of DNA

(@) (b)
T v T Y T v T 7 T T T T T T T
64 i = 87K
m 84K 6 e 105K
: 104 K i A 124K
A 124K 153 K
v 204K 5 204 K 7
4 250K T 250 K
4 300 K 4
3 i
" W " 2 o .
— ~ vvv -_— < P " <
\ r'W Vvv "
o “A Vs I
1 A -s. A, Yo
L .'0 AA‘, e v
0 '...o. A L i 1 a,
a0 " o A
HEgo [
I. o
-1 4 <] g 01 ™ =
s n
| ]
'2 T € T v T A T ‘I T € T v T A T
200 300 400 500 200 300 400 500
1/E" (MV/m)™?) 1/E" (MV/m)™?)
Figure 3.3-22

InJ vs.1/NE plot. (a) and (b) show the results of lambda DNA and
G-wire (SEQ2), respectively.

These fitting studies indicated that conduction mechanisms vary according to the
temperature and applied bias voltage (electric field). The schematic illustrations in order to
understand the different mechanism are shown in figure 3.3-23. (a) shows the situation without
applying bias voltage (0V) between electrodes. As the bias voltage is applied between
electrodes, the potential barriers both between DNA /Au and localized state along DNA are bent.
In case the lower bias voltage (V < 0.1 V) is applied (b), the conductive carriers are transported
from one-side electrode to another electrode through DNA localized state by hopping. As the
hopping process is limited by the diffusion of thermally excited carriers [60], the current level is
smaller.

As the bias voltage increasing (V > 0.1 V), the potential barriers are bent steeply and the
effective potential barriers are lowered (c). The conductive carriers trapped at the localized state
are transported along the strong electric field. The process of charge transport varies according
to the temperature. At higher temperature, the thermally excited carriers are transported.

(Frenkel-Poole conduction) As the effective potential barriers are lowered due to the higher
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electric field [61] and the mobility of carriers are accelerated (left illustrations in (d)), the
current level is larger than the hopping process. On the other hand, at lower temperature, the
carriers are not thermally excited enough to overcome the potential barriers. The carriers are

transported by the tunneling process at the effectively lowered potential barriers. (Trap assisted

V>0.1V

Figure 3.3-23

Schematic illustrations of conduction mechanism under different bias
voltage are applied between electrodes. (@) V=0, (b) V<0.1V, (c)V >0.1
V. (d) Magnified image at the position shown in (c).

tunneling) (Right illustration in (d))

These results indicate the localized conductive carrier along both of lambda DNA and
G-wire. Endres et al. studied the possible mechanism of generation of conductive carriers along
double-stranded DNA [62]. The DFT calculation for four-base-pair-long B-DNA (5’-GAAT-3")
indicates the formation of impurity state due to counter ions such as Na* and Mg?* between the
n state and m* state of DNA. The energy gap between the impurity state and w* state is
calculated to be 62 meV and 500 meV as for Mg®*and Na®, respectively. Hence the effective
hole doping to the z* state due to the impurity state of Mg?* is suggested.

In this measurements, the resistance of Mg2+ added lambda DNA is lower than that of Na*
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added lambda DNA. (Table 3.3-1) The mechanism that generates these differences would be
attributed to the formation of conductive carriers as suggested by Endres et al. After the
conductive carriers are introduced to DNA, the carriers would be localized due to the random
base sequences.

As for G-wire, Calzolari et al. suggested the charge delocalization along G-wire [41] as
noted in the previous page. But the G-wire contains structural defects due to the gaps of T in the
base sequence. Therefore, the localization of conductive carriers might be generated at such
defects. However, the mechanism of the formation of conductive carriers has not been
calculated yet.

Moreover, the structural bending might generate the electrical localization along base
stacking. As the surface of SiO, substrate used in this study is not atomically flat, but

mechanically polished amorphous surface, the structural deformation would occur.

Furthermore, the activation energy for hopping conduction and effective potential barrier
for Poole-Frenkel conduction is calculated for the quantitative comparison. First, the activation
energy is calculated from the slope of fitted line as shown in figure 3.3-20. The values are
shown in table 3.3-2. The estimated activation energy by the hopping conduction mechanism
was 60 — 70 meV. This value is much less than the HOMO-LUMO gap (~ 4 eV). Previous study
[63] of the charge transport in polydiacetylene quasi 1D single crystals concluded the smaller
activation energy (13 — 19 meV) than the energy-gap of crystal (~3.2 eV) originates from the
thermally assisted nearest-neighbor hopping mechanism by self-localized excitations as small
poralons characteristic of quasi-1D polymers [64]. Therefore, this calculated value might

indicate the formation of small poralons along double-stranded DNA and G-wire.

Gap size 54.1 nm 55.4 nm 80.9 nm
Lambda DNA 0.067 eV 0.060+0.006 eV | 0.055+0.016 eV

Gap size 54.9 nm 60.1 nm 66.4 nm

G-wire 0.058+0.012 eV | 0.066+0.006 eV | 0.075+0.005 eV

Table 3.3-3 Calculated activation energy

The formation of small poralons is previously reported by Yoo et al. They measured the
electrical conductivity both of poly(dA)-poly(dT) and poly(dG)-poly(dC) with bottom-
contacted geometry type electrodes separated by 20 nm. The calculated activation energy was

0.18 and 0.12 for poly(dA)-poly(dT) and poly(dG)-poly(dC), respectively. These values are
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larger than this result. The origin of this difference is unclear, but the structure of DNA and/or
electrical contact between electrodes and DNA might affect the electrical properties. As shown
in the previous reports (also shown in figure 1.2-13), DNA molecules are immobilized between
electrodes; hence the structure of DNA molecules would be bent more or less at the edge of
electrodes. The structural bending would generate the fluctuation of m-stacking of base
molecules and localize the electrical state, hence the activation energy would be increased.

Then, the potential barrier for Frenkel-Poole conduction is measured. As shown in figure
3.3-21 and its related sentence, the conduction mechanism under both of higher temperature and
higher electric field. Here the barrier height for different DNA at room temperature is calculated.
The calculation is performed as follows.

I-V characteristics both of different DNA and different distance between electrodes are
plotted as In(J/E) vs E¥?(Figure 3.3-24). Then the points with linear correlation (E > 9 MV/m)
are fitted by least-squares method. As shown in equation (3), the current density with
Poole-Frenkel conduction is described as,

J=C- Eexp[LﬁEm]

KT
Then this expression can be transformed to
In(i) zﬁE”Z—iqﬂc
E/ KT KT

C is corresponded to the current density at the lower electric field. As the current level of
lower electric field (bias voltage) is much smaller than that of higher electric field (bias voltage),
the value of intercept in In(J/E) vs E¥?plot is corresponded to the potential barrier.

Figure 3.3-25 shows the relationship between calculated intercepts and distance between
electrodes for different DNA. (a) shows the calculated data and (b) shows the fitted correlations
by least-squares method. The calculated potential barrier is also shown in the right axis.

The calculated barrier height varies for different DNA. The amount of slope of fitted line
increased in the order as,

Lambda DNA < G-wire (SEQ1 & SEQ2) < Poly(dA)-Poly(dT) ~ Poly(dG-dC)s.

This tendency is similar to the amount of increase in resistance as shown in figure 3.3-14.
The increase in barrier height with increasing distance between electrodes would indicate that

the number of localized state between electrodes increases with increasing the gap size.
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Conclusion

The electrical conductivity of DNA is measured by 1: bottom-contacted geometry
electrodes separated by 100 nm, 2: PCI-AFM at the distance between conductive tip and Au
layer is more than 100 nm and 3: top-contacted geometry electrodes separated by 40 - 100 nm,
respectively. As noted in chap 3.1, the electrical measurements of DNA film by method 1
show that the apparent resistance is strongly affected by the relative humidity around DNA.
Next, as noted in chap 3.2, the measurements of DNA network by PCI-AFM show the effect
of humidity as well. These results by method 1 and 2 indicated no electrical properties
originate form DNA.

Finally, as shown in chap 3.3, the measurements by top-contacted geometry electrodes
show the experimental results that indicate the charge transport along DNA under vacuum
condition (10° Torr). The detailed study indicated the resistance of DNA is exponentially
dependent of the distance between electrodes. The degree of increase in resistance of
synthesized DNA that contain uniform base sequences is measured to be larger than that of
lambda DNA that contains random base sequences. This results indicate the structural defect
such as nick strongly affect electrical property. Moreover the comparison of resistance
between lambda DNA and synthesized DNA indicate at smaller nanogap electrode (<70nm)
indicate the conduction path would be m-stacked base molecules.

The electrical measurements at different temperatures also indicate the possible
electrical conduction mechanism of DNA. It is suggested that the electrical conductivity
originates from the localized conductive carrier along DNA, and this would be supported by
the previous DFT calculation. Moreover, the electrical property of G-wire is also studied for
the first time. The electrical conduction mechanism is similar to that of double-stranded DNA,
but the value of resistance is about more than 5 times lower than lambda DNA. This would be
due to the expanded and delocalized conductive path along G-wire as shown in the
calculation results.

From the viewpoint obtained by top-contacted geometry electrode, it is concluded that
the insulative characteristics shown in chapter 3.1 originate from the localization of
conductive path of DNA due to the structural deformation at the edge of electrode, and that
shown in chapter 3.2 originate from the measurement limitation of PCI-AFM because the
distance between conductive tip and Au layer is limited to be more than about 100 nm for the

sake of secure measurement. Therefore, it is suggested that the electrical measurements of
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DNA requires the special care to minimize the structural deformation for electrical

connection between DNA and electrodes.
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Chapter 4 Patterning DNA on the Surface Modified with Molecules

4.1. Introduction

The charge transport phenomenon of randomly immobilized DNA on the APS coated
SiO, substrate with top-contacted geometry type nanogap electrode was studied in previous
chapter. It was confirmed the charge transport is actually measured, and concluded that the
origin of conductivity is the formation of conductive carrier at the localized state due to counter
ions such as magnesium and potassium ions.

Although it was possible to study the detailed conduction mechanism, it seemed difficult
to evaluate the precise resistivity because the random immobilization of DNA makes it difficult
to decide the precise conduction path. It is conceivable the resistance of straight DNA molecules
will be lower than that of bend DNA molecules because the structural deformation would cause
the localization of electrical state along m-stacked base molecules. Therefore, it is necessary to
measure the straight DNA molecules by top-contacted geometry type nanogap electrodes.
(Figure 4-1)

The preparation method of straight DNA molecules has been studied previously. Various
kinds of substrates such as mica, sapphire, polymer coated SiO,, and HOPG has been used so
far. [1-9]

In case of the electrical measurements of DNA molecules, it is necessary to use the
insulative substrate whose conductivity is much lower than DNA molecules. Furthermore, it is
also important to take care of ingredients in the DNA solution, namely only straight DNA
molecules should be immobilized on the substrate without undesirable residues due to ions and
buffers.

In order to fulfill these requirements, | have developed the new method to immobilize
straight DNA molecules on the insulative substrate. | have employed the “patterned” surface

with hydrophobic and hydrophilic area whose conductivity is much lower than DNA molecules.

Figure 4-1

The schematic illustration of electrical measurements of DNA molecules
by top-contacted geometry type electrodes. (a) and (b) shows the randomly
immobilized DNA and straight DNA on insulative substrates, respectively.
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The patterning of surface has been studied previously [10-15]. The organosilane molecules on
the surface can be dissociated by the UV light irradiation. Hence it is possible to change the
chemical properties of the surface by this process, and to pattern the surface by the metal mask
pattern as light is irradiated. (Figure 4-2)

DNA molecules are immobilized on the patterned surface. It is found that straight DNA
molecules are immobilized on the hydrophobic area by AFM. As DNA molecules are on the
hydrophobic surface, it would be possible to measure electrical characteristics of DNA
molecules without undesirable residues such as counter ions and buffers. This is because they
have no interactions with hydrophobic surface, and they could be removed by rinsing the

sample with ultra pure water.

TPS:(Me0)5-Si-C,H, Metal mask Laser irradiation
(1) ﬁ 2) ﬁ (3) ﬁ )
1 E=H 1

CH CH CHCH CH CH CHCH CH OH OHCH,

ISIII i||| SiIlSl

Figure 4-2
The schematic illustrations of the preparation methods of patterned
surface.

4.2. Material and methods

Fabrication of hydrophobic surface

SiO, / Si (100) substrate (electronics and material corp.) is cleaned by UV-Ozone
treatment (NL-UV253, Laser Techno, Japan) for 1 hour and it is reacted with
trimethoxypropylsilane (TPS, Wako corp.) immediately. The substrate is placed in the sealed
container with small vial. 20ul of TPS solution is put in the vial. The container is heated at
160 °C for 30 min. The substrate is picked up and washed with ethanol and ultra pure water for
3 min, successively. The surpass water is removed by dried nitrogen gas flow and the substrate
is heated at 100 °C to remove water and promote the condensation of TPS molecules. The SiO,

substrate reacted with TPS molecules (TPS-SiO,) used for DNA immobilization as soon as
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possible.

Patterning surface

The surface is patterned with hydrophobic and hydrophilic area as follows. The TPS-SiO,
is irradiated with ArF eximer laser through the metal mask. The energy of laser, frequency and
irradiation time is 50 mJ, 20 Hz and 10 min, respectively. Metal mask pattern is composed of
combination of metal and glass line patterns. The width of metal and glass is 5 um and 1 pum,

respectively.

Surface energy measurements

The surface energy of hydrophobic and hydrophilic surface is measured by sessile drop
method. Contact angle of water, diiodomethane and hexadecane on each surface are measured
(KRUSS DSA10 Mk2). The atmospheric temperature is kept to be 25 “C and the humidity is
kept to be 40 %.

Immobilization of DNA molecules

Lambda DNA (Takara Bio), phosphate buffer (pH 7), MgCl, is mixed in a micro tube.
The final concentration of Lambda DNA, phosphate buffer and MgCl,is 26.7 ng/ul, 0.1 M and
0.1 M, respectively. The mixture of phosphate buffer and MgCl, is voltexed, and DNA solution
is added and mixed by pippetting gentry. The solution is incubated overnight at 4 degree
centigrade before use.

The DNA solution (20 ul) is dropped on the patterned surface. After 20 min of incubation,
the solution is blow up by dried nitrogen gas flow. The direction of gas flow is kept so as the
interface between solution and substrate move vertical to the line pattern with hydrophobic and
hydrophilic area. That is, interface moves hydrophobic and hydrophilic area alternately. The gas
pressure is kept to be about 0.1 MPa and the angle of gas flow is about 80 degree.

Immediately after the surpass solution is removed, the surface is rinsed with double
amount of pure water for 2 times. 40 pl of pure water is dropped on the surface, and it is blow
up by dried nitrogen gas immediately. The condition of gas flow is the same as that of DNA

solution.

AFM measurements

The patterned substrates with and without DNA molecules are observed by AFM (DI,
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Nanoscope VI). Si probes (MPP-11100) is used. Measurements are performed under

atmospheric condition by tapping mode.

Electrical measurements

The top-contacted nanogap electrodes are fabricated on the prepared DNA samples. The
detailed procedure is noted in chapter 2.3 and 3.3. The electrical characteristics are measured by
DC characterization system (Keithley SCS-4200) under the vacuum condition (about 10 Torr)
and light shielded condition.

4.3. Results and Discussion
Surface free energy measurement

At first, it is confirmed that the hydrophobic surface is changed to the hydrophilic surface
after ArF laser irradiation. Table 4-1 shows the contact angle of water, diiodomethane and
hexadecane on the UV-ozone treated SiO,, TPS-SiO, and laser irradiated TPS-SiO,,
respectively. The contact angle decreased on the laser irradiated TPS-SiO, for all solvents.
These results indicate the hydrophobic surface (TPS-SiO,) is actually changed to hydrophilic
surface after laser irradiation. It is also to be noticed that the contact angle on the UV-Ozone
treated SiO; is slightly higher than that of irradiated TPS-SiO,, and this would indicate the laser
irradiation is effective for the surface activation compared to conventional UV-Ozone treatment.

The surface free energy is calculated according to the Young-Dupre equation and

extended Fowkes equation, [16]
Wy =7, (1+cosby)

Water Hexadecane Diiodomethane
UV Ozone treated 31.4 15.5 53.3
TPS-SiO, 61.7 21.9 59.0
Laser irradiated 27.6 12 51.1

Table 4-1
Contact angle of each solvents on the different type of substrate.
Each angle is averaged for 3 tests. The unit is degree.
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Wsl /2= (},g . yld)llz + (7’5 . )/Ip)llz + (Vg . },lh)llz

where y, and y, are surface energy of solid and liquid, respectively. The superscripts
noted as d, p and h show the component of dispersion force, dipole interaction and hydrogen
bond.

As shown in the Figure 4-3, the total surface energy decreased for the TPS-SiO,, but it is
increased for the laser irradiated TPS-SiO,. Comparing values in each component such as
dispersion force, dipole interaction and hydrogen bond, the component of hydrogen bond
increases dramatically for the irradiated TPS-SiO,, and other components slightly increased

meanwhile. Therefore, it is confirmed that the enhancement of surface free energy generates the
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Figure 4-3

Estimated surface energy for each substrate.
hydrogen bond between substrate and solvents.

The modification of surface with light irradiation has been studied previously [10, 17].

The irradiation of light to molecular modified surface generates the chemical reaction. In this
case, as the energy of ArF eximer laser (147 kcal/mol) is much more than the chemical bond
such as Si-C and C-C (88 kcal/mol), alkyl chain of TPS molecules are dissociated. The
dissociation produces the radicals, which can react with moisture in the atmosphere, hydroxyl
group is formed in the front (Figure 4-2). It is conceivable that hydroxyl groups on the surface

can react with solvents such as water and hydrogen bond is formed.
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AFM observation

As it is confirmed that hydrophobic surface can be changed into hydrophilic surface
after laser irradiation, patterned surface is fabricated, and observed AFM as shown in Figure
4-4, Figure 4-4 (a) shows the topography, (b) shows the phase image and (c) shows the metal
mask pattern observed by optical microscopy.

Although flat surface structure is observed in the topography, distinct surface pattern is
observed in the phase image. Moreover, the pattern in the phase image is quite similar to that
of metal mask. As the width of metal part (5 um) and glass part (1 pum) in the metal mask is
different each other, the pattern in the phase image is correspond to the surface with and
without laser irradiation (hydrophilic and hydrophobic area).

It is known that the phase image shows the phase lag between drive signal and actual
cantilever oscillation. The phase lag is originated from the interaction between the tip surface
and sample surface due to composition, adhesion, friction, and viscoelasticity of sample
surface. Therefore, it is possible to distinguish the variations of surface properties. Although
the identification of the value in phase image is quite complicated and out of this intent, the
increase in phase lag on the hydrophobic surface would be originate from the repulsive
interaction between tip and surface. As the tip is covered with naturally oxidized SiO, under
atmospheric condition, the interaction between the hydrophobic surface and hydrophilic tip
would be repulsive, whereas that of between the hydrophilic surface and hydrophilic tip

would be attractive.
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Figure 4-4

() and (b) Topographic image and phase image of patterned surface by
AFM, respectively. (c) Metal mask pattern observed by optical
microscope.
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DNA immobilization

Figure 4-5 shows the topography of DNA immobilized sample on the patterned surface.
Figure (a) shows the wide-ranging image and (b) shows the magnified image. The distinct
pattern is observed over all and different morphology of immobilization is formed on the
hydrophobic and hydrophilic surface.

As shown in the Figure 4-5 (b), region A and B are corresponding to the hydrophilic and
hydrophobic area, respectively. On the region A, the hydrophilic area, DNA molecules are
randomly immobilized over all. On the other hand, straight and bundled DNA molecules are
immobilized on the region B, the hydrophobic area. The direction of bundled DNA molecules is
identical to the nitrogen gas flow.

As is indicated from the surface free energy measurements, hydroxyl groups formed on
the region A. The isoelectric point of SiOH is pH 2. In this study, the phosphate buffer with pH
7 is used. Therefore, SiOH is dissociated under this condition to form the SiO" and H*. The
ionized SiO” would be not only hydrated with water molecules but also reacted with DNA
molecules through magnesium ion that is included in the solution by electrostatic force. An
evidence to support this mechanism is obtained for the study that MgCl, is not added in the
DNA solution. It is confirmed that DNA molecules doesn’t adsorb effectively on the patterned
surface.

Once DNA molecules immobilized on the region A, they are stretched on the surface due
to the interfacial tension between substrate and solution by nitrogen gas flow. Then, stretched
DNA molecules would be attached to the opposite region A, that is, DNA molecules bridge
region B. As there is little interactions between DNA molecules and region B, DNA molecules
don’t adsorb on the surface firmly. As a consequence, DNA molecules adsorb each other in
order to stabilize structure.

The height distribution is also measured, as shown in Figure 4-5 (c). The averaged height
is estimated to be 1.6 nm. Comparing this averaged height to that of single lambda DNA

molecule (0.6 nm), the number of DNA molecules in the bundle is estimated to be 7.

Electrical measurements

Electrical properties of bundled DNA molecules are studied by top-contacted geometry

nanogap electrode. Figure 4-6 (a) shows the 1-V characteristics. Non-linear and symmetrical 1-V
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(@) AFM images of DNA molecules immobilized on the patterned
surface. (b) Magnified AFM image for the area indicated as square with
dotted line in (a). A and B shows the hydrophilic and hydrophobic area,
respectively. (c) The height distribution of bundled DNA molecules. The
fitted curve by Gaussian distribution and the sum of counts are also
shown as well.

characteristics are measured for DNA molecules, but such kind of characteristics aren’t
measured for control experiments. As control experiments, |-V characteristics of three kinds of
samples are also measured. They are 1: laser irradiated TPS-SiO, substrate, 2: Solution without
DNA molecules (MgCl, and phosphate buffer) is dropped on the laser irradiated TPS-SiO, and
3: same solution as 2 is dropped on the TPS-SiO, substrate.

Next, the time course of current is measured as shown in figure 4-6 (b). Immediately after
the specific bias voltage (+1V and -1V) is applied between electrodes, constant current is

measured. The constant current is measured for more than 10 min.
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(@) 1-V characteristics of bundled DNA molecules. Control measurements of
laser irradiated TPS-SiO,, counter ion and buffer solution (without DNA
molecules) on the TPS-SiO, with and without laser irradiation are also shown.
(b) The time course of current through bundled DNA molecules.
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In order to calculate the resistivity, both of the surface structure and the distance between
electrodes are observed. Figure 4-7 shows the AFM and SEM image of the sample near the
electrode pair and between electrodes, respectively. The AFM image indicates the bundled
DNA molecules are exist at the edge of electrode. As it is quite difficult to observe the structure
between electrodes due to the convolution effect of the tip, the nanogap is measured to be 83 nm
by SEM. From the distribution of bundled DNA on the surface ((a) and (d)), the number of
bundles is estimated to be 40 between nanogap electrodes.

Table 4-2 indicates the comparisons of current, electrical current density J and
resistivity p between randomly immobilized DNA samples and bundled DNA samples. For
precise comparison, the results of electrical measurements by nanogap electrodes separated 80

nm fabricated on the randomly immobilized DNA molecules on APS coated SiO, is used [18].

X30,000 100nm

Figure 4-7
AFM and SEM image of sample structure around top-contacted geometry
type nanogap electrode. (a) shows the 3D image obtained by AFM. (b),(c)
and (d) shows the magnified image at the area noted in (a). (b) and (d) are
topography by AFM, and (c¢) is SEM image of nanogap between
electrodes.
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The current level of randomly immobilized DNA is larger than that of bundled DNA, but the
calculated J and p indicate about three orders magnitude each other.

These results indicate that the conduction path along randomly immobilized DNA is
unclear, which is noted at the first part in this section. This is because it is quite difficult to
observe the isolated DNA molecules for the randomly immobilized DNA (Figure 4-8 (2)), it is
conceivable the surface is covered with DNA molecules all over. That is, the structure of DNA
would be the mixture of bend and straight DNA molecules, and electrical conduction would
occur along straight DNA molecules. Therefore, the estimated value in J and p of randomly
immobilized DNA is overestimated. On the other hand, it is possible to calculate the value for
bundled DNA molecules (Figure 4-8 (b)) because the number of straight DNA molecules is
estimated.

Furthermore, this result was compared to the previously reported results. Table 4-3 shows
the list of four kinds of results. [19-21] AIll results report the electrical conductivity
measurements of lambda DNA molecules. In order to compare there results form various kind
of parameters, kind of electrode geometry, electrode size, counter ion, buffer and electrical

property are also listed.

.)"
b 3¢ u( ae

100nm

Figure 4-8

AFM image of DNA molecules on the substrate. (a) and (b) shows the
randomly immobilized DNA on APS coated SiO, and bundled DNA on
the patterned SiO,, respectively.

| (fA @1V) J (A/m?) p (Q-m)
Randomly immobilized DNA 202 4.1 3.0x10°
Patterned DNA 85.2 3.3x10° 3.6x10°

Table 4-2
The comparison of current, current density and resistivity
between randomly immobilized DNA and patterned DNA.
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Comparing the type of electrode geometry, No,1 used the bottom-contacted geometry
type electrode, whereas other used the top-contacted geometry type electrode. Even if nanogap
separated 40 nm is used, No,1 reported electrical property is insulative. Next, in the
top-contacted geometry electrode group, No,2 and No,4, this is my results, reported electrical
property is conductive, but that of No,3 is insulative. Then comparing the counter ion, No,2 and
No,4 used the MgCl,, but No,3 didn’t. Hence, it can be found out that both of the structure and
presence of magnesium ion affect the DNA conductivity.

Next, the effect of structure of DNA is discussed. Previous results of the electrical
measurements by top-contacted geometry type nanogap electrode separated less than 20nm
shows that DNA is conductive (Figure 1.2-7, 1.2-13 and description related them). As DNA
molecules are fixed on the electrode for top-contacted geometry type electrode, it is conceivable
that DNA molecules bridge electrode and bend at the edge of electrode. If very small nanogap
were used, the structural bending would be smaller, compared to the large nanogap (more than
40nm), hence electrical charge transport is emerged.

As for the effect of magnesium ion, previous theoretical calculation predict the formation
of localized state of magnesium ion and it cause the electrical doping to the w* state of base
molecules due to the small energy gap between localized state and st* state (~62 meV) [22]. In
case the sodium ion is used, the localized state is formed as well, but the energy gap is bigger
than that of magnesium ion (~500 meV). Moreover, previous study showed the effect of counter
ions both of magnesium and sodium (chapter 3.3). Comparing the electrical properties, it is
measured the resistance of DNA with magnesium ion is lower than that of DNA with sodium
ion. Therefore, these results noted above indicate that the magnesium ion acts as electrical

dopant.
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Table 4-3

List of four kinds of results. Electrical properties of lambda DNA are
measured for all results. The kind of electrode geometry, electrode size,

counter ion, buffer and electrical property are also listed.
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4.4. Conclusion

The new method to immobilize straight DNA molecules on the substrate is developed.
The patterned surface with hydrophobic / hydrophilic area enables us to control the structure of
DNA on the surface. DNA molecules are immobilized on the hydrophilic surface randomly by
electrostatic interaction, while straight and bundled DNA molecules are immobilized on the
hydrophobic surface. Because the hydrophilic surfaces act as the “bounding DNA part”, it is
possible to immobilize DNA on the hydrophobic surface that has no interaction with DNA. The
heights of bundles are almost same and about 7 molecules are estimated to be included.

The advantage in this sample fabrication method is that it is possible to measure the
electrical properties of DNA undesirable residues such as buffers and counter ions and calculate
the resitivity. The electrical measurements by top-contacted geometry electrodes show the
charge transport along DNA is occurred. The I-V characteristics and time course of current
indicate the same tendency as previous results of randomly immobilized DNA. The calculation
of resistivity indicated the value of straight DNA molecules is 3.6x10° Q-m, and that of
randomly immobilized DNA is overestimated because the conduction path cannot be decided

precisely.
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The charge transport properties of DNA are studied by nanoscale electrical measurements.
In case of electrical measurements with “electrode — DNA - electrode” configuration, different
type of measurements can be employed. These are 1: top-contacted geometry type electrodes, 2:
conductive probe AFM and 3: bottom-contacted geometry type electrodes. | have employed all

measurements methods and measured the electrical properties of DNA.

In the chapter 1, introduction of the electrical property of DNA is noted. As the rt-stacked
base molecules along DNA are expected to be the conductive path, various results have been
reported. However, different results that indicated the electrical properties of DNA vary from
insulator to superconductor. Hence, it was shown that it is quite important to control parameters

that affect electrical properties.

In the chapter 2, the development of nanoscale electrical measurement techniques is
explained. Measurement techniques named PCI-AFM and the fabrication of bottom-contacted
geometry type electrodes are developed. After they are developed, the electrical properties both
of SWCNTs and porphyrin nanorods are measured by PCI-AFM and bottom-contacted
geometry type electrodes, respectively. The results by PCI-AFM indicated the relationship
between nanostructure and electrical conductivity along bundled SWCNTs. The results by
bottom-contacted geometry type electrodes indicated the bending of nano-structured molecules
at the edge of electrode in case top-contacted geometry type electrodes were employed would

cause insulative properties.

In the chapter 3, the electrical properties of DNA measured by different methods were
noted. The electrical properties measured by both of bottom-contacted geometry type electrodes
and PCI-AFM indicated insulative characteristics of DNA. On the other hand, the results by
top-contacted geometry type electrodes indicated the charge transport phenomenon along DNA
under vacuum condition. The resistance of DNA increased exponentially with increasing the
distance between electrodes. Comparison of the degree of increase in resitance between
different DNAs (lambda DNA, Poly(dA)-Poly(dT), Poly(dG-dC),, G-wire (SEQ1) and G-wire
(SEQ?2)) indicated the structural defect such as nick strongly affect electrical property.

The electrical measurements at different temperatures also indicate the possible electrical
conduction mechanism of DNA. It is suggested that the electrical conductivity originates from

the localized conductive carrier along DNA, and this would be supported by the DFT
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calculation. Moreover, the electrical property of G-wire is also studied for the first time. The
electrical conduction mechanism is similar to that of double-stranded DNA, but the value of
resistance is about 5 times lower than lambda DNA. This would be due to the expanded and
delocalized conductive path along G-wire as shown in the calculation results.

Therefore, these results suggested that the electrical measurement of DNA requires the
special care to minimize the structural deformation for electrical connection between DNA and

electrodes.

In the chapter 4, the new method to immobilize straight and bundled DNA molecules on
the hydrophobic surface is developed in order to measure the electrical properties of DNA
without undesirable residues such as buffers and counter ions and calculate the resistance. The
electrical measurements by top-contacted geometry type electrodes show that the charge
transport along DNA is occurred. The I-V characteristics and time course of current indicate the
same tendency as results of randomly immobilized DNA (Chapter 3). The calculation of
resistivity indicated the value of straight DNA molecules is 3.6x10° Q- m, and that of randomly

immobilized DNA is overestimated because of the conduction path cannot be decided precisely.

In all studies, | have studied the electrical properties of different DNA through different
nanoscale electrical measurement methods. The results indicated that it is possible to measure
the electrical conductivity along DNA under the condition that both of the structural
deformation is prevented and electrical contacts is formed to DNA. The study of the conduction
mechanism indicated the formation of conductive carriers by counter ions and they are
transported through the localized state along DNA between electrodes by 3 types of mechanism.
Moreover, the control of immobilization of DNA on the surface made it possible to calculate the

electrical resistivity of DNA quantitatively.
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Chapter 6 Direct Immobilization and Elongation of DNA on Sapphire Substrate

6.1. Introduction

The immobilization of DNA molecules on sapphire substrate treated with acid solution
has been studied. The enhancement of adsorbed DNA molecules on treated surface was
observed by atomic force microscopy, and we found that the concentration of solution affect the
structure of DNA on surface. The increase of hydroxyl groups on acid treated sapphire surface
is confirmed with infrared spectrum and contact angle measurements. Furthermore, we
employed the APS coated glass substrate in order to verify the effectiveness of acid treatment.
The fluorescence microscopy observation of DNA adsorbed on sapphire surface show the
almost same data as that of APS treated one. This simple method is quite useful for applications

such as structural observation of DNA molecules and DNA electronics.

6.2. Experimental

DNA is a functional molecule composed of four bases, sugars and phosphates. As DNA
contains hereditary information for biological phenomenon such as disease, structure of DNA
[1-3] and its complexes with biological molecules have been observed by scanning probe
microscopy [4-7]. While as base molecules inside double helix form stacked structure, charge
transport properties have been extremely studied [8-20] and it is controversial. This is because it
is very important and difficult to measure the electrical characteristics under the condition that
the structure of DNA is retained. Moreover, DNA has been proposed to use as a metallization
template [8, 21-29].

When we study the structure of DNA and its complex or its electrical properties, it is
important to immobilize or elongate DNA onto the atomically flat substrate in order to eliminate
the effect of substrate structure. [30-38] Immobilization of DNA is well studied so far. Mica,
glass, Au and HOPG are frequently used as substrates. Although Mica and HOPG can be
cleaved very easily to obtain the atomically flat surface, additional cations such as magnesium
or nickel ions are usually needed to fix the molecule on the surface [4, 39]. Glass substrate also
needs surface modification. For instance, APS is used to immobilize DNA. As APS covers the
glass surface and form positively charged surface with amino groups, DNA, which contains
negative charged phosphate groups around double helix, adsorb on it with electrostatic force.
Au surface can be used for thiol-terminated DNA because it forms covalent bond between Au

and thiol group.
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We herein report the simple immobilization and elongation method of DNA on sapphire
(a-Al203 (0001)) substrate without chemical surface modification with other molecule such as
APS treatment. The surface hydrophilicity of the substrate was improved by the enhancement of
hydroxyl groups after treatment with acid solution. This simple method for cleaning sapphire
substrate results in enhancement of immobilization and elongation of DNA. The sapphire
contains some advantages compared to other substrate such as mica, glass and HOPG. 1) It is
well established to get the atomically flat surface by thermal annealing in air. 2) The surface is
very stable even at atmospheric condition. 3) Optically transparent for visible light. 4)
Electrically insulator. 5) It is possible to get single crystals of high quality at a relatively low
price due to its industrial use such as SAW elements. Therefore, there are a lot of potential for
practical applications.

Sapphire substrate (shinkosya) used in this study was prepared as follows. Substrate was
etched in boiling H;PO, and rinsed with MilliQ. Then the substrate was annealed at 1200 “C
for 1 hour in air in order to make the atomically smooth surface. [39-42] The surface of sapphire
shows atomically flatted step structure after annealing treatment. The stepped substrate was then
immersed in boiling acid solution (H,O : HCI : H,0, =43 : 5 : 2) for 5 min and rinsed with
MilliQ. Figure 6-1 shows the surface structure observed by atomic force microscopy
(Nanoscope 1V, DI Instruments) after the acid treatment. Notice that the stepped structure

without structural change was measured after acid treatment.

Figure 6-1.
AFM image of atomically smooth sapphire surface treated with acid
solution. The scale bar shown inset is 100 nm.
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For DNA immobilization and elongation, Lambda DNA solution (Takara corp.) was
dropped on the substrate and the surpass solution was blown up by nitrogen gas after 1 min of
adsorption time. The pressure of gas flow was controlled to be about 0.1 MPa, and the angle of
flowing was about 45 degree against the surface. [31] DNA solution was dialyzed overnight
before use. For comparison, we have employed substrates with and without acid treatment.
Figure 6-2 shows the AFM images of the DNA immobilized on surface at varied DNA
concentration. Figure 6-2 (a) and (b) show the results using acid treated substrate, and (c) shows
the result using as annealed treatment. At low concentration of solution (3 ug /ml), isolated
DNA molecules are elongated and immobilized on the surface (Figure 6-2 (a)). Furthermore,
under high concentration condition (400 pg/ml), network-structured DNA molecules are
observed (Figure 6-2 (b)). On the contrary, even under the high concentration as same as Figure
6-2 (b), only a few elongated DNA molecules were remained on the no-acid treated substrate
(Figure 6-2 (c)).

These results indicated that DNA was strongly adsorbed on the surface with acid
treatment and the structure of adsorbed DNA can be controlled by changing the concentration of
solution. On the other hand, only a few DNA molecules were observed on the sapphire surface
without acid treatment.

In order to study the effect of acid treatment to DNA immobilization and elongation in
detail, infrared spectrum and contact angle with three kinds of solvent were measured. Figure

6-3 shows the difference infrared spectrum between before and after acid treatment. The

Figure 6-2

AFM images of the DNA on the acid treated sapphire substrate. (a)
Elongated DNA molecules under low concentration condition. (b)
network-structured DNA under high concentration condition (c) only a few
stretched DNA molecules on the no-acid treated substrate under high
concentration condition. The scale bars shown inset are 1 um, respectively.
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Difference spectrum of infrared ray measurements between before and after
acid treatment. The absorbance peak at about 3500 cm™ was measured
which is attributed to the hydroxyl groups on the surface.

absorbance peak at about 3500 cm™ was measured and this indicates the increase of associated
hydroxyl groups on the surface. [43] This is corresponding to the previous results that showed
the structural change occurred from Al-O-Al to Al-O-H. [44] We have tried to measure the
spectrum originate in the phosphate groups of DNA molecules in order to study the detailed
origin, but the signal was too small to detect.

Moreover, contact angle of sapphire substrate with water, dilodomethane and hexadecane
was measured by sessile drop method in order to measure the surface energy (Kyowa interface
science co., Itd.). The atmospheric temperature was kept to be 25 degree and the humidity was
kept to be 40 %. Contact angle measurement with water, diiodomethane and hexadecane was
averaged to be 5.8, 37.5 and 16.5 degree, respectively. The surface free energy was calculated

according to the Young-Dupre equation and extended Fowkes equation. [45]
Wy =7, (1+cosby)

Wsl /2= (},g . yld)llz + (7’5 . )/Ip)llz + (Vg . },lh)llz

where y, and y, are surface energy of solid and liquid, respectively. The superscripts
noted as d, p and h show the component of dispersion force, dipole interaction and hydrogen
bond.

As shown in the Table 6-1, the chemically treated surface energies due to the component
of dispersion force, dipole interaction and hydrogen bond were estimated to be 26.5, 26.8 and

35.8, respectively. Therefore, the total surface energy was estimated to be about 89.0. On the
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other hand, the surface energies without treatment were estimated to be 27.4, 6.4 and 36.0,
respectively. And the total surface energy was 69.8. This result indicates that the surface free
energy was increased quantitatively due to the component of dipole interaction.

These measurements indicate that the surface was covered with associated hydroxyl
groups due to both of the structural change and the removal of contaminants by acid treatment,
and the surface energy was increased due to dipole interaction between hydroxyl groups.
Therefore, the mechanism of immobilization might be due to the hydrogen bonds between
hydroxyl groups on the surface and phosphate groups of DNA. As previous study indicated the
octadecylphosphonic acid reacts strongly with sapphire surface to form a bulk (aluminoalkyl)

phosphate, the Al-O-P bond may also be formed in our results. [46]

Surface energy (mN/m)

Dispersion force | Dipole interaction | Hydrogen bond Total
With treatment 26.5 26.8 35.8 89.1
Without treatment 27.4 6.4 36 69.8

Table 6-1

Surface energy of sapphire substrate both of untreated and treated with acid solution.

In order to verify the effectiveness of the acid treatment, we employed the APS coated
glass substrate (Matsunami glass corp.). The APS treatment is widely used for immobilization
of DNA molecules on the surface. As APS coated glass is covered with positively charged
amino groups, DNA, which contains negative charged phosphate groups around double helix,
adsorb on it with electrostatic force.

200 pl of lambda DNA solution (80 ng/ul) was mixed with 1ul of 1ImM YO-PRO1
('Y-3603, Molecular probes inc.). The solution (20 ul) was deposited on both of the acid treated
substrate and APS coated grass. Then the surplus solution was blown up by nitrogen gas within
1 minute of adsorption time and the fluorescence image was observed by optical microscopy
(Olympus).

Figure 6-4 shows the results. Fluorescence images of DNA molecules on both of APS
coated glass and acid treated sapphire substrate indicated that DNA was immobilized and
elongated on the surfaces. It should be noted that the amount of DNA adsorbed on the sapphire

substrate was almost same as the APS coated glass, although no chemical modification was
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APS Glass " (@ @ Sapphire

Figure 6-4
Fluorescence images of DNA molecules immobilized on (a) APS coated
glass and (b) acid treated sapphire substrate.

performed.

In conclusion, we have immobilized and stretched DNA molecules on the atomically flat
sapphire substrate by very simple treatment with acid solution. The treatment of surface with
acid solution indicated the increased hydrophilicity and this would cause the enhancement in
DNA immobilization onto the surface with hydrogen bond. As the structural deformation will
be minimized due to the atomically flat surface and the sapphire substrate is optically
transparent in the visible rays range and electrically insulative, this simple method will be useful
as basic sample preparation technique for observation of DNA or its complex with such as

proteins, and electrical transport measurements.
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