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Seemingly contradicting results raised a debate over the ability of
DNA to transport charge and the nature of the conduction mech-
anisms through it. We developed an experimental approach for
measuring current through DNA molecules, chemically connected
on both ends to a metal substrate and to a gold nanoparticle, by
using a conductive atomic force microscope. Many samples could
be made because of the experimental approach adopted here,
which enabled us to obtain reproducible results with various
samples, conditions, and measurement methods. We present mul-
tileveled evidence for charge transport through 26-bp-long dsDNA
of a complex sequence, characterized by S-shaped current-voltage
curves that show currents >220 nA at 2 V. This significant obser-
vation implies that a coherent or band transport mechanism takes
over for bias potentials leading to high currents (>1 nA).

molecular electronics | scanning probe microscopy | nanoelectronics

E xperimental observations that seemed to be in dissonance
raised a debate over the ability of DNA to transport charge
and the nature of the conduction mechanisms through it
(1-13). These conflicts stem from the variety of measurement
approaches, sample preparations, experimental setups, and
environmental conditions. The main factors that were difficult
to control in those experiments were the interaction of DNA
with the substrate (1, 13) and the contacts between the
molecules and the electrodes (1, 14). Inspired by Cui et al. (14)
and Xu et al. (15), we devised an experimental approach that
overcomes these difficulties (16). Current passing through the
dsDNA molecules is measured by using a metal-covered
atomic force microscope (AFM) tip, while the molecules are
chemically connected to a metal substrate at one end and to
a gold nanoparticle (GNP) at the opposite end. Here we
present multileveled evidence for charge transport through
dsDNA molecules of a complex sequence, 26 bp long, char-
acterized by S-shaped current-voltage (/I-V) curves in which
we measured currents >220 nA at 2 V. This significant
observation is supported by topography—current maps, com-
parative /- measurements, and 3D-mode (17) and current-
stretching experiments. It implies that some coherent or band
transport mechanism takes over for the higher currents (18).

Methods and Techniques

In the present study, ssDNA molecules (5'-CAT TAA TGC
TAT GCA GAA AAT CTT AG-3'-C3He-SH) are connected
via a propyl-thiol end group to a gold surface, forming a
packed monolayer. Complementary strands are connected via
thiol groups to a 10-nm GNP. One or a few of them are then
hybridized with the single strands that had been adsorbed on
the surface to form a dSDNA molecule(s) connecting the GNP
and the surface.

Full details of the sample preparation were reported re-
cently (16). Briefly, the 3'-thiolated ssDNA is maintained
protected in its oxidized form, (CH»)3-S-S-(CH»)3-OH, until
usage. Before adsorption on the gold surface or on the GNP,
the protecting group is removed by reduction with Tris(2-
carboxyethyl) phosphine. The reduced DNA oligomer is then
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separated from all residues on a column (BioSpin 6, Bio-Rad)
and immediately pipetted onto a clean, annealed gold surface.
The reduced and purified thiolated complementary ssDNA
(5'-CTA AGATTT TCT GCA TAG CAT TAA TG-3'-C3Hg-
SH) oligomer is stirred with the GNP suspension (the GNP is
rinsed in deionized water prior to the DNA adsorption to
remove excess surfactant). The resulting ssDNA-GNP deriv-
ative is diluted with Tris-HCI buffer and pipetted onto the
ssDNA monolayer. Incubation of the sample for 12 h at 100%
relative humidity affords hybridized dsDNAs that are con-
nected at both ends as described. The sample is rinsed with
fresh buffer solution to remove nonspecifically bound ssDNA-
GNP. Just before AFM measurements the sample is rinsed
with deionized water to remove excess salts. Depending on the
monolayer density, up to 10 parallel molecules can fit under-
neath the GNP." Electrical measurements are then performed
by using conductive AFM. A schematic of this configuration is
shown in Fig. la.

Images were obtained with a commercial AFM (Nanotec
Electronica, Madrid) in dynamic mode. Soft cantilevers
(OMCL-RCS800PSA, Olympus Optical Co., Ltd., Tokyo) with
a nominal force constant of 0.3 Nm~!, resonance frequency of
75-80 kHz, and tip radius of 15-20 nm were used (the tip
radius was measured with a scanning electron microscope).
For the electrical measurements, the same tips are covered
with =3 nm of Cr and ~15-30 nm of evaporated gold or
directly sputtered gold/palladium. Consequently, the tip ra-
dius grows to 25-40 nm, the force constant increases to 1
Nm~!, and the resonance frequency drops to 50-70 kHz after
coverage. The cantilever is oscillated close to its resonance
frequency, and the amplitude and the phase, relative to the
oscillatory driving force, are measured through the tip deflec-
tion signal as detected by the photodetector. The feedback is
performed on the amplitude signal channel.

The tip is typically a few to tens of nanometers above the
surface, and the oscillation amplitude for imaging is 5-50 nm.
The surface morphology of the samples, characterized by using
AFM, is shown in Fig. 1b. The surface of the single-stranded
monolayer appeared rather smooth (<1 nm roughness), al-
though the “bulges” of the ssDNA molecules can be observed
(Fig. 1b, Lower Inset). The 10-nm GNPs, which are connected
to the dsDNA, appear very clear on the background of this

Abbreviations: AFM, atomic force microscope/microscopy; GNP, gold nanoparticle; I-V,
current-voltage; JTC, jump to contact; SOC, snap off contact.

*H.C. and C.N. contributed equally to this work.
5To whom correspondence should be addressed. E-mail: porath@chem.ch.huji.ac.il.

TThe surface area of the GNP is 300 nm2. If 25% of the bottom is available for dsDNA
attachment and the surface area per ssDNA is ~2.5 X 2.5 nm?, then there is room for ~10
molecules at most. This value is in accord with the ssDNA coverage density, ~3 x 1013 ¢cm?
(as found from radioactive labeling of the ssDNA). The coverage of dsDNA, however, is
likely to be smaller than 100%; thus, probably <10 molecules are connecting the GNP and
the substrate.

© 2005 by The National Academy of Sciences of the USA
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Fig. 1. Sample layout and AFM image. (a) Schematic diagram: a smoothed gold substrate is covered by a packed monolayer of 26-bases-long ssDNA molecules
of acomplex sequence, ~4 nm thick, connected to the substrate via (CH;)3 spacers and thiol end groups. Complementary strands, connected with a (CH;)3 spacer
and a thiol end group to a 10-nm GNP, are hybridized with the monolayer single strands. Hence, the dsDNA molecules are connected chemically to the metal
substrate and to the GNP only at their ends and do not come in direct contact with the metal substrate. The gold particles are contacted by means of a
metal-covered AFM tip to close the electrical circuit. (b) An AFM image of the sample. The GNPs that are connected to the substrate through the dsDNA molecules
and partially cover the surface are evident on the background of the ssDNA monolayer. (Upper Inset) A cross section over one of the GNPs (green line) is shown.
The height of the GNP is ~10 nm over the monolayer. (Lower Inset) A 90 X 50-nm? area of the ssDNA monolayer (in a better color contrast) is shown. The observed
features are composed of ssDNA.

monolayer (Fig. 1b).I The measured height of the GNP above
the monolayer surface is ~10 nm (Fig. 1b, Upper Inset), which
means that the double strands formed do not protrude above
the thickness of the monolayer, which is ~4 nm. Because the
length of the dsDNA is =9 nm, this difference implies that the

IThe ssDNA monolayer thickness was characterized by both AFM (by “shaving” a square on

dsDNA molecules are tilted relative to the surface normal, as
expected for thiols (see also scheme in Fig. 4 Inset) (19, 20).
Note that when the noncomplementary ssDNA oligomers are
attached to the GNP, the number of particles observed on the
surface is 2 orders of magnitude smaller (16).

Results
The conductive properties of the dSDNA molecules attached to

the surface) and ellipsometry and was found to be ~4 nm. The GNP coverage was measured
by using AFM and was found to be ~500 GNPs/um? for complementary strands (dsDNA)
and ~5 GNPs/um? for noncomplementary strands (same strand as the one connected to
the surface).

the GNP and the insulating behavior of the ssDNA layer can be
demonstrated qualitatively by comparing the topography and the
current images, which are measured simultaneously. Fig. 2 shows

GlUnm

Fig.2. Simultaneously acquired topography and current maps. Shown are measurements on a sample with GNPs connected to dsDNA (a and b; 115 X 115 nm?),
on asample with GNPs connected to noncomplementary strands (the same strand as on the surface) (c and d; 300 X 300 nm?), and immediately after on a sample
with GNPs connected to a dsDNA (to prove that the tip is still conductive) (e and f; 170 X 170 nm2). a, ¢, and e show topography images. No current is observed
for current maps recorded simultaneously with a, ¢, and e with zero bias voltage on the tip (V = 0). b, d, and f present current maps measured simultaneously
with the next topography images (not shown), for which 4 V were applied to the tip. A current signal is clearly observed at the positions corresponding to the
positions of GNPs connected to dsDNA (blue circles), and no current is observed for the noncomplementary ones. An opposite signal is measured for =4V (b Inset).
No current is measured in any other position on the ssDNA in all cases.

11590 | www.pnas.org/cgi/doi/10.1073/pnas.0505272102 Cohen et al.
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Fig.3. |-V curves that were measured at a preset height above the surface at the closest point to the surface during force-distance measurements (shown in
the insets). The approach in measurements a—c was halted just before the JTC of the tip to avoid pressure on the surface or the particle underneath. The hysteresis
in the backward curves in the insets is caused by adhesion and indicates that good contact was established with the surface or the particle underneath. The green
curvesare the “forward’ and were measured first; the red curves are the “backward’ and were measured after the green ones. It can be observed that the current
values in the red curves are usually higher than those of the green curves. This is probably because of the formation of improved contact between the metal tip
and the particle or the surface during the first measurement. (a) This measurement was performed on a metal particle without pressing on it, as seen in the inset.
The current measured is >220 nA at 2 V. (b) I-V curve, measured on the ssDNA monolayer without pressing it. Negligible current was observed here, indicating
that the monolayer is insulating. (c) A measurement that was taken on a bare gold surface showing ohmic behavior, as expected from metal-metal contact. The
resistance here is ~500 (). (d) I~V curve measured on a metal particle, connected to the surface through a dsDNA while pressing it strongly to the metal substrate,
as seen in the force-distance curve in the inset. This curve also shows a nearly linear behavior. (e and f) Two sets of -V curves that were measured on different
GNPs on different samples, tips, and dates, which demonstrate the variation in the data. Lower maximal currents were measured as well in many cases (not

shown). e emphasizes curves with a gap, whereas f emphasizes curves with a nonzero or small gap.

alternating measurements on complementary (a, b, e, and f) and
noncomplementary (¢ and d) strands connected to the GNPs,
such that with the complementary strands dsDNA are formed
and with the noncomplementary strands no dsDNA is formed.
The topography images are shown in a, ¢, and e. No current is
observed in current images measured simultaneously with the
topography images at zero voltage (as in the image ind). b, d, and
f were measured together with the following topography image
at a 4-V bias voltage. After the 4-V application current signal was
observed only for dSDNA at the position of the GNPs. Four volts
is larger than the maximum voltage used in the /-} curves shown
later and therefore demonstrates that even at this high voltage
no leakage current is observed on the ssDNA monolayer. The
neutral background indicates that the ssDNA monolayer insu-
lates even at a high bias voltage. This measurement confirms that
current flows only when the GNPs connected to the dsDNA are
contacted and not through the ssDNA monolayer.

More quantitative and detailed information is obtained from
the electrical transport measurements presented in Fig. 3, which
shows I-V curves measured between the metallized tip and the
substrate in various configurations. The AFM software was
especially modified to have a good control over the applied force
and the tip position relative to the sample while performing the
electrical measurements. The distance between the tip and the
particle, or the surface under the tip, is reduced while recording
the tip deflection (green curves in the insets). An I-} curve is
acquired at a predefined distance (presented in the insets
together with the measurements illustrated). The measurements
were done at various humidity conditions ranging from ambient
(relative humidity of ~50-85%) to N, atmosphere (relative
humidity of ~15%) with no observable difference. When per-
forming a measurement in a nonvacuum or nonliquid environ-
ment, as are all of the measurements reported here, the tip—

Cohen et al.

surface distance is reduced until “jump to contact” (JTC)
between the tip and the surface occurs (green curves). Then, the
tip and the surface underneath move together while the AFM
cantilever is deflected further (Fig. 3d, Inset). To avoid tip-
loading force on the particle or the monolayer, the approach can
be stopped just before the JTC (Fig. 3 a—c, Insets) by either
limiting the approach distance or limiting the approach by using
a feedback from the amplitude reduction. When the tip is
retracted (red curves), a hysteresis is observed as a result of
remaining tip—surface contact caused by adhesion and capillary
force resulting from a water meniscus located between the tip
and the surface (forces in the nanonewton range). The tip—
particle (or tip-ssDNA monolayer) contact interaction has the
magnitude of the adhesion force alone with no apparent con-
tribution of the tip load. “Snap off contact” (SOC) occurs at a
distance farther away from the surface than the JTC distance.
The adhesion indicates that good contact was established be-
tween the tip and the particle or the surface underneath. Before
the JTC and after the SOC, the tip oscillates near its resonance
frequency to improve its stability** (as seen in all of the insets).

Fig. 3a shows a typical I-V curve that was measured when the
metal tip was brought in contact with one of the GNPs without
pressing it (see Inset). Typically, when the voltage exceeds ~1V,
a gradual rise in the current is observed. The current can reach
values of up to 220 nA at 2 V. Beyond this value the preamplifier
is saturated, and therefore higher values cannot be recorded. The
curves are generally not symmetric, probably because of asym-
metry in the contacts and the molecule itself. They have an
S-type shape, when typically the resistance measured between
—1land 1 Vis =60 M. At ~2 V the resistance is of the order

**The observed oscillation is caused by the driving oscillation but appears with a lower
frequency because of aliasing.
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of 2 MQ. The reproducibility of the general curve shapes in
consecutive sets of measurements indicates their stability at
these voltages.

The flat curve in Fig. 30 was measured on the ssDNA
monolayer without pressing it (the applied force is similar to that
applied for Fig. 3 a and c), as shown in the inset. Again, the
hysteresis in the retraction force—distance curve indicates that
good contact was established between the tip and the surface.
This curve is representative of many measurements that were
performed in many positions on the monolayer.’™ Similar mea-
surements were done on GNPs labeled with noncomplementary
ssDNA with no current rise. All these curves indicate insulating
behavior. Fig. 3¢ shows an -} curve that was measured on a bare
gold surface to check the reliability of the measurement method.
An ohmic curve was obtained (before JTC), showing resistance
of =500 Q) (the resistance in these measurements at different
positions spans 4-500 1), as expected from contact between a
metal tip and a metal substrate. Finally, Fig. 3d presents a curve
that was measured on one of the GNPs while pressing it strongly
to the surface (see Inset). The measured current (order of 1 nA)
results from a contact with the substrate through the pressed
ssDNA monolayer. Fig. 3 e and f show two collections of curves
that were measured on various GNPs and different samples with
different tips. Note that the maximal Coulomb blockade signa-
ture of a completely isolated 10-nm GNP is ~0.2 eV, and
therefore its contribution to the shape of the I-V curve is
minimal.

To further verify that the high current does not originate from
any direct contact between the GNP and the metal surface, we
monitored the current at a fixed voltage, —3 V, applied to the tip
while retracting the tip and monitoring the force vs. distance. Fig.
4 presents the results obtained from this procedure; both the
force—distance and the current—distance curves, measured si-
multaneously, are shown. The current value (negative because of
the voltage sign) increases at the beginning of the retraction (red
curve, right to left) and then decreases, first sharply and then in
jumps that can be interpreted in several ways. The initial increase
in the current is possibly caused by the structural relaxation of
the dsDNA after straightening of the propyl group, through
which the DNA is attached to the surface. This alkane chain is
most probably initially not in its “all-trans” configuration. When
the chain is stretched by the retraction of the tip, the propyl
group is transformed to the all-trans configuration, which leads
to better conductivity (19). The adhesion forces between the tip
and the particle are in the nanonewton range, whereas the
interplanar forces in the DNA are in the 10- to 100-pN range,
indicating that the molecule is stretched when the particle is still
attached to the tip, and only then is the meniscus also stretched
and SOC occurs. These measurements show that the current falls
off over a few nanometers, in accordance with current flowing
only through the molecule. Fig. 4 Inset shows similar stretching
measurements done on GNP connected to a noncomplementary
strand (no current), on the ssDNA (no current), on a GNP laid
directly on the bare gold, and directly on the bare gold. The last
two measurements show high current (>5 wA) over a long
stretching distance (50 and 100 nm), probably caused by the gold
melting and a sharp SOC followed by an immediate current
suppression. This clear difference in behavior between the
control experiments and the dSDNA-bound GNP verifies that
current flows only through the dsDNA and not through any
direct contact of the GNP with the metal surface.

t*Additional measurements, performed in 3D mode on the ssDNA monolayer (22), verify
that the tip deflection after voltage application is <2 A and does not affect the -V results.
In addition, the current was monitored while the tip penetrated ~4 nm into the ssDNA
monolayer, and it was found that current rises only when good contact is established
between the tip and the metal surface.

11592 | www.pnas.org/cgi/doi/10.1073/pnas.0505272102
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Fig.4. Current-distance (black, forward; red, backward) and force-distance
(green, forward; purple, backward) curves measured simultaneously. A volt-
age of —3 V was applied to the tip during retraction. The current rise (a
negative value for negative voltage) that we observed during retraction of the
tip is interpreted as being caused by a more relaxed configuration of the
molecule when the tilt of the molecule is first recovered (see scheme in
the Inset). The current then drops rapidly with the stretching. The bumpsin the
current may be related to sequential stretching steps or any other structural
effect. Note that the length calibration is correct for the first few nanometers,
but when the molecule is strongly stretched, part of the tip motion is incor-
porated in cantilever bending, and one can assume that the distance from +5
to —5 nm (zero is the tip distance above the surface before approach, the
starting position depending on the set point) should be somewhat scaled
down. (Inset) Similar measurements performed on a GNP that is connected to
noncomplementary strands (no current), on the ssDNA monolayer (no cur-
rent), on a GNP laid on the bare gold (brown), and directly on the bare gold
(blue). The latter two measurements show very high currents (>5 nA) that last
over long stretching distances (50 and 100 nm, mostly cantilever deflection),
probably because of the metals melting together. These measurements prove
thatthe currents that we measured cannot be attributed to direct GNP-surface
contact.

The water layer and existing counter ions around the DNA do
affect the DNA structure and therefore, in principle, may affect
the results. Their existence, however, cannot explain by itself the
observations, because also in the case of ssSDNA the water and
the counter ions exist, but no current was monitored. However,
one should realize that in the case of sSDNA, no GNP-DNA-
substrate junction is present.

Discussion

The reported measurements clearly demonstrate the ability of
short dsDNA molecules to transport relatively high currents
when the potential across the molecule exceeds ~ 1 V. The
current, measured through a complex sequence in the present
studies (>220 nA at 2 V), is at least 22 nA per molecule at 2 V
and is considerably higher than measured before in “dry” DNA
(6,7, 10-12). It has already been shown for other molecules that
in several cases the current is increased by ~3 orders of
magnitude when the molecule is bonded chemically to the
electrodes (21). Hence, we attribute our observation to the fact
that on one hand the dsDNA is chemically bonded to the contact
electrodes, and on the other hand it is not interacting with the
substrate along its length. Furthermore, it was shown that control
over the vertical applied force when performing the /-1 curves
is of major importance for the stability of the measurements (17,
22). The controlled AFM-measurement method developed here
significantly contributes to the stability and reproducibility of the
electrical measurements. In addition, the stretching measure-
ment (measuring the current at a constant bias while extending
the tip substrate separation) showed that the current amplitude

Cohen et al.
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depends strongly on the dsDNA distortion and therefore on the
applied force. Consequently, the control over the force enables
us to observe the high current measured here.

Several mechanisms have been suggested for charge transport
in DNA (1, 3, 4, 18). Our measurements may be consistent with
the mechanisms of incoherent hopping for the low currents (<1
nA) but clearly imply the existence of a faster conduction
mechanism (e.g., coherent or band transport for the higher bias
potential at which the current rises). This mechanism may be of
importance at least at room temperature, at which phonon-
assisted interactions may take place (18). The high measured
current, although surprising, does not necessarily contradict
previous reported results (1-13), in which the currents may have
been limited by the attachment to the surface or by noncovalent
bonding to the metal electrodes. It diverges, however, from the
mechanisms that are suggested to account for the kinetic mea-
surements in solution. The maximal possible currents expected
according to this mechanism is well below 1 nA (18). In the
kinetic measurements a donor and an acceptor are attached to
the dsDNA at a distance; after photoexcitation, a single charge
carrier (usually a hole) is injected into the chain and travels the
distance, and the process is followed by a recombination event
(23). In the present study, as well as in the experiment performed
by Xu et al. (15), the dsSDNA molecule is covalently attached to
two metal electrodes. As a result, the electrochemical potentials
(Fermi levels) of the molecule and the electrodes must equalize.
This process involves either significant charge reorganization on
the molecule or charge transfer between the metal electrodes
and the molecule. This equalization process changes substan-
tially the energy levels of the DNA. Hence, in this case, the
charge transport mechanisms can differ significantly from the
incoherent hopping process, commonly accepted for the kinetic
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measurements. We have no sufficient experimental data to
clearly identify the specific mechanism(s) acting in our measure-
ment, but possible ones could include multicharge injection into
the chain (limited by polaron formation), fast hopping with
reduced loss of phase, and band transport. The latter is incon-
sistent with previous calculations that report a wide band gap
and a narrow band width (e.g., by de Pablo et al. inref. 8). In none
of these calculations, however, was the covalent attachment to
the electrodes accompanied by charge injection and band bend-
ing taken into account (as well as the backbone). Therefore, the
band-conduction picture may differ from those calculations, and
band conduction that allows for high currents should still be
considered.

Generally, our results are consistent with scanning tunneling
microscopy measurements reported by Xu et al. (15), in which
large statistics on the conductivity of dsSDNA covalently con-
nected to the tip and the substrate on opposite ends was
monitored in aqueous solution, in which the B-form DNA
structure is apparently preserved. They measured currents of
similar magnitude for shorter, 8- to 14-bp-long dsDNA, how-
ever, with no gap in the I-V curves, as observed in some of our
measurements. The similarity in the results of both experi-
ments indicates that the electrode—bridge—electrode configu-
ration vs. donor-bridge—acceptor configuration is much more
important than the difference between aqueous and ambient
environments.
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