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Attempts to infer DNA electron transfer from ¯uorescence
quenching measurements1±9 on DNA strands doped with donor
and acceptor molecules have spurred intense debate10,11 over the
question of whether or not this important biomolecule is able to
conduct electrical charges. More recently, ®rst electrical transport
measurements on micrometre-long DNA `ropes'12, and also on
large numbers of DNA molecules in ®lms13, have indicated that
DNA behaves as a good linear conductor. Here we present
measurements of electrical transport through individual 10.4-
nm-long, double-stranded poly(G)-poly(C) DNA molecules con-
nected to two metal nanoelectrodes, that indicate, by contrast,
large-bandgap semiconducting behaviour. We obtain nonlinear
current±voltage curves that exhibit a voltage gap at low applied
bias. This is observed in air as well as in vacuum down to
cryogenic temperatures. The voltage dependence of the differen-
tial conductance exhibits a peak structure, which is suggestive of
the charge carrier transport being mediated by the molecular
energy bands of DNA.

The common model for electron transfer through DNA is based
on overlap between p orbitals in adjacent base pairs14. Irregular
base-pair sequences may lead to localization of charge carriers and
reduce the transfer rate of electrons9,15. A structure containing a
single type of base pair may therefore furnish the best conditions for
p overlap. In our experiments, we used 10.4-nm-long (30 base
pairs) poly(G)-poly(C) DNA oligomers, well characterized by
ultraviolet measurements, mass spectrometry and gel electro-
phoresis. The 10.4-nm size is adequate to span two closely spaced
metal nanoelectrodes as a linear, nearly stiff structure. A DNA
molecule was positioned between the nanoelectrodes by electro-
static trapping (see Fig. 1 legend for details) from a dilute aqueous
buffer containing about one molecule per (100 nm)3. This tech-
nique was developed for the trapping of single molecules, and has

² Present address: Physics Department, Harvard University, Cambridge, Massachusetts 02138, USA.

been shown to be successful for a variety of nanoparticles16,17. After a
DNA molecule was trapped from the solution, the device was dried
in a ¯ow of nitrogen and electrical transport was measured. No
current was measured between the bare electrodes before trapping
the DNA, indicating that no short-circuit, breakdown or ®eld
emission occurs in the voltage range investigated (as checked up
to 5 V for every sample and occasionally up to 10 V).

Here we report current±voltage (I±V) measurements on DNA
oligomers. The current is essentially zero (,1 pA) up to a threshold
voltage of a few volts. This shows that this system behaves as an
insulator at low bias. Beyond the threshold the current rises sharply,
showing that DNA can transport charge carriers. Relatively large
currents can be supported by the DNA molecule: we occasionally
put more than 100 nA through our device, which corresponds to a
high rate, ,1012 electrons s-1, over the 10-nm-long molecule. Note,
however, that our experiments involve electron transport rather
than electron transfer (the latter describes a one-step tunnelling
process). Subsequent current±voltage measurements under the
same conditions yield similar characteristics, but with a variation
of the width of the voltage gap (Fig. 1). Similar results were obtained
for more than 20 different samples at ambient conditions.

A number of control experiments were performed. To verify that
we indeed trap DNA and no other (in)organic particles, we
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Figure 1 Current±voltage curves measured at room temperature on a DNA molecule

trapped between two metal nanoelectrodes. The DNA molecule (30 base pairs, double-

stranded poly(G)-poly(C)) is 10.4 nm long, and the nanoelectrodes are separated by 8 nm.

Subsequent I±V curves (different colours) show similar behaviour but with a variation of

the width of the voltage gap. Note that the conductance in these measurements is limited

by a 2 GQ series resistor. Air humidity is 50%. The upper inset shows a schematic of our

sample layout. Using electron-beam lithography, we create a local 30-nm narrow

segment in a slit in the SiN layer. Underetching the SiO2 layer leads to two opposite free-

standing SiN `®ngers' that become the metallic nanoelectrodes after sputtering Pt through

a Si mask. The lower inset is a scanning-electron-microscope image of the two metal

electrodes (light area) and the 8-nm gap between them (dark area). Details of fabrication

and trapping are given elsewhere16,17. DNA was prepared in a buffer composition of

300 mM NaCl, 10 mM Na citrate and 5 mM EDTA (Eurogentec Bel S.A.). Deposition of a

DNA molecule between the electrodes was achieved with electrostatic trapping16,17. A

1-ml droplet of dilute DNA solution is positioned on top of the sample, and a voltage of up

to 5 V is then applied between the electrodes. The electrostatic ®eld polarizes a nearby

molecule, which is then attracted to the gap between the electrodes owing to the ®eld

gradient. When a DNA molecule is trapped and current starts to ¯ow through it, a large

part of the voltage drops across the series resistor, which reduces the ®eld between the

electrodes and prevents other molecules from being trapped16,17. Trapping of DNA

molecules using this method is almost always successful.
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incubated a sample with trapped DNA (Fig. 2, solid curve) in a
solution containing DNAse I, an enzyme that speci®cally cuts
double-stranded DNA. After the DNAse I treatment, no signi®cant
current was observed (Fig. 2, dashed curve), indicating that the
electrodes were indeed originally connected by DNA. In a comple-
mentary experiment, we repeated the same procedure using a
similar enzyme solution but without the Mg ions that are needed
to activate the enzyme. In this experiment the general shape of the
curve did not change (Fig. 2, inset), con®rming that in the original
control experiment the DNA was indeed cut by the DNase I enzyme.

The length selectivity of the trapping procedure was checked by
attempting to trap 10.4-nm-long chains between electrodes sepa-
rated by 12 nm instead of 8 nm. Lack of success indicates that the
DNA is trapped with its long axis bridging the two electrodes, and
that it is very unlikely that we have measured conductance through
two or more molecules in series, or through a number of parallel
DNA chains `sandwiched' between the electrodes, where each chain
has its axis perpendicular to the line connecting the electrodes.
Scanning-electron-microscope imaging of the gap between the
electrodes after trapping a DNA molecule showed a very small
amount of material (compared to the gap size) between the
electrodes, probably amorphous carbon covering the DNA during
the imaging process. Imaging of the bare electrodes before trapping
the DNA did not show this material. The very low concentration of
molecules in the solution, the trapping procedure (using a 2 GQ
series resistor), and the imaging together suggest that only a single
DNA molecule, or at most a few, becomes trapped.

We also tried to trap from a droplet of buffer solution without
DNA. Nothing was trapped in this case, and no conduction by
ions or molecules present in the buffer solution was observed.
I±V measurements performed in vacuum (,10-6 mbar) and
below -20 8C exclude the possibility of ionic conduction
through traces of water around the molecule18, and con®rm
that the current is ¯owing through the DNA.

Three samples were measured in vacuum and at low temperatures
down to 4 K. The differential conductance dI/dV versus V (Fig. 3a)

exhibits a peak structure, with a peak spacing of 0.1±0.5 eV and a
peak width of ,0.2 eV (typical values from many such curves). This
structure is stable and reproducible over time, as can be seen from
the close similarity of the six subsequent curves plotted in Fig. 3a.
But after a number of I±V measurements (inset, blue line) we
observe an abrupt change in the shape of the I±V curves: the new,
stable and reproducible shape is shown as a pink line in the inset.
Changes between stable con®gurations can be induced by an abrupt
switch of the applied voltage or by a high current. Measurements at
higher bias voltages (beyond the scale of Fig. 3a) also manifest a
peak structure, but with more ¯uctuations and less reproducibility.
The voltage gap in the I±V curves widens on increasing the
temperature, as shown in Fig. 4. We do not yet understand this
intriguing trend, which was observed for three different samples in
both cooling and heating runs. The thermal expansion of the gap
between the electrodes is very small (of the order of 1 AÊ ), but may
conceivably have some effect.
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Figure 2 Current±voltage curves that show that transport is indeed measured on DNA

trapped between the electrodes. The solid curve is measured after trapping a DNA

molecule as in Fig. 1. The dashed curve is measured after incubation of the same sample

for 1 h in a solution with 10 mg ml-1 DNAse I enzyme (5 mM Tris-HCl, 5 mM MgCl2,

10 mg ml-1 DNAse I (pH 7.5)). The suppression of the current indicates that the double-

stranded DNA was cut by the enzyme. This experiment was performed for four different

samples (including the sample of Fig. 3a). Inset, two curves measured in a complementary

experiment where the above procedure was repeated but in the absence of the Mg2+ ions

that activate the enzyme and in the presence of 10 mM EDTA (ethylenediamine tetraacetic

acid) that complexes any residual Mg ions. In this case, the shape of the curve did not

change. This veri®es that the DNA was indeed cut by the enzyme in the original control

experiment.
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Figure 3 Differential conductance dI/dV versus applied voltage V at 100 K (a), and various

models for the transport (b). a, The differential conductance shows a clear peak structure.

Good reproducibility can be seen from the six nearly overlapping curves. The peak

structure suggests that electron transport is mediated by the DNA molecular energy

bands. Peak structures were observed in all three samples measured at low

temperatures, although details were different from sample to sample. The dI/dV data were

obtained by numerical derivation of the I±V curves. Subsequent sets of I±V

measurements can show a sudden change, possibly due to conformational changes of the

DNA. Inset, an example of two typical I±V curves that were measured before and after

such an abrupt change. Switching between stable and reproducible shapes can occur

after an abrupt switch of the voltage or by high current. The I±V curves were measured

without a series resistor. b, Three basic models for transport through DNA. The black and

red lines illustrate the situation with an without an applied bias voltage V, respectively. The

contact between the DNA and the metal electrodes is represented by tunnelling barriers.

The middle part describes the electronic states of the DNA. Model 1 describes unistep

tunnelling, as commonly discussed in electron-transfer studies, model 2 describes

sequential hopping between localized states, and model 3 describes molecular band

conduction.
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We now consider how these data relate to available models for
electron transport through DNA. Figure 3b schematically outlines
three models. The ®rst is a one-step electron transfer process that
involves tunnelling from electrode to electrode8,9. This can be ruled
out in our samples owing to the very large tunnelling distance that
would be involved (8 nm) and the large currents observed. The
second model describes sequential hopping between localized
states7,8, which could, for example, be associated with the base
pairs. The hopping process could be either unidirectional or involve
one-dimensional diffusion. It can be argued that the back-and-forth
diffusive hopping8 is less likely in our case due to the high electric
®elds used, which will tilt the potential, and the high electron-
transfer rates observed. (A calculation of the time needed for such
diffusive motion along the chain limits the electron transfer rate to a
value well below the one we observe.) In the third model, electronic
interactions between the bases in the DNA molecule lead to a
molecular band where the electronic states are delocalized over the
entire length of the molecule. Electron transport in the hopping and
band models is facilitated when the Fermi level of the electrode is
aligned with the band edge by applying the bias voltage. Once
electrons are injected, transport occurs through hopping or band
conduction. (Holes rather than electrons may be the relevant
carriers, but the physical picture of the transport process is essen-
tially the same.)

The nature of the contact resistance between the DNA and the
metal electrodes is not known. However, it is very likely that there is
no good metallic contact19 and that the contacts can be represented
by tunnelling barriers. If the applied voltage drops largely across
these barriers, the differential conductance dI/dV is determined by a
combination of the electronic density of states of the DNA molecule
and Coulomb blockade effects20. These effects are observed when
the capacitance C of an object is so small that the addition of a single
electron costs a charging energy e2/2C that is larger than the thermal
energy. Coulomb blockade may lead to a voltage gap and steps in the
I±V curve. For a 10-nm-long DNA molecule with states delocalized
over the whole molecule, we estimate C,1 aF and e2=2C < 0:2 V,
which is one order of magnitude smaller then the voltage gap
observed in our measurements. Neither do we observe clear
periodic Coulomb steps in the I±V curves. Although Coulomb
blockade is thus likely to make a minor contribution to the gap in
this case, it cannot solely explain it.

In the simplest hopping model, the DNA may alternatively be

considered as a series of 30 very tiny (,3 AÊ ) quantum dots. Each of
these dots has a large charging energy (.5 V), and their series
addition would lead to an even larger overall charging energy. This
would lead to a Coulomb blockade voltage gap that is again
incompatible with the data. Larger quantum dots formed from
assemblies of adjacent base pairs may be considered, but this is not
likely for our homogeneous poly(G)-poly(C) DNA where an
extended model is more reasonable. We thus conclude that most
of the observed gap probably originates from the offset between the
Fermi level of the electrode and the molecular energy bands of the
DNA molecule. The peaks in our curves then re¯ect the structure of
the molecular bands of the DNA21,22. M
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Figure 4 Temperature dependence of the voltage gap in the I±V curves for three different

samples. The top two data sets (open circles and crosses) show results from two samples;

the lower two data sets are cooling and heating measurements on a third sample. Solid

lines are linear ®ts. The voltage gap is de®ned by the voltage at which the current rises

above 1 pA. The voltage gap appears to widen with increasing temperature.
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Structure sizes of ,180 nm are now standard in microelectronics,
and state-of-the-art fabrication techniques can reduce these to
just a few tens of nanometres (ref. 1). But at these length scales, the
strain induced at interfaces can locally distort the crystal lattice,
which may in turn affect device performance in an unpredictable
way. A means of non-destructively characterizing such strain
®elds with high spatial resolution and sensitivity is therefore
highly desirable. One approach is to use Raman spectroscopy2, but
this is limited by the intrinsic ,0.5-mm resolution limit of visible
light probes. Techniques based on electron-beam diffraction can

achieve the desired nanometre-scale resolution. But either they
require complex sample preparation procedures3 (which may alter
the original strain ®eld) or they are sensitive to distortional (but
not dilational) strain within only the top few tens of nanometres
of the sample surface4,5. X-rays, on the other hand, have a much
greater penetration depth, but have not hitherto achieved strain
analysis with sub-micrometre resolution6. Here we describe a
magnifying diffraction imaging procedure for X-rays which
achieves a spatial resolution of 100 nm in one dimension and a
sensitivity of 10-4 for relative lattice variations. We demonstrate
the suitability of this procedure for strain analysis by measuring
the strain depth pro®les beneath oxidized lines on silicon crystals.

The crucial element of our set-up is a waveguide7,8 (WG in Fig. 1),
which constitutes an unusual optical element for medium- and
high-energy X-rays (10±30 keV). Unlike diffracting optical ele-
ments it does not focus a collimated incident beam, but instead
con®nes it (through a resonance effect9) in one direction to a
dimension of typically 100±150 nm, the distance between the
parallel interfaces of the resonator8. Several resonator modes can
be excited; these modes can leave at the end of the waveguide, with a
high degree of spatial coherence in the plane perpendicular to the
waveguide surface, which is here the vertical one. In this direction,
the beam pro®le of the ®rst resonance modeÐat distances of more
than 1 mm from the waveguide endÐis well described by a gaussian
beam10,11; this mode then seems to originate from a virtual line
source inside the resonator. This has allowed us to register an in-line
hologram with a spatial resolution of 140 nm in one direction12.

The idea behind the present diffraction imaging experiment is as
follows: for highly monochromatic X-rays, a perfect crystal has a
limited angular acceptance (typically a few tens of microradians)
in its diffraction plane, which in our geometry in Fig. 1 is the
horizontal plane. But in the vertical plane, its angular acceptance is
larger and can even exceed 1 mrad. This acceptance can be matched
favourably with the characteristics of the waveguided beam, which
is divergent (typically 1 mrad) in the vertical plane while maintain-
ing its collimation in the horizontal plane. Strain sensitivity is then
achieved with the collimated beam in the horizontal plane. High
spatial resolution is utilized in the vertical direction, in which local
structural variations at the sample are registered by projecting them,
magni®ed, on a two-dimensional detector placed far from the
sample. So spatial resolution and strain resolution are not corre-
lated, as they are obtained in orthogonal directions: spatial resolu-
tion in the horizontal plane has to be sacri®ced in order to obtain
good strain sensitivity.
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Figure 1 Diffraction imaging set-up. The beam arriving on the waveguide (WG) surface is

spatially compressed by the waveguide in the vertical direction; the beam leaving the

waveguide is vertically divergent. This latter beam, impinging on the sample surface at an

incident angle q, is diffracted in the horizontal plane towards the two-dimensional CCD

detector positioned at a ®xed scattering angle 2v. The waveguide disperses the beam in

the vertical plane providing at the CCD detector a magni®cation M = (Z1 + Z2)/Z1 , Z2/Z1

for any structural variations occurring at the sample surface in this plane. Z1 is the WG±

sample distance, Z2 is the sample±detector distance. In a Bragg scan only q is varied.


