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Conductivity measurements on double-stranded DNA molecules deposited by 
a combing process across a submicron slit between rheniumlcarbon metallic 
contacts reveal conduction t o  be ohmic between room temperature and 1 
kelvin. The resistance per molecule is less than 100 kilohm and varies weakly 
with temperature. Below the superconducting transition temperature (1 kelvin) 
of the contacts, proximity-induced superconductivity is observed. These results 
imply that DNA molecules can be conducting down t o  millikelvin temperature 
and that phase coherence is maintained over several hundred nanometers. 

The desire to use molecules as the ultimate connected to superconducting electrodes 0.5 
building blocks of electronic circuits motivates pm apart. We observed a conducting behav- 
the quest to understand transport in molecular ior, with signs of proximity-induced super- 
wires. However, most molecules with delocal- conductivity below the superconducting tran- 
ized electronic orbitals undergo a structural sition temperature of the electrodes. The 
Peierls transition to an insulating state at low proximity effect (PE)-the penetration of su- 
temperature (1). Few systems are exceptions to perconducting correlations in a nonsupercon- 
this rule, with carbon nanotubes being one of ducting (normal) conductor connected to it- 
them (2). The situation of DNA molecules is has been extensively measured in metallic 
controversial. Optical experiments have indi- multilayers, mesoscopic wires made of noble 
cated the possibility of charge transfer in DNA metals (8 ,  9), and more recently in carbon 
molecules (3). As for transport measurements, nanotubes (1 0). Observing a PE in DNA mol- 
some indicate that DNA molecules could be ecules implies that these molecules are con- 
conducting (4, 5), and others indicate that they ducting, that their phase coherence length is 
are insulating (6, 7). Fink et al. (5) found that a on the order of the length of the molecules, 
small bundle of DNA molecules suspended and that they form a low-resistance contact 
across a hole in a metallic grid had an ohmic with the superconducting electrodes. 
behavior (linear IV curve). They found a resis- The experimental system consisted of 
tance on the order of 1 megohm for a l-pm- double-stranded 16-pm-long A-DNA mole- 
long sample. In contrast, Porath et al. (7) mea- cules connecting two superconducting rheni- 
sured a single 10-nm-long DNA molecule that udcarbon (RelC) electrodes, deposited by 
had been electrostatically trapped between elec- sputtering on a freshly cleaved mica sub- 
trodes 8 nm apart and found a nonlinear current strate. The Re film was 2 nm thick. The same 
voltage characteristic, with an insulating gap of nominal thickness of C did not produce a 
several hundred millivolts. smooth film but rather a "forest" of individ- 

Motivated by this puzzle, we performed ual fibers up to 40 nm tall (Fig. 1). The 
transport experiments on DNA molecules 	 resistance of the RelC bilayer was 100 ohm 
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sisted of a double submicron slit that separat- 
ed the RelC film into two broad electrodes. 
The resistance of the structures was more 
than 1 gigohm and decreased to several ki- 
lohm after deposition of DNA molecules. 

In order to obtain aligned DNA molecules 
across the submicron gaps, we first glow- 
discharged the ReiC-covered mica substrate 
in the presence of pentylamine vapor, in order 
to promote adhesion (11). We then combed 
the DNA molecules using a continuous flow 
of DNA solution (12-14). After deposition, 
the samples were imaged with an atomic 
force microscope (AFM). The density of de- 
posited DNA molecules depended on the du- 
ration of deposition. We prepared two sam- 
ples with different estimated linear densities 
of DNAs perpendicular to the flow: 3000 and 
6000 cm-', corresponding, respectively, to 4 
and 10 min of adsorption time. We estimate 
that about 100 and 200 DNA molecules 
bridged the two electrodes in these two re- 
spective samples, yielding a total resistance 
of 3 to 4 kilohm and 2 to 3 kilohm. resvec- 
tively, and corresponding to an average resis- 
tance of about 300 kilohm per DNA mole- 
cule. However, this number is probably over- 
estimated, because only a fraction of the 
combed molecules is likely to be in good 
contact with the electrodes. We also checked 
that the resistance of the structures remained 
greater than 1 gigohm after treatment in a 
buffer solution (without DNA) flow. After 
DNA deposition, we attempted to isolate a 
single DNA molecule by destroying the other 
molecules with a low-power focused laser 
beam. To this end, we scanned the focused 
laser beam at low power (the beam diameter 
was about 1 pm, with power about 10 times 
less than used for cutting of the ReiC film) 
along the slit, except for a window that was 
left unetched. Scanning along the gap de- 
stroyed DNA molecules connecting the two 
electrodes and increased the resistance of the 
structure. 

We present low-temperature transport 
measurements on three such structures: sam- 
ple DNA1, with a 30-pm-wide unetched win- 
dow, contained approximately 10 combed 
molecules as estimated from AFM observa- 
tions; sample DNA2, with a 120-pm-wide 
window, had about 40 combed DNAs; and 
sample DNA3 had only a few molecules 
(probably two or three). The room tempera- 
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ture (RT) resistance was 17, 11, and 40 ki- 
lohm, respectively. Measurements were made 
in a dilution refrigerator, at temperatures 
ranging from RT to 0.05 K, through filtered 
lines. Magnetic fields up to 5 T could be 
applied perpendicularly to the contacts and 
the molecules. The temperature dependence 
of the resistance of the three samples between 
RT and 0.05 K (Fig. 2) shows that down to 1 
K, all three samples presented a moderate 
monotonous increase of resistance with de- 
creasing temperature, which can be approxi- 
mately fitted by a small negative exponent 
power law. The absolute value of this expo- 
nent increases with the resistance of the sam- 
ple and can be determined within a 10% 
accuracy to be 0.03, 0.05, and 0.08, respec- 
tively, for DNA2, DNAI, and DNA3 (Fig. 
2A). Over this temperature range, transport is 
ohmic. 

The resistances R ,  of DNAl and DNA2 
are on the order of the resistance quantum 
h/2e2 - 13 kilohm, the maximum resistance 
of a phase-coherent conducting wire (above 
this value, strong localization is expected to 
take place) (15), indicating that the number of 
DNA molecules N, participating in transport, 
with a typical resistance of N'R,, is on the 
order of one or two. 

The temperature dependence changed dra- 
matically below the superconducting transi- 
tion of the Re/C contacts, around 1 K. The 
resistances of DNAl and DNA2 decreased, 
by 75% at 0.05 K for DNAl and by 15% for 
DNA2. The resistance of DNA2 increased 
slightly below 0.1 K (Fig. 2B). In contrast, 
the resistance of DNA3 (the most resistive 
sample) increased monotonically, with no 
change at the contact transition temperature. 
The transition observed on DNAl and DNA2 
was shifted to lower temperature in a mag- 
netic field and disappeared at fields higher 
than 1 T, where the resistance increased with 
decreasing temperature, and all .curves over- 
lapped (Fig. 2B). We attribute these transi- 
tions to a lower resistance state to a proximity 
effect in the SNS (superconducting-normal- 
superconducting) systems constituted by 
DNA 1 and DNA2 between the two supercon- 
ducting electrodes. In contrast to DNAl and 
DNA2, which had a positive magnetoresis- 
tance because of the PE (a magnetic field 
weakens the induced superconducting corre- 
lations and increases the resistance of the 
SNS system), DNA3 had a negative magne- 
toresistance up to 1 T (Fig. 2C). Further 
investigation with different field orientations 
with respect to the molecules may help dis- 
criminate between an orbital or spin origin of 
this singular magnetoresistance. 

At low temperature, the transport on all 
samples was nonlinear (Fig. 3). In zero mag- 
netic field, the differential resistance of 
DNAl dipped at low voltage, with two sharp 
peaks at 300 pV (close to the gap of Re 

estimated around 200 pV at zero magnetic 
field), followed by bumps at higher voltage. 
The normal state resistance was recovered 
above 1 mV. This low-bias differential resis- 
tance dip became weaker and narrower at 
higher magnetic field and disappeared around 
1 T. Above 1 T, the differential resistance 
peaked at zero current and was similar to that 
of DNA3. The behavior of DNA2 was inter- 
mediate, with a zero bias peak at all magnetic 
fields, within a larger dip that disappeared 
around 1 T. The differential resistance curve 
of DNAl is reminiscent of what is observed 

in carbon nanotubes mounted on supercon- 
ducting contacts, where the proximity-in- 
duced superconductivity is incomplete (16). 
The broad dip in DNA2 can also be interpret- 
ed as residual induced superconductivity. The 
most reasonable explanation for the different 
behaviors of the three samples is different 
transparencies of the contacts between the 
molecule and the superconducting film. It is 
also possible that the different base sequences 
in the different samples play a role. 

After the samples were warmed to RT, 
microdrops of a saline buffer (1 mM CaCI, 

Fig. 1. Sample layout. (A) Schematic drawing of the measured sample, with DNA molecules 
combed between ReIC electrodes on a mica substrate. (B) Atomic force microscopy image showing 
DNA molecules combed on the ReIC bilayer. The large vertical arrow indicates the direction of the 
solution flow. The small arrows point toward the combed molecules. Note the forest structure of 
the carbon film. 

o I 2 3 4 Fig. 2. Linear transport measurements on the 
three samples. (A) dc resistance as a function 

v0H (T) of temperature on a large temperature scale, 
showing the power law behavior down to 1 K. 

(B) dc resistance of DNA1 and DNA2 as a function of temperature, below 1 K, for different values 
of the magnetic field. p,H = 0, 0.2, 0.4, 0.6, 0.8, and 1 T for DNA1 and 0, 0.2, 0.4, 0.8, and 1 T for 
DNA2. (C) Magnetoresistance of DNA3 at 50 mK. All these measurements were done with an ac 
excitation current of 1 nA at 30 Hz. 
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and 10 mM tris) were continuously deposited 
on DNA1. The sample resistance remained 
identical to its initial value for more than half 
an hour of continuous buffer deposition. But 
when a deoxyribonuclease (DNAse) enzyme 
was added to this buffer, the resistance rap- 
idly increased to about 1 gigohm after 30 s, 
providing additionnal proof that the transport 
was taking place through DNA molecules. 
Similar verifications were performed on the 
other samples. This test also shows that the 
conduction of DNA is the same in a dry and 
a biological environment. A systematic in- 
vestigation as a function of the buffer's ionic 
concentration still remains to be conducted. 

These experiments show that ohmic elec- 
tric conduction can occur through DNA mol- 
ecules over distances on the order of a few 
hundred nanometers, even at very low tem- 
perature. This result corroborates previous 
observations by Fink et al. (5), but we found 
resistance values one order of magnitude 
lower, for samples with comparable numbers 
of molecules. This is probably due to better 
contacts in our case. The power law temper- 
ature dependence is in agreement with the 
Luttinger liquid behavior expected in one-
dimensional electronic systems (17). The 
measured value of the exponent is known to 
depend on the transparency of the contacts 
when their transmission is on the order or 
smaller than the resistance quantum, with no 
temperature dependence in the case of per- 
fectly transmitting contacts (18). Our results 

-1.0 -0.5 0.0 0.5 1.0 

v (mV) 

show an increase of the power law exponent 
with the sample resistance value, in qualita- 
tive agreement with this prediction. Finally, 
observation of proximity-induced supercon-
ductivity indicates that electronic quantum 
phase coherence is achieved (8-10) in DNA 
molecules at low temperature on a length on 
the order of a few hundred nanometers. The 
physical mechanism involved in the conduc- 
tion process remains unclear. The electronic 
structure of the molecules is not a priori 
favorable to the existence of chains of delo- 
calized T orbitals along the molecule that 
would form a half-filled conduction band, as 
is the case in carbon nanotubes. On the other 
hand, several authors have suggested (19, 20) 
that the structure of DNA with a T electron 
system of four bases stacked on each other 
can provide a mechanism of electron transfer 
along the DNA, involving hole hopping from 
one guanine base to the next. This conduction 
process is strongly dependent on the base 
sequence and is thermally activated; it should 
therefore lead to an exponential increase of 
resistance at low temperature, which is in 
strong disagreement with our experimental 
findings. It could, however, explain the tem- 
perature dependence observed in ac absorp- 
tion experiments on unconnected DNA mol- 
ecules (21). We should emphasize that the 
role of the contacts could be crucial in acting 
as strong electron or hole dopants. They 
could provide a sufficient number of carriers 
delocalized along the molecular wire because 
of the quasi-absence of electrostatic screen-
ing in one dimension (22). A systematic in- 
vestigation of the transport properties of 
DNA molecules connected to metal contacts 
with different electronic work functions 
should be a way to shed light on this issue. 
The influence of the substrate may also be 
important. The surface of mica is known to 
be electrostatically charged because of the 
existence of uncompensated charges of 
OH- ions, which also could affect transport 
through deposited DNA molecules. Finally, 
it has been shown that DNA molecules 
present self-assembling properties: They 
can be cut at precise points with specific 
enzymes and subsequently hybridized to 
complementary template (23). In this con- 
text, the present demonstration of conduct- 
ing behavior of DNA molecules, when 
properly connected to electrodes, could 
yield interesting applications. For example, 
the presence of a particular sequence in a 
connected DNA molecule could be detected 
by a quick and simple conduction test using 
restriction enzymes cutting the DNA mol- 
ecule at this particular sequence. onecan 
also detect the presence of a very small 

method described in (25), where molecules 
are attached by one end on the substrate 
before combing. Also, previous experi-
ments on a plastic DNA film (4) have 
indicated that the conduction of single-
strand DNA could be considerably less than 
the conduction of double-strand DNA. If 
this property is confirmed at the single 
molecular level, it could be used as an 
efficient and cheap hybridization test on 
DNA chips (26). 
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Fig' 3'"ltagedependence of the differential 
resistance measured at 50 mK in magnetic number of molecules having a specific 

fields of 0, 0.2,0.4,0.6,0.8,and 1 for all length in a solution (24). The accuracy of 
sam~les. These measurements were done with these tests requires straight combed mole- 
an a'c excitation current of 1 nA at 30 Hz. cules, which can be obtained using the 
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