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Thickness and low-temperature conductivity of DNA molecules
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We argue that interaction between molecules and substrate is a key parameter which determines the
conducting or insulating behavior of DNA molecules. In this letter, we show that strongly deformed
DNA molecules deposited on a substrate, whose thickness is less than half the native thickness of
the molecule, are insulating, whereas molecules keeping their native thickness are conducting down
to very low temperature with a non-ohmic behavior characteristic of a 1D conductor with repulsive
electron—electron interactions. ®&004 American Institute of Physic$DOI: 10.1063/1.1644909

Conductor or insulator? The debate about the conductivecules, crossing the edge of the Pt film. In the SRM, the
ity of DNA have been recently revived due to contradictory conducting tip of the AFM is pressed on the molecule, and
results of transport measurements on a small number of maothe current which goes through the tip-DNA junction is re-
ecules deposited on a substrate and connected to metallforded for a given voltage difference. In the absence of any
electrodes, and an answer to this question is important foireatment of the micaPt substrate we measure a typical
DNA based molecular electronics. In several works it washeight of the DNAs of about 1 nm and no contrast in the
observed that double-strandéts) DNA molecules are con- SRM mode indicating insulating molecules in agreement
ducing (either metallic or semiconducting ® However in  with previous observatior{§=igs. 1a) and Xb)]. In contrast,
other worké DNA was found to be insulating, even when the very different results are obtained if prior to deposition of
molecules had perfectly ordered base pairs. molecules, a thittabout 0.5 nmlayer of discontinuous poly-

In this letter we emphasize the importance of the inter-mer film is sputtered on the surface of both Pt and mica by
action of the molecules with the underlying substrate. Foglow discharge of pentylamine vapor, as was done in our
most commonly used substrates like mica or silicon oxideprevious experimentsThis film is mainly constituted of ion-
the interaction between the molecule and the surface is verged NH;+molecules on which the negative phosphate
strong and induces a very large compression deformation droups of the DNA molecules get attached. The thickness of
deposited DNAs. The thickness of such compressed DNAs igbserved DNA molecules was then measured to be of the
2—4 times less than the diamet@bout 2 nm of native  order of 2 nm and they were clearly visible in SRFigs.
Watson-Crick B-DNA’ Here we confirm the insulating char- 1(c) and Xd)], indicating a conducting behavior.
acter of DNA on such substrates. On the other hand when the We interpret these results in the following way: the
substrate is treatetfunctionalized so that deposited mol- deposition of the polymer film decreases hydrophilicity of
ecules keep their original thickness, we find that they ardnica and thus its interaction with DNAs. The average thick-
conductors, both from conducting AFM and transport meaess of DNA molecules on the substrates treated by penty-
surements on molecules connected to platinum electrode@mine is 2.4 nm(with a dispersion of 0.5 nm for 64 mea-
This conductivity persists down to very low temperat(@el ~ Surements on different molecu)ehis value is very close to
K) where it exhibits a non-ohmic behavior with a power lawthe native thickness. For DNAs on the clean substrate the
singularity in the bias dependence of the differential resisthickness is 1.1 nmwith a dispersion of 0.2 nm for 57
tance typical of one-dimensional conductors with CoulombmeasurementsCareful studies in AFM have shown that the
interactions between electrical carriers. hugely reduced thickness of DNAs on clean mica and silicon

A DNA molecules were deposited on mica substrate$ubstrates is indeed a real effect and not an artifact of
partially covered by a Pt film with thickness of 3 rfinsing microscopy'® We have additionally confirmed the reduced
an AFM microscope operating both in standard and spreadhickness by transmission —electron microscopy  replica
ing resistancéSRM) modes it was possible to measure si- Method without use of AFMFig. 2. Concerning SRM mea-

multaneously the height and conductivity of the same mol-Surements, DNAs on the clean untreated surface have the
same contrast as mica, which indicates that they are insula-

_ tors. On the Pt surface some of DNAs are seen in negative
dAuthor to whom correspondence should be addressed; electronic ma'Eontrasi[Fig 1(b)] Such a contrast was already observed by
kasumov@postman.riken.go.jp ’ )

bpresent address: CRTBT CNRS, Avenue des Martyrs, 38000 Grenobl§CaNNING tunneling microscop$STM) and interpreted as
France. proof of the insulating behavior of DNAS. In contrast,
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FIG. 3. (a) Bias dependence of the differential resistance for different tem-
peratures between 0.1 and 1 K. Note the asymmetry of the curves above 0.4
mV. The excitation current is 0.1 nA. Right inset: optical image of the slits
etched in the 3 nm thick Pt film on mica. The wide part of the slits were

o etched using a focused laser beam, the narrow submicron part was etched

= using a focused ion beam. Scale bar is;28. Left inset: AFM picture of

3 DNA molecules combed across the slit. Two molecules are clearly visible
(shown by arrowson the Pt contactédark) but not on the etched mica
across the slit where rough surface state impedes good visualization of the
molecules. Scale bar is 250 nrth) Scaling behavior of the differential
resistance in the temperature range between d11ak and voltage range

30 nA between 0.02 and 0.4 mV. Inset: Temperature dependence of the resistance

of sample depicted on the insets compared to the bias dependence measured

FIG. 1. AFM (left) and SRM(right) images of DNAs:(a) AFM image of at 0.1 K on a log—log scale indicating a power law increase of the resistance

DNAs on the clean substrate without penthylamifi®; SRM image of the  at low temperature and low bias.

same moleculegight bright part of a and b images is)Ptc) AFM picture

of DNAs on the substrate treated by penthylamift}; SRM image of the

same molecules, Pt electrode is outside of the imegeAFM image of a  two independent, chaotically intersecting strands. Single-

DNA combed(as in Ref. 4 across the slit between Re/C electrodes on mica; stranded DNAs definitely are insulatdrs.

(f) SRM image of a rope of DNAs combe@s in Ref. 4 between Pt . _6: . . .
electrodes on mica. On the left- and right-hand sides of the image there are Previous work on DNA®is compatible with this state-

profiles of DNAs and current scales of SRMoltage was up to 0.23 ment that DNAs are conductors if their thickness is the na-

images, respectively. Note that whé) is plotted on the same current scale tjye thickness of about 2 niin this case it makes more

as (d), the DNA molecules on the mica still appear as black as the mica o L .

substrate sense to call it diameterConductivity was indeed observed
for suspended DNAs*® and DNA films where there is no

. . . . interaction with a surface, and the diameter of molecules
DNAs on the pentylamine-functionalized mica surface are

visible by SRM in positive contrasiFigs. id) and 1f)]. should be close to native. For thick ropes of DNAke

Thus they are conductors. We believe that the conductivity OFno!eculgs inside the rope are also expected to_ k_eep their
native diameter and to contribute to their conductivity.

DNA stems from the native, regular stacking of the base We previously showell that DNA molecules on

pairs in the molecule¥ It is well known that mechanical . . .
stretching deformation can lead to denaturation of DNfAs. rhenium/carbon bilayer contacts, prepared on a pentylamine-
functionalized substrate, like depicted in Fige)l exhibit a

Likewise compressing deformation may be able to destroy™ . .
P g y yesmtance of the order of 10dkper molecule and remain

the regular stacking of pair bases. Compressed DNA with . - .
etallic down to milli-Kelvin temperature. We have even

thickness 2—4 times less than B-DNA probably consists i o o
observed proximity induced superconductivity below the su-

perconducting transition temperature of Re/C, indicating low
temperature phase coherent transport at the micron scale. We
present in the following low temperature transport measure-
ments performed on DNA molecules connected to 3-nm-
thick platinum electrodes on mica separated by a 200—-500-
nm-wide slit made using a focused ion befsee Fig. 8a),
insetd. After the substrate with platinum electrodes was
treated with pentylamine, the molecules were deposited us-
ing the combing method with a continuous flow of DNA
solution previously describétl The estimated number of
FIG. 2. Schematic image of shadow evaporation technique. Inset: Transmisc-OnneCted molecules is between 1 and 5. Flglﬂb& Gnseb

sion electron microscopy imag@egative of PAC DNA replica from un- shows the low temperature transport measurements of one of
treated mica shadowed at 6°, indicating a thickness of 1 nm. these samples measured below 4 K. The resistance was equal
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to 55 K1 at room temperature, and increased moderately tthan the one which has been clearly identified here, in par-
95 k() as the temperature decreased to 4 K. These values atieular:
of the same order of magnitude as what was found for the  The structure of the molecule: Different types of kinks
previously measured molecules mounted on Re/C contactand bendings decrease conductivity. SRM and conductivity
This indicates that there is no major difference between theneasurements indicate that straight DN[&Sgs. 1e) and
quality of contacts realized with Pt films compared to con-1(f) and 3a)] are more conductive than curved orésg.
tacts made of Re/C bilayers. 1(d)]. The molecule can also be overstretched by combing,
We now focus on the very low temperature transportwhich leads to reduced base to base electronic transfer.
both linear and nonlinear, which could be accurately charac- The chemical environment of the molecules: It deter-
terized below 1 K. In contrast to the case of the previouslymines the presence of ions and water molecules attached to
investigated Re/C contacts which were superconducting, ithe DNA molecules. A very dry environment is expected to
the present case the Pt electrodes are not superconductorgjuce structural transitions from standard form B of the
and, as expected, we find no sign of superconductivity. Thenolecule to the form A.
resistance in the linear response regime was measured with a The contacts: They are inevitably at the origin of a kink
low frequency 10 Hz excitation ac current with an amplitudein the molecules which is important when the contacts are
below 1 nA. It decreases monotonously between 0.1 and 1 koo thick!’ They can also have a crucial role in acting as
like a power lawR(T) T *T with x;=0.27+0.03. We have strong electron or hole dopants. They could provide a suffi-
also investigated nonlinear transport in the same device, bgient number of carriers delocalized along the molecular wire
measuring the differential resistance with a dc current supebecause of the quasi-absence of electrostatic screening in one
imposed to the ac one. The differential resistance decreaseimension-®
with the voltage bias as shown on FigaB and presents a All these factors need to be precisely investigated in the
peak centered at zero bias which gets sharper with decreafture.
ing temperature. This peak is not a symmetrical function of ) ) ] )
the voltage drop through the sample, an asymmetry we at- We gcknowledge frU|_tfuI discussions with V. C_roquette,
tribute to the contacts which are certainly not identical.D: Be€nsimon, and T. Heim. A.K. thanks the Russian Foun-
Above a threshold value which increases with temperaturé?at'on.for Basic Research and Solid State N_anostructurgs for
the differential resistance function of the dc voltage throughin@ncial support and thanks CNRS for a visitor's position.
the samples, decreases as a power[kee Fig. &) (insed]. D.K. acknowledges NT-MDT Co. for financial support.
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