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Conductivity of DNA probed by conducting—atomic force microscopy:
Effects of contact electrode, DNA structure, and surface interactions

Thomas Heim, Dominique Deresmes, and Dominique Vuillaume®
Institut d’Electronique, Microélectronique et Nanotechnologie—CNRS, Boite Postale 69, Avenue Poincaré,
F-59652 cedex, Villeneuve d’Ascq, France

(Received 5 April 2004; accepted 17 May 2004

We studied the electrical conductivity of DNA molecules with conducting—atomic force microscopy
as a function of the chemical nature of the substrate surfaces, the nature of the electrical contact, and
the number of DNA moleculerom a few molecules to ropes and large fibers containing up to
~10° molecule$. Independent of the chemical nature of the surfédoarophobic or hydrophilic,
electrically neutral or charggdwe find that DNA is highly resistive. From a large number of
current-voltage curves measured at several distances along the DNA, we estimate a conductivity of
about 10°-10°S cni! per DNA molecule. For single DNA molecules, this highly resistive
behavior is correlated with its flattened conformation on the surfaeeluced thickness,
~0.5-1.5 nm, compared to its nominal value2.4 nm). We find that intercalating an organic
semiconductor buffer film between the DNA and the metal electrode improves the reliability of the
contact, while direct metal evaporation usually destroys the DNA and prevents any current
measurements. After long exposure under vacuum or dry nitrogen, the conductivity strongly
decreases, leading to the conclusion that water molecules and ions in the hydration shell of the DNA
play a major role. €004 American Institute of PhysidDOI: 10.1063/1.1769606

I. INTRODUCTION DNA samples: from DNA bundles and ropes to a few single
molecules. We also investigated how the transport behavior
Molecular electronics has attracted a growing interésjjepends on the chemical nature of the solid surfaces on
owing to its envisioned possibilities to build high-density, yhijch DNA molecules are deposited and the nature of the
low-cost, electronic circuitries. One of the challenging issuegyjectrical contactgmetallic or organic, electrode directly de-

deals with the connection of a huge number of m°|9CU|ar'posited on the DNA molecules or using large DNA bundles
scale devices without the drawback of using traditionalyg “buffer’).

electron-beam lithography for the fabrication of electrical
wires and contacts. Thus, the demonstration of a highly con-
ducting molecular wire is crucial for future developments. Inj|. SAMPLE PREPARATION
1962, Eley and Spivey suggested thastacking in double-
strand DNA could lead to an efficient one-dimensional
charge transpof't.Charge transfe¢CT) through DNA mol- We worked with thermally oxidized silicon wafer
ecules was widely studied for a large amount of DNA mol-(300 nm thick oxide grown in dry ©at 1100 °Q. We
ecules in solutiofi ® because CT mechanisms have importantchemically treated the SiQsurfaces with various silanizat-
implications in the damage and repair of this biological sys4ing agents: octadecyltrichlorosilan¢OTS); oct-7-en-1-
tem. The conductivity of the “solid-state” thin films of DNA- trichlorosilane(OETS), and 3-aminopropyltrimethoxysilane
based compounds was also studie@lecently, DNA mol- (APTMS). Molecules were used as received, and formed
ecules deposited on a solid substrate and connected betwesgif-assembled monolayetSAM) on the SiQ surfaces?
two electrodes were found highly conductifid? Alternatively, we also spin coated a thin film of polystyrene
insulating™ ¢ or semiconducting’*® These contradictions (PS on the SiQ surfaces. The above surface treatments al-
may come from differences in the base sequence, in thiswed us to work with functionalized surfaces exhibiting
buffer and ambient conditions, in the structural organizatiorvarious surface energiegwettability) and/or electrical
of the DNA samples, in the number of DNA molecules in thechargegsee Table)l Extensive wet cleaningmainly with a
sample(film, rope, single molecule in the electrode/DNA piranha solution, KSO,:H,0, 2:1 (caution: piranha solu-
coupling, etc. A comprehensive review has recently beetion is exothermic and strongly reacts with organiesd dry
published"® cleaning by combining ultraviolet irradiation and ozone at-
In this paper, we report our experiments on electricalmosphere were performed before starting the self-assembly
conductance in-DNA using conducting probe atomic force process. Alternatively, we also used an oxygen plasma etch-
microscopy(C-AFM). We studied the distanagength de- ing (at 0.1 mTorr, Q flow of 20 sccm, radio-frequency
pendence of the DNA conductance versus the type of theower 100 W, for 1 mip Both techniques gave a clean,
highly hydrophilic, OH-rich surface. The alkylsilane mol-
3Author to whom correspondence should be addressed; electronic maif?cmeS were dissolve(d.0‘3— 10_1M) in an organic solvent
vuillaume@isen.iemn.univ-lillel.fr (see details in Table) Imaintained at a constant temperature

A. Surface treatments
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TABLE I. Deposition condition, contact angle, and thickness of the organic fimi$-assembled monolayers or spin-coated filosed to chemically treat
the silicon dioxide surface prior to the DNA deposition. HD=hexadecane; na=not applicable.

Chain
Surface length Temperature Contact angle
treatment (number of Concentration  of deposition  Deposition  (water/hexadecane
(moleculg C atom3 Solvent (mM) (°C) time (x2°) Thicknes8 (x0.2 nm
oTS 18 HD/CC} (60:40 1-5 20 2h 108/43 2.82.549)
OETS 8 HD/CCJ (60:40 1-5 -3 2h 99(<10)' 1.3-1.5(1.3
APTMS 3 Toluene 1-5 20 30 min 60— 74410) 1.7-3.9(0.86"
APTMS 3 a a 20 2h 60—74¢<10)f 1.4-1.7(0.86
Polystyrene na Toluene ¢ 20 ¢ 90/(<10)f 100-300 nrfi

%Gas phase deposition.

®In brackets, the theoretical molecule lengBM3 optimization in its all-trans conformation.
°Spin coating in toluene.

dncreasing with concentration.

°Depending on spin-coating parametéspeed etg.and concentration.

fContact angles lower than 10° cannot be accurately measured with our setup.

in a dry nitrogen purged glove box. The freshly cleaned subber of DNA per ropg<10). This is a simple variation of the
strate was dipped into the solution for times ranging betweestandard DNA combing techniqd&.2®

30 min and 2 h, depending on the reactivity of the molecules Method B The drop is deposited on the surface and
with the surfacgTable |). To obtain a densely packed, well- dried. In that case, bundles and larger ropes are obtained. For
ordered, monolayer, the van der Wa@l&lW) interactions characterization by fluorescence microscopy, YOYO-1 iodile
between the alkyl chains have to overcome the entropic enC,qHsgl4NgO,) dyes(Molecular Probes, Eugene, QR~-1
ergy. Since the VdW interactions increase with the chairdye every 20 base pajravere intercalated in the DNA mol-
length, and according to the results by Brzoskal,’*’the  ecules by mixing solutions of both molecules for few hours.
smaller the chain is, the weaker the deposition temperatur®bviously, while YOYO-free DNA molecules were used for
Thus, we deposited the OTS at 20 °C and the OETS afFM and electrical measurements, the fluroescent DNA mol-
-3 °C. One exception is for the APTMS. These moleculesecules were only used to assess the quality of the DNA depo-
are very shortthree carbon atomgsand it is very difficult to  sition, by measuring the surface concentration, the average
obtain a well-organized monolayer. Most often, these mol-DNA length, as a function of the buffggH, and the surface
ecules polymerized at the surface forming a film thicker tharfunctionality.

a monolayer. We also used a deposition technique from a gas

phase. Typically, a few milliliters of APTMS were deposited

in a small glass flask nedfew centimetersthe samples. C. Contact electrodes

Both are put under a glass bell jar filled with dry nitrogen. Conducting-AFM measurements require a “reference”

The sample was allowed to react with the silane vapor fojectrode to contact the DNA on one e(fdg. 1), while the

2 h. The best resultgfilm thickness and reproducibilily  other electrode is the conducting-AFM tip. This reference

were obtained with this latter proces&able ). ~ electrode of gold~10 nm thick was vacuum evaporated
We also treated some of the iGurfaces with a spin- (1078 Torr) through a shadow mask to contact the DNA mol-

coated PS film(100-300 nm thick This PS surface is hy- ecules on one end. In some experiments, we also evaporated

drophobic(see Table)land was also used for DNA combing. an organic semiconductgpentacengas the reference elec-

trode. The advantage of using a low melting temperature

B. DNA deposition

The DNA of N phage (48 502 base pairs;~16 um
long) was purchased from Roche-Biomedicals. The
DNA molecules were dispersed in a TE buffer
(10 MM Tris-HCI, 1 mM EDTA at pH~6-6.5 [Tris
=tris(hydroxy-methyj-aminomethane, EDTA = ethylene
diamine tetra acetic acjdThis pH value is optimal to comb
DNA on various surface® 2

Method A A drop (~20-40uL) of buffer containing
DNA (at 250-500 ng/mL, i.e., 10—20 pM, otherwise speci-
fied) was deposited on the various surfaces allowing minutes
for incubation. Then, the drop was removed by tilting the

FIG. 1. Scheme of the experimental setup showing two typical situations:

samp!e. The resultlng moving I|qU|d-a|r _menlscus aIIOWSDNA ropes and filaments connected to the electrode through a DNA bundle
combing the DNA on the surface perpendicular to the moV+top) and DNA ropes or filaments directly connected by the electrode

ing meniscus. This technique forms ropes with a small num¢bottom.
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material (~300-350 °Q for pentacene vs~1000 °C for HP4145B. The current was first amplified by a home-made
gold) for the evaporated electrodes is to obtain a more relicurrent-voltage  amplifier (transimpedance gain G
able contact, avoiding possible destruction of the DNA dur=10"° VA1) located nearby the tip and again amplified and
ing the metal evaporation. Obviously, this semiconductindfiltered by a low-noise voltage amplifié€étandford Research
electrode acts as an additional series resistance; this poiBlystem SR560before to be recorded by the HP4145B. The
will be discussed further in Sec. IV. For DNA deposited with detection limit is 10** A. Current larger than 1 nA cannot
methodA, some DNA ropes emerged directly from the elec-be measured with this configuratigdue to maximum dy-
trodes and were used for electrical measurements. For DNAamic limit of the current-voltage amplifierTo measure
deposited by metho®, we evaporated the reference elec-current largers than 1 nA, the home-made current-voltage
trode on a portion of the DNA “bundle” left on the surface amplifier can be bypassed and an external current-voltage
by the drying processFig. 1) and measured the currents amplifier (Standford Research System SRH@@s used. We
through the ropes and filaments emerging from this DNArecorded thd-V curves at a fixed position along the DNA
bundle. This latter technique leads to measurable currentmolecules by applying the tip to the DNA with scanning
(i.e.,>10"* A), while all attempts lead to null current when parametergx andy scans fixed at zero and at a loading
the electrode is directly evaporated on the DNA ropes andorce of 10—30 nN’ The C-AFM tip is virtually grounded
filaments, i.e., currents lower than the sensitivity of our ap«(input of the transimpedance amplifieand the voltage is
paratus of 10'* A (see details in Sec. I\ applied on the reference electrode. All measurements were
taken at room temperature in ambient air at a relative humidy
(RH) of ~50%. It was reported that decreasing RH increases
D. Characterization techniques the resistivity of DNAZ?° A few of our C-AFM measure-

Contact angle, wettingThe quality of the monolayers Ments(not reported hepetaken under a dry nitrogen flux
used to functionalize the SiGsurface was first analyzed by (RH<20%) confirmed this behavior. Thus, the data reported
measuring the water and hexadecane contact angles. Waf8rthis paper concern the DNA molecules with its hydration
contact angles are measured using deionized watdpyer and counterions. To avoid any excess leakagenel-
(18 MQ cm). We used a remote-computer controlled goni-INg) current between the reference electrgd® nm thick
ometer systeniDIGIDROP by GBX, Francgfor measuring and the tip(curvature radius of-5-20 nm), the minimum
the contact angles. The accuracy+2°. All measurements €lectrode-tip distance was set at 50 nm.
were made in ambient atmosphere and at room temperature.

Ellipsometry The monolayer thickness was measured b))”' RESULTS
ellipsometry at 633 nm. In order to estimate the thicknessp. Characterization of the functionalized SiO
we used an isotropic value af=1.50 for the monolayer surfaces

refractive index at 633 nm and 3.865 for the silicon sub- : .
. . . Table | summarizes the deposition parameters, the water
strate. Usual values in the literature are in the range

1 45-1.53° One can notice that a change from 1.50 to 1'45contact angles, .and the thicknesses of the different organic
: layers on the Si@surfaces. Water and hexadecane contact
results in an error of less than 1 A. The accuracy of the ) N
) . ; angles are in agreement with literature dat®TS monolay-
monolayer thickness measurements is estimated to beers show a highly hydrophobic and oleophobic surfaces as
+0.2 nm. Alternatively, thickness was also measured by gniy hydrop b

making the SAM into e-beam patterned lir@sith widths in expected. The vinyl ter'mlnated monolayer is a less oleopho
: bic as expected by virtue of the presence of the double
the range from Jum to 100 nn in a polymethylmetacrylate . .
. .26 . carbon-carbon bonds. The amine-terminated monolayers are
(PMMA) resist. " After the lift-off of PMMA (a safe process slightly less hydrophobic, with water contact angles that ma
for the grafted SAM, we measured the SAM thickness by a ghtly ydrop ' 9 Y

o e :
profile section in TM-AFM imagéfor details of the process eyolve between 60° and 74°.The .OTS and OETS f|lm
see Ref. 26 thickness measurements show a single monolayer since the

. . . thickness is in good agreement with the theoretical molecule
Fluorescence microscopyVe used a Leica DMLS mi- N .
X o length (PM3 optimization assuming that the molecules are
croscope with an excitation wavelength of 491 nm and an . . . .
: . In their all4rans conformation as well as standing almost in
observation wavelength of 509 nm. The images were re;

. . their upright position on the surfaces. For the APTMS mol-
corded with a charge-coupled devive camég@oolsnap- les | luti I il f heir thick
Photometrics ecules in solutioritolueng, multilayers formed. Their thick-

Atomic Force Microscopy and Conducting AENNe ness increase@rom bilayer to four to five layepswith the

used AFM to image the surface topography before and aﬁe’?‘PTMS concentration in the solution. For the APTMS

the DNA deposition. A Nanoscope I{Digital Instrument$ rsnh%r\]/sI{?]ya?[r?h(fao[)Taede:I}ogr‘;selti%%?;ﬁieﬂl;“\:/tgsei T&ii%?:qems
system in the tapping mod@M-AFM) was used in air and Y P ’

The thickness of the PS film is varied from 100 to 300 nm
at room temperature. We used a C-AFM to locally measur%epending on the spin-coater parameters
the current voltage along the DNA. We used a home-made ’
modified Nanoscope Ill with a Ptlr-coated tip. The contact N .
force was controlled by the feedback loop of the NanoscopeE,;' Characterization of the DNA deposition
while the current-voltage curve was recorded using an exter- Figure 2 shows typical TM-AFM and fluorescence mi-
nal circuit. The current-voltagél-V) curve was acquired croscopy images of the DNA deposited by the two methods

with an Agilent semiconducteur parameter analyzerdescribed in Sec. Il B on the various treated-Sgdrfaces.
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FIG. 2. (a) TM-AFM images(3 X 3 um?) of DNA deposited by method
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Fig. 3. We took into account only ropes with length between
12 and 32um. Below 12um, the DNA molecules are prob-
ably broken or are too strongly coiled. Above twice the
nominal 16.3um length(\-DNA in B form), several DNA
molecules are certainly connected together and make the
sample not suitable for this analysis. In all cases except the
amine terminated surfaces, the DNA molecules are over-
stretched. The peaks in the distribution are at about
27-30um for all the hydrophobic surfaces and at
~16—-17 um for the NH, terminated surfaces. Our values on
hydrophobic surfaces are in agreement with other
experiment$>*The value for the NKsurfaces implies that
strong interactions between the surface and DNA prevent its
stretching by the moving meniscus. Finally, a TM-AFM
study on all samples with singleor a few, <~5) DNA

on an OTS-reated surface(b) Fluorescence microscope image Molecules(independent of surface treatmprshowed that

(64% 45 um?) of DNA deposited by method on a NH-terminated surface
(APTMS). (c) TM-AFM images(8x 8 um?) of DNA deposited by method
B on an OTS-treated surfaced) TM-AFM images (6 X 6 um?) of DNA

deposited by methoB on a NH-terminated surfacéAPTMS).

For all hydrophobic surfaces—CH3, —CF;, —CH=CH,
terminated SAMs and PS filmsvith methodA, we obtained

the height of the DNA molecule is smaller than the expected
crystallographic value of 2.4 nm. For the PS, APTMS, and
OTS treated surfaces, the average heights were 1.17, 1.06,
and 1.58 nm, respectivelyFig. 4), with a maximum of
samples between 0.5 and 1 nm for PS and APTMS surfaces
and between 1 and 1.5 nm for OTS surfaces. This implies

well-aligned ropes of DNA molecules. From the profile sec-that the DNA molecules are distorded and flattened, when
tion measurements with TM-AFMtaking into account the deposited onto these surfaces.

convolution with the AFM tip shape we estimated that
these ropes contain less than ten DNA molecytaking a
diameter of~2.4 nm for the DNA in itsB form). On the

With the methodB, we obtained bundles and ropes
emerging from the bundld§igs. Z¢) and 2d)]. The number
of DNA molecules contained in these ropes range from a few

NH,-terminated surfaces, which are slightly positively up to thousandsas estimated from TM-AFM profile This

charged, DNA combing is more difficuiatt pH 6—6.5 used
in this work) in agreement with previous resuftsFrom the
analysis of the fluorescence microscope images, we me

results is not strongly dependent on the nature of the surface
ébydrophobic, neutral, or charged

sured the DNA length. The length histograms are shown in
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(c)

FIG. 6. (a) TM-AFM image (8 X 8 um?) of DNA bundles and ropes depos-
ited by methodB on amine-treated surfaddPTMS) and contacted by a
pentacene laygiabove the marked line on the imggé C-AFM, ropes 1,

2, and 3, with a DNA bundle “buffer” between the rope and the contact, give
a measurable current, while rope 4, directly brought into contact with the
electrode, does notb) TM-AFM image (6 X 6 um?) of a network of DNA
ropes (deposition method on an APTMS surface The electrodenot
shown) is evaporated on the bundle seen at the top of the infag€&orre-
sponding C-AFM imagez scale is 400 fA taken at an applied tip bias of
5V.

In the case of DNA deposited by meth&] and con-
tacted by the reference electrode on the bundles as described
in Sec. Il C, two situations were observg@eg. 6). When the
electrode (Au or pentacenedirectly contacted the DNA
ropes, we detected no curref@.g., through rope 4 in Fig.
6(a)]. On the contrary, when the contact electrode was
evaporated on the bundi¢sopes 1-3, Figs. @) and Gc)],

Figure 5 shows the TM-AFM image of small DNA ropes we have measured currents through the ropes emerging from

(deposited by method on an OTS-treated SiOsurface

this bundle. In that latter case, Fig. 7 shows several typical

contacted by a gold reference electrode. No measurable cur-V curves measured at various distandefom the elec-
rent(i.e., >10"1* A) was detected by C-AFM for electrode- trode with C-AFM for various number of involved DNA
tip distance larger than 50 nm. The same features were olmolecules. For the current versus distance measurements

served for all samples made with deposition metAazh all

along the ropes, the distandes defined from the boundary

the different functionalized Si©surfaces. Replacing Au of the bundle to the AFM tigsee Fig. 1 The bundle may be
electrodes by pentacene electrodes led to the same result.considered as a series resistaiisee Sec. IY. A “blank”

GOLD

FIG. 5. TM-AFM image of a small DNA ropeé<5 DNA molecule$ de-

experiment with the C-AFM tip directly on the chemically
treated-SiQ substrate near the DNA under test showed no
measurable currenfig. 7(b)]. All thesel-V curves show a
common feature. They are asymmetfigig. 7(a)] with a
stronger current at positive voltagihe voltage was applied
on the reference electrode and the C-AFM tip was grounded;
see Sec. )l This is consistent with the lower work function
for the reference electrod@u) compared to the tigPt/Ir).

In the remainder of this paper, we describe the trends
which we observed over a large number of samptasre
than 100 and measurements. These trends of the general
behavior and shape of theV curves are quite reproducible,

posited by methodh on OTS-treated surface and connected by an evapo-2lthough we did observe sample-to-sample variations in the
rated gold electrodéwhite areq.

guantitative parameters.g., the current for a given size and
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FIG. 7. Typical current-voltagé-V) curves.(a) Large DNA ropeqg~1200
to 3700 DNA) deposited by methoB on APTMS surface. ThrekeV curves
are taken with the C-AFM tip at-300 nm from the boundary of the DNA
bundle (M), at ~600 nm(®), and at~2 um (A). The number of DNA
decreases while increasing the distanee3700 at 300 nm,~2000 at
600 nm, and~1200 at 2um. (b) Small DNA ropes(~100 moleculep
deposited by metho® on PS surface. Foul-V curves are shown(H)
directly on the DNA bundle(®) at ~300 nm from the boundary of the
bundle,(A) at ~600 nm, and¥) directly on the surfacélank experiment
nearby the DNA ropes in test. On some of thedécurves, the threshold;
is marked by an arrow.

geometry of the sample under testhel-V curves exhibited

a general shape with a slight increase of the current between

0 V and a threshold/; at which the current increases more
rapidly (for instance,V; is marked on somé-V curves in
Fig. 7). When thel-V curve showed a platedas curves in
Fig. (@], we determined/; as the voltage position of the
peak in the first derivativel / 6V (Fig. 8), otherwise we es-
timatedV; by the change in théV slope[as curves in Fig.
7(b)]. We have observed a general tendetfogwever, with
some exceptions from sample to sampleat for the small
ropes(N< ~ 1000, V; is between +4 and +7 V and that it
decreases for larger systergidgs. 7 and 8 For very small
systemgfew DNA molecule$, V5 is difficult to estimate due

Heim, Deresmes, and Vuillaume
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FIG. 8. First derivativesl/ 6V for |-V curves:(a) 81/6V for a small rope
(~500 moleculegdisplaying a largel; at ~5.1 V, (b) corresponds toA)

of Fig. 7(a), (c) to (@) of Fig. 7(a), and(c) to (M) of Fig. 7(a). The threshold
voltagesVy (peaks in thedl/ sV shown by a vertical linpare almost the
same (2.5-2.8 \} for these DNA ropes with more than 1000 DNA
molecules.

contained in the ropes. This effect is also visible in Figs. 7
and 8 by comparing thé-V and 61/6V taken from DNA
bundles(very large number of DNA moleculggand thel-V
curves taken from ropeémade of about 100 DNA mol-
ecules. The resistance is deduced from the first derivative of
the I-V curves around a given bias. We have systematically
found that the resistance beldvy is about an order of mag-
nitude smaller than abowé;.

However, for ropes with a small number of DNA mol-
ecules, this value was generally below the detection limit. In
order to compare the largest amount of data possible; we
refer, in the remainder of the paper, to the resistance calcu-
lated aboveV;. All measured electrode/DNA/tip junctions

URE AL ]

Threshold voltage (V)

0 a1 sl L s aaseel NS |
10° 10° 10°*
Number of DNA molecules

FIG. 9. Variation of the threshold voltagé: as a function of the size of the

to _the very low-level current. Figure 9 summarizes the evopna system(estimated number of DNA from cross sections of TM-AFM
lution of V; versus the estimated number of DNA moleculesimages.
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0 500 1000 1500 2000 ropes and for DNA deposited on differently treated surfaces.
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FIG. 10. Plot of the resistanogneasured from-V curves aboveVy) vs mated cross sectiofA=NApys Where Apyp is the
distance for a large number of samples with various sizes of the DNA nominal section of a single DNA molecule3 nn¥)
sample:(®) ~1000, (V) ~600, (A) ~350, (W) ~300, (#) ~220 DNA of the ropes angpya=AdJR/ad (most of ourR-d be-
ST;?LZ(C:ZISES' DNA molecules were deposited by metlibdn PS-treated haviors are nearly linear as shown in Fig.).lWe
found thatppya IS More or less constanppya ~5
X 10° Q) cm, irrespective of the size of the measured
were highly resistivgFig. 10), from R~ 10° Q for bundles DNA samples and the chemical treatment of the sup-
and very large ropes to 10 for few DNA molecules. Cai porting solid surfaces. Figure 11 showR/dd plotted
and co-workers measured by C-AFM resistances with the versusN for our experiments on different chemically
same order of magnitude(®—101 0).**** This also con- treated-SiQ surfaces. Ouppya Value are in agree-
firms results reported by de Pat#o al* and Stormet al? ment with results from De Pabloet all!
who showed R>10 Q) for distance larger than few tens of (pona>10°Q cm),  Storm et al.  (ppya>
nanometers. Although the same order of magnitude was ob- ~ ~10° Q cm),"* Okahataet al. (ppys~10° Q cm),’
served in these various experiments, they are difficult to and Zhanget al. (ppya>10° Q cm S

compare due to possible differences in “series resistances.”

() In our experimental configuration, the bundle between
the electrode and the rogeee Fig. 1 acts as an ad- IV. DISCUSSION

ditional series resistance between the rope and the For the small DNA ropesFig. 5) deposited by method
electrode. A, we did not observe any measurable current. This is con-
(i) Similarly, the organic semiconducting pentacene elecsijstent with the estimated resistivity 0f510° Q cm™? (see
trode adds another series resistance as compared {§e preceding sectionFor a single DNA molecule and a
just the gold electrodes resulting in an increase ofgistance of 100 nm between the electrode and the C-AFM
typically a factor~10. We found that the advantage tip, this corresponds to a current 6f1075 A at 1 V, which
of using a low melting temperature materidl s below the detection limit of our C-AFM apparatus. In this
~300-350°C for pentacene versusl000°C for case, we have observed that the DNA molecules are dis-
gold) for the evaporated electrodes is to obtain a moreorded and flattened, when deposited onto the sur(Bige
reliable contact, avoiding destruction of the DNA.  4). This feature could be responsible for the high resistivity
(i)  The DNA molecules are not covalently attached to thereported here. Kasumast al®? recently proposed the same
electrodes—we simply have a mechanical contact atonclusion. They found that a DNA molecule deposited on a
the tip end. This adds another series resistance.  pentylamine-treated mica surface has a height of about
(iv) The salt in the buffer solution may also crystallize 2.4 nm and that it is more conducting than DNA on an un-
into the DNA bundle during the drying process, andtreated surface which has a height-et nm. The reason for
this may affect the conductivity. The TM-AFM im- which the pentylamine film gives the correct DNA thickness
ages do not show the trace of salt crystallites alongs not clear. These authors mentioned that the pentylamine
the DNA ropes, nor on the surface between ropescontains NH molecules. The same is partly true for our
Nevertheless the possible presence of salt in thamine-terminated surfacé APTMS, see Sec. Il Abut we
bundle can be viewed as variations of the series resisdid not obtain the correct diameter of DNA in our cafég.
tance. In some cases, TM-AFM images showed thel). They also suggested that the pentylamine film decreases
presence of crystallized salt; however, we did notthe hydrophilicity of the surface, thus decreasing the DNA-
measurd-V curves of these samples. However, all of surface interactions. This is also the case for our strongly
the above mentioned series resistances have no effebydrophobic methyl-terminated surfacé®TS). Figure 4
on the relative variation of the currents and resis-shows that DNA molecules on OTS surfaces have the largest
tances versus the distance. Thus we can determine tltdameter(average value of-1.6 nm), which is still lower
resistivity per DNA moleculeppna, USINg the esti-  than the diameter of the native DN®.4 nm) and that of
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DNA deposited on a pentylamine filfi.More studies are A, A,
necessary to understand the exact role of pentylamine. The LUMO
second important geometric factor is the degree of stretching.

From fluorescence microscope studidsve found that only

DNA molecules on amine-terminated surfaces have the 51eV
nominal length of 16um, while on all the other surfaces —
DNA molecules are generally overstretche_d by an average Au HOMO
factor of 1.7-1.8(Fig. 3), in agreement with a previous Ptir
report®* Thus, the fact that DNA is highly resistive seems to -7.8eV
be related to the distorded nature of DNA deposited on solid Contact Contact
substrate. Further studies with other treated surfaces, avoid- @ barrier barrier
ing any distortion of the DNA, are mandatory to draw de-
finitive conclusions. Another possibility is that the deposition
of the reference electrode on top of the DNA molecules de-
stroys the DNA underneath, making the electrical contact
very resistive. This is supported by the observation that thick
DNA ropes allow measurable currents if they are connected
to the electrode through a bundle, while no current is de-
tected when the electrode contacts the DNA ropes directly
(Fig. 6). The bundle bearing a very large humber of inter-
locked DNA molecules may act as a “buffer” preventing de-
struction of the DNA submitted to electrode evaporation.
Even if some DNA molecules of the bundle are destroyed by (b) Voltage (V)

evaporation of metals there are still enough DNA moleculesFIG 12. @ Simpl evel di e electrode DNA/G-ARM i

H H H H H H . . (@) SImple ener: evel dlagram o e electroae - |
mta.Ct to e.Stab“Sh an electrical conta@thile V\{Ith a hlgh .'unction.ib) -V gndél/b\g/ycurves fo?a rope of about 500 DNA for the u;?
series resistance, as shown when extrapolatlng data in Fi nd down voltage sweeps. Before the down voltage sweep, a+8 V bias was
10). The contact resistand®. is between 1% and 13° ). applied for few seconds.

According toR:=p¢ L/ Ac with L the length of the contact

andOEAC (j;t; CI’OSfS seﬁtion, we  can est]icmgte thﬁ,& HOMO, should prevail with the opposite coupling scenario
~10°-10° Q1 cm (from the TM-AFM image of Fig. 6L.cis (07 According to the work function of Pt/Ir
the length of the DNA bundle between the electrode and th%~_5 4 eV), of Au (~-5.1 e\), and of the guanine ioniza-
onset of the DNA ropeiq~few micror_neters, ané is the tion potential, HOMO(~-7.8 eV}, while the LUMO's (ele-
product of t.he bundle width by its thickneste~few mi- .. affinitieg are higher in energy~0 eV, vacuum leve|
crometers times few hundreds of nanometerlus the con- the corresponding energy barriers @xe~5.1-5.4 eV and

tact is as highly resistive as the DNA ropes. ) A ~2.4-2.7 eV, respectively. Thus, the resonafateposi-
The threshold voltag&/t may be related to the differ- 4, o biag occurs ey

ence between the Fermi energy of the electrodes and the

molecular orbitals of the DNA ropes. At=Vy, one molecu- (AL Ay Ay

lar orbital of the DNA aligns with the Fermi energy of the V1= mm(e—n, e(1- ,7)> Tel-7) (1)
electrode, so that carriers can be injected into the DNA mol-

ecules. Such resonant band tunneling through DNA has thed »< ~ 0.7 with the energy barriers given above, where
retically been calculated, predicting threshold voltages in theepresents the fraction of the potential seen by the molecule
range of few volts depending on the energetics and the metalthe rest being lost in the contact barjiande is the electron
DNA coupling efficiencﬁ4’35AboveVT, this current adds to charge. In the limity=1 or »=0, eV; corresponds to the
the background current. For the sake of clarity, let us conenergy barrier. In practice;<1 depending on the coupling
sider a very simplified picture, in which the DNA is sand- efficiency between the molecule and the electrodes, and thus
wiched between the Pt/Ir tip and the gold reference electrodeVs is always larger than the expected theoretical values of
[Fig. 1Za)].36 Under positive bias of the reference electrode,A; or Ay. The fact thatVy is larger for small ropegFigs. 8
electrons can be injected from the Pt/Ir tip into the lowestand 9 actually means that the contact between the C-AFM
unoccupied molecular orbitdLUMO), or holes can be in- tip and the DNA ropes is less efficiefttigher ) for these
jected from the reference electrode into the highest occupietbpes than for thick ropes. Similarly, if one molecular orbital
molecular orbia(HOMO). Depending on the electronic cou- comes in resonance at positive bias, we should expect to
pling between the electrode and the molecule, only a fractionletect the other one at negative bias. However, due to the
n(<1) of the external applied voltage is really applied to thesmallest current at negative biéSg. 7), it was not possible
DNA.*" The first situation would correspond to a weakerto distinguish any peak in thél / 6V curves at negative volt-
coupling between tip and DNA than between DNA and ref-ages(see Fig. § the derivatives are too noisy. Alsty, is
erence electrodgy>0.7 in Eq.(1), i.e., the major potential probably too large to allow electron injection in the DNA
drop occurs in the contact barrier with the]tiConversely, molecules. A way to improve the contact is to apply a large
the second injection mechanism, hole injection in thevoltage(here +8 \j before starting thé-V measurement. A

-5.4 ¢V

~500 DNA'

Current (pA)

31/6V (pA/V)
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Fig. 13, one obtains~10° injected charges per DNA. The
data in Fig. 13 were recorded for ropes-eL um in length.
Thus this critical injected charge would correspond to
~2x10?cm3, i.e., a factor~10 larger than the intrinsic
charge of two electrons per base p@ai2 x 10?2 cm3). Fur-
ther experiments, varying speed of the voltage sweeps for
instance, are mandatory to draw a definitive conclusion. We
note that this space-charge effect is never observed for the
positive bias. In that case, we inject holes from the reference
electrode into the large DNA bundle sitting between the rope
and the electrode, while for the negative bias, holes are in-
FIG. 13. I-V curves(down voltage sweepat negative bias for a rope of jected from the C-AFM tip into the DNA rope. The large size
~500 DNA moleculesO) and a rope of-1000 DNA molecules[]). of the bundle(see Fig. 6 allows us to inject more charges.
These experiments show that there is no significant dif-
ference in estimated DNA resistivity regarding the nature of
the solid surface mediating the interaction with the DNA,
tgnd the stretching of the DNésee Fig. 3. Moreover, in both
types of experiments a strong increase in the resistivity is
observed under vacuum and dry nitrogen. These features

mechanical contact is inferred by the fact that the laser bearfUPPOrt the conclusion that water and counterions in the hy-
detector signal of the AFM cantilever indicates a slightly dration shell play a main rofé. Irespective of the chemi-
more pronounced cantilever deflection towards the surfaca!ly treated surfaces, in an ambient atmosphere, the DNA is
when applying +8 V before theV measurement. A possible always surrounded by its hydration shell. Under Iong_expo-
explanation for this better contact should be related to asUres to a dry atmosphefeacuum or dry M), the hydration
“electrostatic trapping” effect. Using this procedué; is shell is partly removed an.d the overa}ll conductivity str_ongly
now shifted in the range from 1-3 V for all sizes of the dgcreases. Another possible effect is that under drying
DNA ropes, in agreement with hole injection in the HOMO Ntrogen, RH<10%), the DNA turns from theB to the A
through resonant tunnelir‘?é’.gs The fact that eV may be form.” This _sFructuraI change may also have an impact on
lower than the theoraticaly, implies some additional inter- th€ conductivity of the molecule itself. In th& form, the
facial effects(e.g., charge transfer, interface dipole, gtc. €l€ctronic coupling falls to zero due to the twist angle be-
which are to be taken into account. It is also important tofVeen the base pairs - as predicted by density-functional
note that the resistance ®t=V; (that we have discussed theory calc.ulanoné, leading to insulating DNA. However, .
here is not much affectedwithin a factor of~10). Asecond  ©" the ba3|s. of the. results presented here, we have no evi-
general and reproducible effect observed at negative voltag&i€nce that distinguishes the two effects.

during down voltage sweeps is shown in Fig. 13. For large

DNA ropes(>500 DNA), |-V curves show a similar behav-

ior at negative and positive biasgglateau at|V|>3V), V. CONCLUSION

while a strong decrease in the current is systematically ob-
served for smaller ropee<500 DNA) at bias below about
-4 V. The symmetric behavior is expectedsif-0.53" We
surmise that the decrease in current may be due to char
building-up in the DNA rope and space-charge field inhibi-

tion of further injections. This is a well-known phenomenonIarge DNA bundles as buffgrandiii) the number of DNA

in low carrier mobility material§® .
o . .moleculegfrom a few molecules, to ropes and large fiber, up
At the beginning of the voltage sweep, charges are ini- .
. X to ~10° molecules. We conclude the following.
tally injected, but since they move slowly, a space-charge

Current (pA)

-8 -6 -4 -2 0
Voltage (V)

typical example is shown in Fig. 1, where we compare
the up and down voltage sweép/ curves. Applying +8 V
for a few seconds before the down voltage sweep leads
higher current and smalléf; (~1.4 V instead of 5.6 V for
the up voltage swegms shown by theél/ 6V plots. A better

We carried out extensive experiments to measure the

conductivity of DNA molecules depending @i the chemi-

cal nature of the solid surfaces on which DNA molecules are
eposited(ii) the nature of the electrical contgahetallic or

organic, electrode directly on the DNA molecules or using

build up. Above a critical injected charge level, this space(i)
charge creates a very large internal field opposite to the ap-
plied one, which reduces the injected current. This criticakii)
charge level depends on many parameters as the carrier mo-
bility, the voltage sweejgi.e., injection time, and the DNA

rope size(in a small rope, the same amount of injected
charges results in a larger charge density and thus a larger
space-charge fieJd We can give a crude estimate of this
critical amount of injected charges. It takes about 100 s tdiii)
record thel-V curve (from +8 to -8 ) with an average
current of 1 pA(Fig. 13. This leads to an estimation of
~10° injected charges. If we consider ropes withl000

DNA molecules(for which we start to see this effect, see

In all the explorated cases, the electrode DNA
molecules/electrode junction are highly resistive.

For ropes made of a small number of DNA molecules
(=<10) deposited on solid surfagsubmitted to vari-
ous chemical surface treatments in order to vary the
hydrophobicity/hydrophilicity and/or the charge
state$, the DNA are distorded and no measurable cur-
rent can be detecte@ensitivity limit of 104 A).

For ropes made of a larger number of DNA molecules
(=10) deposited on a solid surface, nonlinear current-
voltage curves are measured by conducting AFM.
From the current versus distance behavior a conduc-
tivity of 107°-10° S cn1? per DNA is deduced.
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