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ABSTRACT

We fabricate contacts to molecular circuits by evaporating metal through a nanoscale stencil mask etched in a free-standing silicon nitride
membrane. In this way, contacts can be fabricated on as-grown molecular wires that would be contaminated or destroyed by chemicals and
heat treatments associated with conventional lithographic techniques. Chemical vapor deposition-grown single-walled carbon nanotubes contacted
in this fashion behave similarly to samples contacted using conventional lithography but are more robust to failure at high bias. In-vacuum
electrical measurements of A-DNA networks on mica substrates contacted in a “leads-on-top” geometry give a lower bound of 1000 T2 for
the resistance of a 1-um length of DNA.

Molecular devices are frequently based on nanowires or deposition (CVD) as well as delicate networksteDNA in
nanotubes that are grown or deposited on a substrate ana “leads-on-top” geometry. Nanotube samples contacted by
subsequently contacted using electron-beam or optical li- shadow mask evaporation behave similarly to those contacted
thography. In these approaches, a polymer resist layer isby conventional means, although they appear to be signifi-
applied to the sample and then baked; after exposure, thecantly more robust against failure under high bias. We find
resist is developed using organic solvents. This can poten-thatA-DNA samples conduct very poorly, and we argue that
tially alter the nanowire under investigation or even destroy the measured conduction in air is predominantly due to water
particularly delicate samples. It would be advantageous to adsorbed on the hydrophilic molecule and mica substrate.
deposit nanoscale metal contacts directly without the damageWe measure a small residual conductivity under vacuum that
associated with the chemistry and thermal stresses ofmay be intrinsic to small bundles of DNA molecules.
conventional lithography. To create the nanoscale stencil masks, we use double-side

Here we describe a process to accomplish this goal basedholished [1000silicon wafers with 100 nm of low-stress
on metal evaporation through a free-standing nanoscalesilicon nitride deposited on each siti&pecific regions of
stencil created in a suspended silicon nitride membrane.the silicon substrate are removed using photolithography and
Other groups have demonstrated the ability to create suchanisotropic etching in an aqueous KOH solution to leave
shadow masks with features as small as 20 nm and havesuspended silicon nitride membranes with sizes ranging from
used them to fabricate metal nanostructures and Wires. 10 to 500um (Figure 1a). Mask patterns are defined by
In this work, we take advantage of the fact that nanowires electron beam lithography using a system based on a JEOL
contacted in this way are exposed only to the ambient 6400 scanning electron microscope with an Elphy Plus
atmosphere and the evaporated metal. We use stencil maskgontrol system (Raith, Inc.). After developing the PMMA
to fabricate nanoscale contacts to pristine single-walled electron beam resist, the silicon nitride membrane is etched
carbon nanotubes (SWNTs) grown by chemical vapor through using a Sfplasma. Etching is done to ensure that

s p S ———— - J the pattern is transferred with high fidelity from the electron
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University of lllinois at Urbana-Champaign, Urbana, lllinois 61801. sizes of 50 nm are achieved routinely, although features on
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Figure 2. (a) AFM image (6um x 10um) of a typical nanotube
sample contacted by shadow mask evaporation! % charac-
teristic of a different nanotube sample fabricated by shadow mask
Figure 1. (a) Schematic of a nanoscale stencil. (b) SEM image of evaporation. (c) Resistancé/() vs voltage for the sample in Figure

a mask with electrodes separated by 500 nm over a length of 22b. The low-bias resistance is 3&kwe use the model of ref 8 to
um. The stencil is distorted by stress in the membrane. (c) SEM extract a saturation current of 28A, consistent with transport
image of a mask with electrodes separated yrnlover 10um in through a single metallic nanotube.

length. The remaining silicon nitride is light gray; holes etched

through the membrane are dark gray. The rectangular holes in theAtomic force microscopy (AFM) images show nanotube

membrane relieve the stress and give an undistorted pattern. (d)densities of 1 to 20 nanotubes per (@) area. Stencil
SEM image of a mask for electrodes separated by.anlgap dimensions are chosen so that on average only one nanotube

fabricated from a 2@sm-wide membrane. All silicon nitride in the O .
membrane is removed except the part left for the formation of the is contacted by the 15-nm Au contact metallization. Figure

gap. (e) Schematic for the fabrication of metallic contacts by shadow 22 is an AFM image of a typical sample, with a nanotube of
mask evaporation. diameter 1.2 nm contacted by electrodes separated by 1.5

um. Figure 2b shows the-V characteristic of a (different)

the scale of 500 nm to km were used to fabricate the 1.1-nm diameter metallic nanotube measured under ambient
samples described below. conditions. The low-bias resistance is 3& kand current

When released from the silicon substrate, the silicon nitride saturation is evident at high voltage bias, with a current
membranes are under considerable tension. Asymmetricdensity that exceeds 3&/cm?. A plot of V/I versusV shows
stencil patterns can be distorted by stress in the membrandinear behavior predicted by Kane’s phonon emission model
(Figure 1b), leaving the stencil useless. This difficulty is for current saturation in such deviceslore than 20 stencil-
overcome by opening additional stress-relieving holes in the contacted samples characterized to date display contact
membrane (Figure 1c) or using narrow membranes andresistances and/| versusV behavior that are similar to what
symmetric pattern designs (Figure 1d). When the geometrywe find for nanotubes contacted using conventional electron
is optimized, stencils are robust and with care can be usedbeam lithography.Metallic nanotubes contacted using the
up to 15 times as evaporation masks before failure. Electroderesist-free stencil, however, seem to be more robust to
fabrication is accomplished by placing the nanoscale stencil thermal stress from Joule heating, routinely sustaining 1000-
in direct contact with a flat substrate (e.g., oxidized silicon «W input power compared to 26800 W for samples
or freshly cleaved mica) with predeposited nanowires on the contacted by conventional meafisResults of further
surface and evaporating metal through the stencil (Figure investigations of SWNT samples contacted by this technique
1e). The choice of contact metallization is flexible: the use will be reported separatehy.
of an adhesion layer is optional because there is no “lift- We now turn to experiments that take full advantage of
off” processing step. In these experiments, no effort was the chemical-free nature of this contact fabrication scheme.
made to align the stencil with respect to the sample substrate,To date, we have focused on circuits consisting of nanofibers
but this limitation could be overcome in future work. of electronic polymers (results reported elsewhérand
Annealing protocols are sometimes used to improve contactsnetworks of A-DNA. Both of these materials would be
to nanowires or nanotubes; our process is compatible with destroyed by the solvents used in conventional electron beam
this approach, but none of the samples discussed here werdithography; the stencil approach is an excellent way to con-
treated in this manner. duct transport measurements on such samples with submi-

To fabricate nanotube-based molecular circuits, we first crometer contact separation. Moreover, our experiments on
grow SWNTs by catalytic CVD on an oxidized silicon DNA are among the few to date that combine a contact
substrate using an iron(lll) nitrate solution (50 nmgli L of separation of um or less with a leads-on-top geometry. In
2-propanol) as the catalyst source following refs 6 and 7. this way, we probe DNA conductivity on small length scales
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Figure 3. (a) AFM height image of several small DNA ropes Figure 4. (a)l—V characteristics of a dense DNA network (Figure

contacted by gold leads separated hynd. The height of the DNA ~ 3b) in air and vacuum. (b)-V characteristics in air and vacuum
ropes is rough|y 1.7 nm. The scan width is lﬂrﬁ (b) AFM he|ght of a bare mica Sample with electrodes identical to those of the circuit

image of a dense DNA network contacted by 15-nm-thickyhe- in Figure 4a.
wide AuPd leads separated by:in. The height of the network is

about 2 nm, and the scan size iz electrodes; becauseDNA strands average 2m in length,

we expect hundreds of molecules to span the gap without a
and avoid barriers to electron transport that may form at the preak. The AuPd electrodes have very fine and regular grains
kink in the semiflexible molecular wire (e.g., SWN¥®r so that the structure of the DNA strands that lie beneath the
DNA) where it passes over the contact metallization. contacts can be effectively imaged by AFM. Such images

To deposit DNA molecules on mica, we use a commercial (e.g., Figure 3b) show no signs of damage to the DNA caused
DNA solution of 500ug/mL duplexA-DNA in an aqueous by the metal deposition. We made electrical measurements
solution of 10 mM Tris buffer (tris(hydroxymethyl)ami-  on five samples of this type in air using a probe station; all
nomethane hydrochloride) and 1 mM EDTA (ethylenedi- had an electrical resistance that exceeded1 From these
aminetetraacetic acid) supplied by Biolabs Inc. This is first data, we find an upper limit for the conductivity i DNA
diluted by a ratio varying from 10 to 100 with a solution of on mica of 10%° S/cm, similar to that of an undoped
11 mM MgCkL and 10 mM Tris. Magnesium ions in the conducting polyme#4
solution are used to enhance the attraction of DNA molecules We also measured several samples of this type under
to the mica surface. A 10t droplet of the diluted solution  vacuum (10°—107° Torr) in a system capable of measuring
is applied to a freshly cleaved mica substrate. After incubat- resistances as large as 5@T Figure 4a shows—V
ing in air for 2 to 3 min, the sample is rinsed in sterilized characteristics in air and vacuum for the DNA network
water and spun dry. The sample is transferred immediately sample of Figure 3b. In air, we observe a resistance of 5
to the thermal evaporation system, and metallic contacts areTQ: the resistance increases to 18Tn vacuum. When
deposited through the nanoscale stencil. The evaporationthe sample is returned to air, the conductivity recovers after
sample stage is water-cooled to avoid damage to the DNAseveral hours. For comparison, we measured a sample of
due to heating. bare mica (no DNA deposition) with the same electrode

Figure 3a is an AFM topograph of a sparse DNA network pattern (Figure 4b). The resistance is 3@ 1h air, similar
deposited using a 100-fold dilution (see above), contactedto that of the sample with DNA. Under vacuum, however,
by electrodes separated by autr gap. The height of the  the resistance was much larger than that of the DNA sample,
threadlike structures in the image is 1.7 nm, implying that exceeding the 50<E limit of the measurement setup.
they are small ropes of a few DNA molecules. For this  We measured 10 such samples with dense DNA networks.
sample, we designed leads with rounded ends so thatThe typical resistance was-6 TQ in air and 16-20 TQ
conduction would be dominated by just a few strands. All in vacuum, giving a lower limit of 1000 @ for a DNA
10 samples fabricated with this geometry had a resistancemolecule on mica in vacuum spanning aut gap. From
that exceeded 12, the limit of the probe station used to these measurements, we conclude that in air, conduction is
measure them. primarily through a layer of water on the hydrophilic mica

To determine more clearly whether DNA has a measurable surface. In vacuum, this conduction path is eliminated, and
conductivity and to address the issue of whether larger we may be able to observe the conductivity of dry DNA on
bundles of DNA might conduct more readily than very small mica. At this point, we cannot rule out the possibility that
ropes, we made measurements on dense DNA networkshe low measured conductivity is due to high contact
prepared using a 10-fold dilution (see above). A typical resistance at the DNAmetal contact. Our resistance values
sample is shown in Figure 3b. The height of the strands in in air agree with other reports of low or negligible DNA
the network is 2 nm, so the network consists of flat “rafts” conductivity!>18 We find much lower conductivity for small
that are one or two DNA molecules in thickness. The contacts DNA bundles in vacuum than reported in refs 19 and 20.
for these samples were fabricated from AuPd and designedOur conductivity value is also lower than that reported by
to be 12um wide, separated by a gap of«n, so that many  Rakitin et al.?* perhaps because their bundles were larger
DNA molecules contribute in parallel to the conduction. We diameter and therefore retained more water in their interior
estimate that thousands of DNA network paths connect theunder vacuum. This water might facilitate conduction either
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directly (i.e., conduction through the water itself) or indirectly
through its effects on the structure and flexibility of the DNA
and the mobility of its ionic environme@t Furthermore, the
interaction with the substrate is more important for experi-
ments such as ours, in which most of the DNA is in direct
contact with the mica surface. For example, one can imagine
that pinning the DNA to the mica surface may cause small
distortions that could have an important effect on conductiv-
ity.23

In conclusion, with nanoscale shadow masks defined in a
free-standing silicon nitride membrane, we can contact
molecular nanowires without any damage from the chemicals
and heat treatment associated with conventional lithography.
A high yield of useful devices can be achieved by controlling
the density of deposited nanowires and the contact geometry
Measurements on CVD-grown single-walled carbon nano-
tube samples show properties similar to those of circuits
fabricated using conventional techniques, although metallic
nanotubes contacted by shadow mask evaporation appear t
be significantly more robust under high voltage bia©NA

networks on mica substrates contacted in a leads-on-top

geometry showed only very weak conductivity, with an upper
bound of 10° S/cm.
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