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The molecular ruler method allows the precise control of the gap between a parent gold
structure and a deposited daughter structure using a conveniently grown self-assembled
molecular multilayer as a lithographic mask. However, we cannot choose a position where the
gap should be placed, since the ruler attaches to all exposed gold surfaces. In this work, a
convenient method of selecting the position of nanogaps by further patterning the molecular

multilayer using low-energy electron beam irradiation and piranha etchant is described.



The development of a convenient technique to fabricate precise nanostructures in large
quantity is required for many types of application, such as electric devices, micromachines
and biological equipment, since the “top-down” approach like electron lithography will reach
its physical limit soon. Accordingly, it is urgently required to develop “bottom-up” techniques
such as molecular self-assembly*? in order to achieve this goal.

Recently, many researchers have tried to create nanogaps between electrodes to measure the
electronic properties of a single molecule or several molecules. For example, shadow
evaporation *, break junction **¢ and e-beam lithography ” have been investigated for this
purpose. One of the most convenient approaches coupling the top-down and bottom-up
approaches was developed as the molecular ruler method. #***** This is based on the use of
compact self-assembled molecular multilayers * grown on parent gold structures as a
convenient resist. Gap width is precisely controlled by the length of the molecular ruler and
the number of monolayers deposited on the top of parent structures, for example, prepared by
conventional lithography techniques. One of the advantages of this method is that both sides
of the gap are vertically parallel and the desired gap sides can be formed precisely. Another
advantage is the position of the gap can be controlled. Multilayers are grown by the
successive sequential deposition of monolayers of o,o-mercaptoalkanoic  acid
(HS(CH2),COOH) and Cu®* ions, until the desired thickness is achieved. This molecular
multilayered film covers the lithographically defined “parent” gold structures, forming a lift-
off mask for the subsequently deposited metal layer. Then, the molecular resist is lifted off
leaving behind the newly created daughter structures and the lithographically defined parent
structures, as shown in Fig 1. However, the self-assembly method cannot determine the
position of the parent structure, and the molecular ruler grows on all of them. This
characteristic is a huge drawback for the application of this method in the preparation of
complicated structures such as integrated circuits. In this work, we describe a procedure for
further patterning of molecular ruler multilayers using low-energy electron beam irradiation
and piranha etchant. In this way, we were able to prepare nanogap structures only in selected
areas, imparting a fine position control to the molecular ruler method.

The method is schematized in Fig. 2. Starting gold parent structures were prepared by
patterning a resist layer by the conventional photolithography and deposition of a 10-nm-thick
Cr adhesion layer and a 40-nm-thick gold layer on a silicon wafer with a thermally grown

SiO; layer. In order to check the results of this method, gold was deposited 30 nm narrower



than the Cr adhesion layer by the shadow deposition method. This substrate was cleaned with
an ACT935 remover (Air Products and Chemicals, Inc.), rinsed thoroughly with deionized
(DI) water and then immersed for 40 min in a 1 mM solution of 16-mercapto-hexadecanoic
acid (MHDA) in ethanol. Then, the substrate was rinsed with ethanol and dipped into a 1 mM
copper (Il) perchlorate in the same solvent for 10 min and rinsed with DI water before
depositing the next MHDA layer. This procedure was repeated 17 times in order to grow a 39-
nm-thick molecular ruler multilayer. * Then, some selected portions of the molecular self-
assembled layer were irradiated for 30 min with an electron beam at 1 kV, using an FE-SEM,
and dipped in a piranha solution (Nanostrip; H.SO4+H;0O,). In this way, only the molecular
ruler multilayer in the nonirradiated area was removed, which allowed the control of the
positions of nanogaps. This was confirmed by the deposition of a Cr layer and lifting off with
ACT935 in order to obtain the subsequent “daughter” structures. This new method will be
called the “position-selected molecular ruler (PS-MR)” method and the resulting gaps the
“position-selected gaps (PS-Gs)” hereafter.

An arrangement of the observed sample is shown in Fig. 3(a). The circled area is observed
by field-emission scanning electron microscopy (FE-SEM). FE-SEM images are shown in
Figs. 3 (b)-(d). Three distinct sections are visible in Fig.3 (b). The bright bottom area
corresponds to the nonirradiated area, from which the molecular ruler multilayer was removed
with piranha solution, exposing the parent gold surface. The upper-left triangle shows the
substrate’s SiO, surface and the upper-right rougher area corresponds to the irradiated
molecular ruler multilayer that withstood the piranha solution and the nanostrip remover. As
can be seen, the irradiated area of the gold structure shown on the left remained covered by
the multilayer film, while it was completely removed from the nonirradiated section.

A Cr layer was evaporated on the previous sample, and then the molecular ruler was lifted
off with an ACT 935 photoresist stripper and washed for 1 min with DI water in a sonicator.
The FE-SEM image of a sample, prepared with 17 layers of MHDA/Cu?* (estimated thickness
= 39 nm®), after the remaining processes to obtain the daughter structures is shown in Figs.
3(c) and (d). The darker area on the left corresponds to the daughter structure (D) of Cr, while
the bottom right and upper-right parts correspond to the parent gold structure covered with the
Cr layer (P/D) and the parent gold structure (P), respectively. Furthermore, a more or less

well-defined gap with a width of approximately 30-50 nm is visible only in between the



parent and daughter structures. This width is smaller than the thickness of the molecular ruler
caused by the hydrocarbon stacking on them.

At this point, it is important to discuss why the irradiated multilayer molecular ruler
becomes resistant to the piranha solution, making its patterning possible. A graphitic carbon
layer is being formed on its top during the electron beam irradiation, due to the decomposition
of hydrocarbon contaminants present on the surface of substrates in the vacuum chamber. *
The thickness of the carbonaceous deposition depends on the condition in the vacuum
chamber, and the thickness should increase with irradiation time, although the average
thickness measured in terms of height change by AFM was 11 + 3 nm in this sample, whose
size allows us to estimate the lateral expansion of the molecular ruler. The hydrocarbon may
chemically react with the molecular ruler to become an inert phase because nothing is
disturbed to form the daughter structure on the exposed SiO. substrate. This chemically inert
carbonaceous layer should be protecting the underlying of the molecular ruler layer from the
attack of the piranha solution. In fact, no carbonaceous impurities were found after lift-off of
the PS-MR with the photoresist remover, supporting this assumption and ruling out the
possibility of its complete decomposition. Furthermore, the decrease in gap width suggests
that a combined mechanism should be operating. In other words, some carbonaceous
deposition from hydrocarbon contaminants should be occurring concomitant with the
deposition of carbon from contaminants present around the substrate or in the vacuum
chamber. For the next step, gap size should be controlled more precisely to improve this
fabrication method in order to apply this method for industrial use. Nanogaps with controlled
width and position were successfully obtained, indicating that this strategy may be a widely
used method for patterning molecular films for other applications.

In summary, we suggest a convenient procedure for further patterning of multilayered
molecular films using low-energy electron beam irradiation and piranha solution, imparting
position control to the molecular ruler method. We successfully controlled the position of a 40
nm nanogap using this simple and convenient molecular ruler method. The preparation of
more complicated structures, such as nanotransistors or nanocircuits, has been realized using
this method. Nanogaps with controlled width and position were successfully obtained,
indicating that this strategy may be a useful method for patterning molecular films for other

applications.
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Figure captions

Fig.1

Schematic procedure of the molecular ruler method.® (a) “Parent” structure was
prepared on a substrate. The gold parent pattern is 30 nm thick and is on a 10-nm-
thick Cr buffer. (b) The molecular ruler was grown on the gold parent structure. (c)
Daughter metal was deposited on the substrate (d) The molecular ruler was
removed using a photoresist stripper. The gap between the parent and daughter

structure is formed by the molecular ruler precisely.

Fig.2; Schematic procedure of PS-MR. (a) The “parent” structure is prepared on a substrate.

The parent pattern is made of gold and is on a Cr buffer. The Cr buffer is 50 nm
wider than the gold in order to observe results conveniently. The thickness of the
Cr buffer is 10 nm and that of the gold is 40 nm. (b) The molecular ruler was
grown on the gold parent structure. (c) The molecular ruler is partially irradiated by
an electron beam to cover the molecular ruler with hydrocarbons. (d) The sample is
immersed in piranha etchant (Nanostrip). (f) Position-selected gaps are obtained

between the parent gold and daughter Cr structures.

Fig.3; (a) Schematic of the sample during electron irradiation. PS-MR sample was observed

by FE-SEM around the circled area. FE-SEM images of (b) Position-selected
molecular ruler and (c) Position-selected gap between parent and daughter

structures. Gaps are obtained between the parent and daughter structures only
where the molecular ruler was present. (d) Gap created by PS-MR of another

sample. Electron beam irradiated the sample 30 min to obtain the PS-MR.
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Fig. 3; H. Tanaka et al.



