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Moore’s Law has successfully described the trend in increasing
transistor density for integrated circuits in the semiconductor
industry for over five decades.1 Improvements in photolithography
now allow production of silicon structures as small as 45 nm with
acceptable defect levels. Further improvements require the use of
shorter wavelength tools (EUV), immersion methods, and complicated optical methods, including two-wavelength lithography and
optical interference, all of which are subject, within limits, to the
Rayleigh equation.2
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Whether such “top-down” methods will allow the Moore’s Law
plot to continue is still the subject of some controversy.3 More
recently, “bottom-up” methods are emerging, including the use of
block copolymers to produce regular patterns in which the different
components have differential dissolution rates, allowing selective
etching into the underlying Si structures.4 We now report technology
for which the feature size of patterns is dependent on the molecular
size rather than either the numerical aperture or the periodicity of
a polymer
The “bottom-up” approach, requiring a molecular methodology,
itself presents formidable synthetic and systems engineering challenges. Since the Rayleigh limit is primarily one of exposure tools
used for photolithography, we propose instead a concept for which
the feature size in not limited by wavelength. The pattern is created
not by a photoresist but rather by a monolayer of highly stable
self-organizing molecules. By using this organized monolayer
directly as an etch-mask (a “molecular mask”) the photolithographic
process is essentially bypassed while maintaining the advantages
of the Si manufacturing infrastructure (Figure 1). This allows the
ultimate resolution for all types of lithography to be approached,
that is, the outlines of individual molecules in Si/SiO2. A similar
approach involved the use of DNA molecules as the organizing
principle, in which the DNA pattern is transferred to Au,5 or carbon
nanotubes are used as a patterning material.6 In our case, we use
an aromatic liquid crystalline material (C96) directly to successfully
transfer a monolayer of 4 nm wide molecular structures into the
substrate. The monolayer is covalently bound to the surface to allow
monolayer fabrication and increase the stability of the system toward
an etching (fluorine) plasma. Significantly the feature size does not
depend on the Rayleigh limit but only on the size of the
self-assembled structures. This is also the first report to our
knowledge for which a molecular monolayer is robust enough to
act directly as an etch resist.
C96 belongs to a class of large graphitic molecules which are both
polycyclic aromatic hydrocarbons (PAHs) and discotic liquid crystals.7,8
The liquid crystalline behavior is facilitated by the presence of dodecyl
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Figure 1. Structure of C96 and schematic of molecular lithography.

chains along the periphery of the disk which allow solubility in organic
solvents. C96 and other graphitic materials have been studied
extensively since their preparation by differential scanning calorimetry,
X-ray diffraction, and solid-state NMR to determine the properties,
dynamics, and arrangements of these discotic materials.9-14 Such
PAHs have many useful properties, including high charge carrier
mobility and long-range self-organization.15 C96 self-assembles into
1-D columnar supramolecular structures due to the π-π interaction
between the core aromatic regions.16,17 PAHs are known to organize
into highly ordered layers using Langmuir-Blodgett deposition,18 zone
casting,19 zone crystallization,20 or solution casting onto prealigned
polytetrafluoroethylene.21 Pisula et al.6 suggest the distance between
the cores of C96 is 0.34-0.36 nm which resembles the distance of
interlayer graphite (0.34 nm). From these data it has been predicted
that the columns have nearly the same density as graphite, Fc ) 2.25
g/cm.6
Molecular lithography depends on the stability of the monolayer
toward a fluorine plasma to transfer the molecular patterns into the
substrate. The stability of a resist or molecule in a dry etch process
has been studied and is described by the Ohnishi22 and Ring23
parameters, which is related to the carbon content of the resist.
Although thin-layer resists based upon highly aromatic materials
are known, both parameters suggest that C96 is an ideal candidate
as a molecular resist.
On clean thermally grown SiO2, ∼500 nm thick, a monolayer of
C96 fibers was created by photochemical attachment to an immobilized
self-assembledmonolayer(SAM)ofasilanebenzophenonederivative.24-27
The free C96 was removed with toluene via Soxhlet extraction with
toluene, leaving a C96 submonolayer of C96 fibers. Using SEM and
AFM, the width of the fibers was measured to be ∼4 nm: approximately the width of 1-2 molecules. AFM analysis showed that
the height of the C96 fibers, 2.1 ( 0.2 nm, corresponded to the
calculated diameter of the molecule. The sample was placed in a Vision
320-RIE and subjected to a soft etch, created at a plasma microwave
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plasma. Both the O and R parameters suggest good resist stability,
O ) 1.89 and R ) 0.53 (traditional photoresists have an O
parameter of 2.5-5).22 The π-stacking discotic liquid crystal C96
serves as the first example of a “molecular” etch resist, organized
in this case by liquid crystalline order and establishing the principle
of extensive graphitic molecules as etch barriers. Thus the size of
the features created is no longer dependent on the diffraction limit
but rather on the size and organization of individual molecules.
Note that resolution in conventional photoresists is defined either
by distance between features or by feature size, and we are referring
only to the latter. Of course, implementation of this technology in
functional devices will require usable patterns, for instance, using
technologies such as dip-pen lithography29 or DNA-like selforganization. However, this changes the task from photolithography
to organic synthesis.
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Figure 2. AFM results from etch experiments. (A) C96 fibers pre-etch,

CA ) 83°. (b) After 15 s etch, CA ) 80°. (c) After 15 s etch and piranha
treatment, CA ) 9°. (d-f) After both etch and piranha treatment, CA )
9°. (d) - 30 s of etching. (e) - 45 s of etching. (f) 60 s etch. Height scales
are 10 nm except for B which is 20 nm. Width scales are 10 nm.

power of 75 W using CF4 at 31 sccm, H2 at 3 sccm, and 50 mTorr.
The etch rate in SiO2 was 91 ( 3 Å/min via ellipsometry. A soft plasma
was chosen to maximize the lifetime of the C96 fibers while still
etching SiO2. The C96 fiber “mask” was removed with a piranha
solution (70% H2SO4, 30% H2O2), for 1 h, and rinsed with deionized
H2O. AFM analysis before and after etching revealed the persistent
shape of the features but with various heights, depending on the etch
time. The height of the structures after etching was the sum of those
of the SiO2 structures and C96 and decreased upon piranha treatment
by the height of the C96 molecules. A series of different etch times
followed by piranha treatment were performed: 15, 30, 45, and 60 s.
The height h increased with increased etch times. After 15 s, h ) 4.7
( 0.3 nm; after piranha treatment, h ) 2.5 ( 0.2 nm, corresponding
to the diameter and initial size of the C96 fibers. For a 30 s etch, h )
6.2 ( 0.4 nm, decreasing to 4.8 ( 0.3 nm. For 45 s, h ) 8.5 ( 0.5
nm, decreasing to 8.1 ( 0.5 nm. After a 60 s etch, h started to decrease
compared to the 45 s etch, and h, at 4.2 ( 0.5 nm, did not change
upon piranha treatment (Figure 2), indicating degradation of C96. In
addition, the C96 SAM static water contact angle of 83 ( 2° decreased
to 63 ( 4° after 45 s of etch. All samples had a contact angle of 9 (
2° upon piranha treatment suggesting a pure SiO2 surface. The C
content observed by XPS decreased with increasing etch times, while
the Si content increased (see Figure S2 for both contact angle and
XPS results). The aspect ratio (height/width) of the tallest features was
∼2. The etch ratio of SiO2/C96 was 4:1, compared to photoresists
that normally have etch ratios of ∼1:1.28 After piranha treatment the
C content was similar to the adventitious C detected on a blank SiO2
surface.
C96 is an ideal candidate for molecular lithography, providing
fused aromatic rings with excellent etch resistance toward fluorine
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