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In general, there are two approaches to scanning probe lithography differentiated by what is
being delivered to the patterned surface. One class of tools, such as nanografting,[1] anodic
oxidation,[2] and indenting,[3] deliver different forms of energy to a surface to create desired
patterns. The other class of tools, such as dip-pen nanolithography,[4] polymer pen
lithography,[5] and hard-tip, soft-spring lithography,[6] often referred to as molecular
printing techniques,[7] rely on the direct delivery of materials to a surface. The resolution of
all of these tools is determined in part by the diameter of the tip, and therefore, poses the
question, is it possible to do scanning probe lithography at a resolution that exceeds such a
limitation? Herein, we describe a novel strategy that relies on a scanning probe to generate
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patterns on a surface by using the tip as a plow to create depressions and adjacent raised
ridges on a polymer-coated substrate. Anisotropic etching can be used to expose the entire
underlying surface except for the corresponding raised features. Subsequent etching allows
one to transfer such patterns into the underlying material. Note that these raised features can
have geometries significantly smaller than the tip curvature.

When a hard material is pressed against a soft surface, there is an extruded feature between
the undisturbed region and the indented region known as a pile-up.[8] This effect is
analogous to the ridges that form as a plow is pulled across a dirt field. We hypothesized
that, in the context of a scanning probe lithography experiment and a polymer-resist coated
surface, these ridges could be used as a lithographic template and potentially allow one to
bypass the resolution limit imposed by the curvature of the tip. To test this hypothesis, we
studied this new plow and ridge nanofabrication on a poly(methyl methacrylate) (PMMA)-
coated substrate with a quill pen with a tip diameter of ~500 μm and then with a Si atomic
force microscope (AFM) probe with a tip diameter of 60 nm. These two proof-of-concept
studies show that plow and ridge nanofabrication allow one to: 1) make features
significantly smaller than the diameter of the tip, 2) control the feature size, and 3) avoid the
wear issues normally associated with contact-mode lithographic approaches on hard
substrates (see Supporting Information).

To probe the general behavior and properties of plow and ridge nanofabrication, we
explored the use of a quill pen with a ~500 μm tip diameter to fabricate graphene
nanostructures (Figure 1a). In this experiment, the quill pen was used by hand to generate a
single line on a graphene-coated Si wafer that had been spin-coated with PMMA (Figure
1b). As expected, the ~400 μm width of the resulting line (Figure 1b) is commensurate with
the tip diameter. Significantly, a ridge between the patterned and unpatterned areas was
formed due to the lateral flow of PMMA during the writing process (Figure 1b). This ridge,
which is 17 ± 2 nm high and 220 ± 24 nm wide, is significantly smaller than the pen
diameter. Importantly, this ridge feature can be used as an etch mask to pattern the
underlying graphene by exposing the sample to an oxygen/argon plasma (see Experimental
Section), which anisotropically etches the PMMA and transfers the ridge pattern into the
underlying substrate. After etching the sample for 20 s, only the PMMA ridge region
remained (Figure 1c). This remnant ridge region can serve as an etch mask, and indeed, 5 s
of subsequent reactive ion etching (RIE) processing resulted in the removal of the exposed
graphene and most of the PMMA ridge, yielding a graphene ribbon with dimensions
comparable to the original ridge. Residual PMMA was removed by rinsing the sample in
acetone and subsequently annealing in shielding gas (5% H2, 95% Ar, 275 sccm) at 350 °C
for 2 hours. AFM was used to image the final structure, revealing a 180 ± 22 nm wide
graphene line, a dimension comparable to, but slightly smaller than, the 220 nm initial width
of the PMMA ridge region (Figure 1c and Supporting Information). Note that Raman
spectroscopic mapping of the substrate confirms the presence of graphene in the line region,
and its absence elsewhere (see Supporting Information). These results point to the
effectiveness of using the PMMA ridge as a mask layer for anisotropic etching and highlight
the potential of plow and ridge nanofabrication to generate features that are significantly
smaller than the size of the writing tool.

While the 2500:1 ratio between the 500 μm tip diameter of the quill pen and the patterned
180 nm graphene feature offers a dramatic demonstration of the concept of plow and ridge
nanofabrication, the piezoelectric positioning, force feedback, and nanoscale tip sharpness
used in AFM makes it a more powerful platform for studying this novel lithographic
process. Indeed, one could envision an experiment in which an AFM probe is scanned
across a PMMA-coated surface at a constant force in order to plow well-defined ridges
(Figure 2a). However, as the geometry of the quill pen influenced the resulting plow and
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ridge pattern, it is important to consider the geometry of the AFM probe. For example, an
AFM probe was characterized by scanning electron microscopy (SEM), and determined to
have a diameter of ~60 nm and an asymmetric geometry that would likely yield different
structures depending on the direction the tip was scanned (Figure 2b). Additionally, since
cantilevers mounted in AFM systems typically are not parallel with the surface (often there
is an engineered ~15° offset, Figure 2b), the direction of the scan, combined with the
asymmetry of the tip are expected to significantly affect the type of pattern generated by
plow and ridge nanofabrication.

In order to explore ridge formation systematically, we defined the two directions studied as
the edge- and face-directions (Figure 2b). Since the tip was a triangular pyramid, scanning in
the edge direction involved scanning with the sharp edge formed at the interface between
two pyramidal faces, while scanning in the face-direction refers to the situation where the tip
plows through the PMMA with one of the broad faces of the pyramid leading the way.

In a typical AFM experiment, a probe was mounted in an AFM and brought into contact
with a Si wafer that had been spin-coated with 25 nm of PMMA. The tip was then scanned
at a constant speed of 0.5 μm/s and held in contact with a constant force of 300 nN. PMMA
was not baked after spin-coating to preserve its viscoelasticity.[9] Initially, scanning in the
edge-direction was used to create a series of lines with a pitch d of 100 nm, which formed
ridges in the sample as anticipated (Figure 3a). These ridges were ~15 nm in height, which
is comparable to the 25 nm thickness of the PMMA film. Importantly, a consistent
asymmetry is observed between the ridges formed on each side of a line (Figure 3a), which
is attributed to uneven loading of the tip onto the AFM tip holder. This asymmetry makes
the width of the ridges created by isolated lines difficult to control. By decreasing d,
however, the ridge width was controlled, an effect we studied by varying d from 40 to 100
nm. For all lines written, ridges were formed that were ~15 nm high with uniform widths
(Figure 3b and Supporting Information). For lines where d was between 70 and 100 nm, two
ridges that were isolated from neighbouring lines were formed (Figure 3c). However, for d
≤60 nm, ridges from neighbouring lines begin to overlap, resulting in a type of constructive
interference (see Supporting Information). We refer to this situation as the proximity regime.
Subsequent experiments with decreasing d thus generated symmetric and homogenous
ridges with uniform widths. Moreover, further reduction of d enabled control over the ridge
width down to 25 nm (Figure 3c).

Having demonstrated that edge-first writing can yield defined features, we explored the
potential for this technique to generate a wider range of features through the combination of
edge-first and face-first writing. By alternatively writing lines face-first and edge-first with d
= 100 nm, the ridge profiles of each writing direction were studied independently in the
isolated regime. The ridges formed by face-first writing were significantly shorter than those
formed by edge-first writing (Figure 4a), likely due to the difference in geometry and
asymmetry imposed by the cantilever tilt. In contrast to the isolated regime, lines written
while alternating between moving in the edge- and face-first directions with d = 40 nm
generated ridges in the proximity regime wherein the ridges of neighbouring lines overlap
(Figure 4b). Proximity ridges created using a combination of edge- and face-first lines have
an advantage over proximity lines created by edge-first writing alone as the merging of
dissimilar ridges yielded greater variation in ridge width and height. As a result, so called
combination writing not only generated smaller features, but also yielded larger ones that
could not be prepared by edge-first writing alone. For instance, varying d afforded greater
control over the width of the ridges (see Supporting Information).

To demonstrate that this patterning procedure could be used to transfer patterns onto the
underlying surface, RIE of the PMMA structures created by plow and ridge nanofabrication
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was employed. The sizes of the PMMA ridge and resultant Si pattern was monitored ex situ
at different time points during etching (see Supporting Information). In an initial experiment
with d = 60 nm, after 30 s of Ar/O2 plasma etching, only PMMA corresponding to the ridge
region is left on the Si surface, which then served as a mask for subsequent anisotropic Si
etching. In this case, an SF6/O2 plasma was used as an anisotropic etch selective for Si.
Following the RIE processing, the sample was rinsed with acetone to remove PMMA
residue.

In a series of experiments in which alternating face- and edge-first lines were written with
varying d, the resultant ridge structures were used to generate Si lines that were as narrow as
20 ± 3 nm (Figures 4d and e), commensurate with the 23 ± 3 nm width of the original
ridges. Importantly, the Si features were narrower than the 60 nm diameter of the scanning
probe tip. It is noteworthy that by controlling d, we intentionally varied the ultimate feature
size, while the gaps between ridges barely changed (Figure 4e) because the separation of the
final features is primarily determined by the tip diameter.

We have described a unique approach for nanofabrication which utilizes a scanning probe as
a plow on a polymer-coated surface to generate ridges that can serve as narrow etch masks.
This technique was used to write patterns in Si and graphene, and in principle can be applied
to the pattering of many other materials. Additional materials generality can be achieved by
transferring the polymer pattern to a further etch mask with greater etch resistance. Unlike
mask-based nanofabrication techniques such as nanoimprint lithography[10] or micro contact
printing[11], plow and ridge nanofabrication is based on a serial writing process, which could
be suitable for rapid prototyping applications. Additionally, this method in principle could
be performed in a massively parallel fashion using cantilever-free scanning probe arrays
such as those used in hard-tip, soft-spring lithography[6] with an appropriately tuned spring
constant[12]. Moving forward, this technique would benefit from further investigation of the
parameters that affect ridge formation such as temperature, scan speed, polymer properties,
and tip geometry. Such studies could allow for the expansion and full exploitation of the
capabilities of this technique. Given the ability of plow and ridge nanofabrication to
overcome the resolution limit imposed by the tip diameter on conventional scanning probe
lithography, we believe that it can be useful for many applications where making sub-20 nm
nanowires or ribbons is important.

Experimental Section
AFM-based writing on PMMA

PMMA polymer (495 PMMA A2, MicroChem) was mixed with thinner solvent (A Thinner,
MicroChem) in the ratio of 1:2 w/w. The diluted PMMA solution was spin-coated onto
graphene-coated (single-layer graphene - Graphene Laboratories Inc.) and bare silicon
surfaces at 500 rpm for 10 s with a ramping rate of 100 rpm/s followed by 2,000 rpm for 60
s with a ramping rate of 1000 rpm/s. The polymer-coated sample was not baked and the
measured thickness of the PMMA is ~25 nm. Contact-mode AFM-based writing was
performed in a DPN 5000 (NanoInk) under constant force conditions. First, Si probes (PPP-
CONTR-W, Nanoworld AG) were calibrated by measuring force-distance curves followed
by thermal tuning to determine the deflection sensitivity and spring constant (0.25 N/m
typical) in a Bruker Dimension Icon AFM. After the spring constant of each probe was
measured, they were then mounted in a DPN 5000 nanolithography system for patterning
experiments. Next, the deflection sensitivity (250 nm/V typical) of the probes was found in
the patterning instrument by taking three force-distance curves and finding the average slope
of the contact line. The deflection set-point during patterning was specified based on the
measured spring constant and deflection sensitivity in order to apply a constant force during
writing. Experiments were performed at room temperature (22 °C) in ~33% relative
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humidity. The reactive ion etching (RIE) processes used for the Si and graphene substrates
were selected for maximum selectivity for the material of interest. Reactive ion etching of
PMMA and graphene was performed in a Samco RIE-10NR utilizing gas flow rates of 10
sccm O2 and 40 sccm Ar at a pressure of 4 Pa and a power of 30 W. Reactive ion etching of
Si utilized gas flow rates of 10 sccm SF6 and 4 sccm O2 at pressure of 4 Pa and a power of
40 W.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a) Quill pen with a tip diameter of 500 μm shown with a 4″ Si wafer for scale. The pen is
used to write a line on a Si wafer chip on which graphene has been deposited and coated
with 25 nm film of poly (methyl methacrylate) PMMA. b) Writing a line on the surface (top
panel) results in a clear furrow (middle panel, scale bar: 500 μm). Atomic force microscope
(AFM) image of the edge of the furrow depicting the undisturbed region, the furrow, and the
ridge between them (bottom panel, scale bar: 1μm). c) Height profiles and corresponding
AFM images of time evolution (as-written, 10 s etching, 20 s total etching, and 25 s total
etching) of the surface under an anisotropic reactive ion etching (RIE) process. AFM images
are 2 μm in width.
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Figure 2.
a) Schematic illustration of writing with a scanning probe tip on a polymer surface. b)
Scanning electron microscopy (SEM) images of a commercial Si AFM probe. Edge- and
face-first writing directions are defined based on the direction of tip movement. The inset
schematic illustrates the geometric difference between edge- and face-directed writing.
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Figure 3.
a) AFM topographical image of edge-first writing on PMMA using an applied force F = 300
nN and a line pitch d = 100 nm. The bottom image shows the height profiles of ridge
patterns. b) AFM topographical images and height profile of edge scratches (F = 300 nN, d
= 40, and 50 nm) on the PMMA surface. c) AFM images of controlled ridge patterns written
with d varied between 40 nm on the left to 100 nm on the right, the scale bar is 120 nm. The
ridge width measured in each image is shown in the figure below where a transition from an
isolated to a proximity regime is evident.
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Figure 4.
AFM topographical images and line cuts of ridges written on PMMA with (a) d = 100 nm
and (b) d = 40 nm, both with F = 300 nN. c) AFM images of patterned Si surfaces with d =
60, 50, 40, 30, and 20 nm (from left to right). d) Height profiles of surfaces shown in (c). e)
Si line width and the size of the gap between lines at various values of d.
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