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In the past two decades, scanning probe lithography (SPL) has
developed as an extremely versatile nanofabrication tool!"
and a powerful technique for exploring localized surface
chemistry.” A variety of surfaces have been patterned
including silicon,”! metals,*! and rare-earth metal oxide
blends.[*”! Organic substrates have been modified as resist
layers for etching®®! and as templates for directed assem-
bly.'*1 Organic molecules have also served as “inks” for the
AFM probe employed as the nib of a dip pen.'” Recently,
exposure of common organic solvents to the electric field
generated by a biased AFM tip has afforded etch-resistant
features as narrow as 4 nm.*"*) Despite an abundance of
techniques, the scope of SPL is still limited by low throughput.
Significant room for improvement lies in patterning in
parallel™ or in increasing tip speed. The tip speed is nms™!
for dip pen nanolithography,'? ums™ for high field pattern-
ing,>" and mms™' for the fastest siloxane-based positive
tone resists.'% 17!

Herein, we present a novel SPL that reliably patterns
large areas with etch-resistant sub-50 nm features at velocities
in the cms™' range. In brief, a biased AFM tip traces desired
shapes on the sample while immersed in perfluorooctane
(PFS8; Figure 1a). The electric field (approximately 10° Vm™)
in the small gap between the tip and the surface decomposes
the solvent into radicals that react to deposit a fluorinated
amorphous carbon film (Figure 1b).?"! In this way, lines as
narrow as (27 +£2) nm (full width at half maximum) and 0.7-
nm tall were fabricated at rates of 1 cms™' (Figure 1c).
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Figure 1. a) lllustration of the setup for SPL in PF8, both the AFM
probe and the sample surface are immersed in the solvent. Lithog-
raphy is performed by translating the grounded tip across desired
locations on the biased sample. b) Mechanism for formation of
fluorinated amorphous carbon film: PF8 decomposes into many
species such as C,F;, CF,, and CF radicals that recombine to form
amorphous fluorocarbon.? ¢) Tapping-mode AFM image of lines
written in the contact mode at 4+ 12V bias on the sample and with a
tip speed=1cms™". Scale bar=1 pum. The image was illuminated
from the right-hand side for contrast enhancement.

The patterns demonstrated excellent resistance in fluori-
nated dry etchants (Figure 2); negative tone features that
were 50-nm wide were readily transferred 20 nm into the
substrate by using SF, gas plasma. Lithography for the entire
area shown in Figure 2 a, including processing of the instruc-
tions by microscope electronics, only required 15 seconds. In
the same 15s, high-field lithography in octane would only
have written a single 150-nm-long line,'¥ and e-beam
lithography®! would have written at most 1/4 of the structure.

The chemical composition of the features was elucidated
through the near-edge X-ray absorption fine structure
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Figure 2. a) Large-scale tapping-mode AFM image of a pattern written
at 12Vand 1 cms™' after 5 s dry etch in SF6. Scale bar=25 um.

b) Zoomed-in section of the image shown in Figure 2a and the
horizontal cross section; scale bar=>5 pm. c and d) Scanning electron
micrographs of the same area; scale bars =10 um and 1.5 um,
respectively.

(NEXAFS) recorded by a photo emission electron micro-
scope (PEEM). NEXAFS is based on X-rays exciting core
electrons into bound empty states to probe the unoccupied
molecular orbitals. To facilitate analysis, larger microscopic
patches were fabricated by using SPL in PF8 (Figure 3a and
Figure 3b). The colored curves in Figure 3¢ correspond to
absorption spectra acquired by the PEEM around the C K
edge on and off the patches; the black trace shows the average
of the signal on the patch divided by the signal off the patch.
The latter serves as an [, correction to compensate for the
energy dependence of the X-ray flux in the beam line.
Analysis of the spectra identifies the bonding network of the
film. The lower energy resonance (1) at 285.3 eV corresponds
to the transition of a photoelectron from the K shell of C to
the st* orbital of C=C—C; the wide band (5) with an onset at
approximately 290 eV is assigned to the transitions to the ¢*
orbitals and indicates a significant presence of sp® hybridized
carbon. Peak (2) at 287.5 eV, which is a signature peak of C=
C—F™ is clearly absent in the spectrum acquired on a patch
made with simple octane (Figure 3d). The onset of the o*
band at lower energies for the PF8 patterned sample suggests
the presence of two additional peaks at 290 eV (3) and 292 eV
(4). The first is assigned to the transition to the st* orbital of
C=CF,” and the second to the o* orbital of C—C—F.* The
ratio of the integrals of the o* and m* peaks is used as an
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Figure 3. a and b) PEEM images of the patches made by using high-
field lithography in PF8, acquired at 300 eV X-ray energy, above the C K
edge. c) Local X-ray absorption spectra acquired in the patterned areas
located on (A and C) and off (B and D) the patches. The spectra
represent raw data and were recorded in the boxes outlined in the
same color in panels (a) and (b). The black trace shows the spectrum
E=(A+C)/(B+D), which displays the chemical signature of the
written patch. d) Comparison of two normalized PEEM spectra
acquired on a patch made with octane (black) and perfluorooctane
(gray). TEY =total electron yield.

estimate of the sp*sp® content in the material.?! In this
sample, approximately 1/3 of the C has unsaturated bonds,
suggesting the formation of a cross-linked network.

The contents of the patterns were confirmed by elemental
depth profiling with secondary ion mass spectrometry (SIMS;
Figure 4). In the image sequence from Figure 4b to Fig-
ure 4 h, the brighter parts represent the fluorine content of
the debris arising from the patterned area that is etched away
by a high-energy Ga beam. In the first SIMS image
(Figure 4b), significant fluorine is present everywhere on
the sample as may be expected from solvent contamination.
As the ion beam etches down, the surrounding area is cleaned
while the fluorocarbon on the patches is still present, resulting
in an increasing contrast (Figure 4 d) until the entire structure
is etched away (Figure 4 h).
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Figure 4. a) AFM image of one of the patches that was used for SIMS
characterization. b—h) Sequence of images taken of the F~ (atomic
weight of 19 gmol™') ion counts in accumulation intervals of 60 s.
Scale bars =10 pm.

From these analyses, we conclude that the material
deposited is fluorinated amorphous carbon; this is consistent
with plasma deposition with PFS8 as a precursor.””! Although
the presence of fluorine in the patterns might be explained by
invoking the higher strength of C—F bonds compared with C—
C bonds in PF8, a comparison of bond energies for PF8 and
octane does not support the dramatic difference in the
deposition rate between the two.'*' A simple model for
dielectric breakdown of solvents in high-voltage transform-
ers® can also be applied to our system. Local heating in the
strong field region at the sharp tip vaporizes the solvent and
creates low-density regions (streamers) where discharge and
formation of radicals occurs. Streamers propagate from the
tip towards the sample surface, where the radicals couple and
deposit as an amorphous carbonaceous film. Breakdown
occurs faster in perfluorooctane because the propagation
speed of negative streamers (from negative tip to positive
sample) in the fluorinated solvent is two orders of magnitude
higher than in octane.*

In conclusion, we have developed a facile high-speed SPL
that can pattern nanoscopic features of fluorinated amor-
phous carbon at velocities of 1 cms™'. This is the fastest AFM
lithography reported to date with a speed that is only limited
by the piezo response. We have successfully patterned areas
of 100 um? in seconds and carried out negative-tone transfer
in dry etch. Possible applications of nanopatterned fluori-
nated amorphous carbon include low k dielectric insulation of
on-chip interconnects and patterned low energy surfaces. An
advantage of this simple technique is that it can be extended
to any flat conducting substrate.

Experimental Section

Si (100) substrates (Addison Engineering, B doped, p=0.02Qcm)
were cleaned by sonication in acetone, isopropyl alcohol, water, and
15 s of oxygen plasma (SiO, thickness 1.8 & 0.3 nm). Perfluorooctane
(98 %, Aldrich) was used as received. Lithography was performed on
a Digital Instruments Multimode AFM with a fluid cell that was
operated in contact mode with Sb-doped Si cantilevers Veecoprobes
(p=0.02-0.025Qcm, k=02Nm™'). A bias (+6-+12V) was
applied to the sample through the Nanoscope IIIa controller. The
force set point was the same as for imaging. Dry etching was
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implemented in a technics-c with SF; plasma at 194 mT, flow rate 13
sccm, and 300 W power. Scanning electron microscopy was per-
formed with a Hitachi-S5000 operated with a 10 kV accelerating
voltage and 12 pA current.

Spectromicroscopic characterization was carried out at beamline
7.3.1 (PEEM-2) of the Advanced Light Source at the Lawrence
Berkeley National Laboratory. PEEM records the TEY, a measure of
the X-ray absorption of the sample, with a maximum spatial
resolution of approximately 50 nm. Local C K edge NEXAFS spectra
were obtained with approximately 0.3 eV energy resolution from
stacks of PEEM images taken at successive X-ray energies. The
detector dark current was subtracted and the spectra were normalized
to unity from 5 to 10 eV before the edge jump to extract chemical
information that is encoded in the energy-dependent absorption of
the sample. Non-energy-dependent effects caused by differences in
illumination and local work function were thus removed.

SIMS was conducted at the Materials Research Laboratory of
UC Santa Barbara with a Dynamic Physical Electronics 6650
Quadrupole SIMS by using a Ga liquid metal gun (LMIG) FEI
model 83-2LI, which was operated at 25 kV and with a current of
350 pA. Images including F (mass 19) were collected for periods of
120 cycles, each cycle equaling 0.5 s.
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