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This letter describes a new method for the precise positioning of a lubricant on a surface. The nanometer-sized
patterns are first fabricated using the atomic force microscopy (AFM)-based local anodic oxide (LAO) method.
Multiply alkylated cyclopentanes (MACs) serving as lubricant matrix layers on nanopatterns of silicon dioxide are
fabricated. By controlling the velocity of pull-off and solution conditions, we selectively immobilize MACs on the
patterned areas using the dip-coating method. In our study, AFM is used for both fabrication and characterization.
AFM-LAO allows the fabricated patterns to be altered in situ without the need to change masks or repeat the entire
fabrication process. Furthermore, the nanotribological characterization of lubricant matrix layers on the nanopatterns

was investigated with a colloidal probe.

Nanostructures and nanodevices have attracted tremendous
attention as well as physical challenges in ultimately scaled
designs for the future. Patterns with dimension of 100 nm or
larger have been fabricated using photolithography,'* micro-
contact printing,®”” microwriting,* and micromachining.'® Ton
and electron beam lithography have produced patterns within
the films with dimensions of tens of nanometers under ultrahigh
vacuum conditions."''* Scanning probe lithography (SPL),
nanoparticle masks, and nanografting have produced patterns
with dimensions of several nanometers within self-assembled
monolayers (SAMs).'*”'® The nanopattern SAMs produced via
SPL or nanografting have primarily been negative patterns or in
solution.'” ™' The challenging task remains to produce more
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nanometer- or molecular-scale patterns with controlled lateral
metrology.'®

Local anodic oxidation (LAQO) via the atomic force microscope
(AFM) is a lithography technique perspective for the fabrication
of nanometer-scaled structures and devices.”® AFM-LAQ is based
on direct oxidation of the sample by negative voltage applied to
the AFM tip with respect to the surface of the sample. The AFM-
LAO process can be used not only in the fabrication of
nanodevices but also in adhesion resistance and friction reduction
as surface texturing.”' In previous studies, AFM-LAO has been
demonstrated to be the most promising tool for fabricating
nanodots and lines on several types of materials ranging from
metals to semiconductors.?* "

Multiply alkylated cyclopentanes (MACs) are composed of
one cyclopentane ring with two to five alkyl groups substituted
on the ring. They are synthesized by reacting dicyclopentadiene
with alcohols of various chain lengths producing a lubricant
with a selective range of physical properties.>' Currently, the
MAC is a mixture of di- and trisubstituted (2-octylodecyl)
cyclopentanes. MAC has excellent viscosity properties, thermal
stability, and low volatility for use as a lubricant and is presently
gaining wide acceptance on actual space applications.** Unfor-
tunately, it is difficult to control the size and distribution of
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Figure 1. Schematic of the local anodic oxidation process induced by
a biased conductive AFM tip.

lubricants precisely on silicon and diamondlike carbon (DLC),
which limits their applications in magnetic record storage
microelectromechanical systems (MEMS).?3

Our approach utilizes an AFM-LAO technique to control the
size and distribution of lubricants precisely in an atmospheric
environment. The nanotribological properties and nanostructures
produced in each step are also characterized using AFM. This
new technique includes two main steps: the production of
nanometer-sized nanopatterns using AFM-LAO, followed by
the selective adsorption of MAC lubricant onto these patterns
using the dip-coating method. The LAO process performed by
AFM is illustrated in Figure 1. The driving force is the faradaic
current flows between the tip and sample surface with the aid
of the water meniscus. When the faradaic current flows into
water bridge, H,O molecules are decomposed into oxyanions
(OH™ and O™) and protons (H'"). These ions penetrate into the
oxide layer because of the high electric field (£ > 107 V/m), **
leading to the formation and subsequent growth of SiO, on the
H-passivated Si surface. The H-passivated Si substrate is hydrogen
passivated by leaking H, into an ultrahigh vacuum (UHV)
chamber, where atomic H was created by creaking H, molecules
on a hot tungsten filament. The process can prevent silicon being
converted to a nonuniform native oxide.*® To improve the
resolution of oxide nanotexture, we focus on the fabrication of
nanotextures on H-passivated Si substrate by LAO.

The LAO process is controlled by several major parameters:
pulsed bias voltage, pulse width, and humidity. The height of the
oxide can be well controlled by changing these parameters. Figure
2a shows that patterns were fabricated by LAO at a pulse bias
voltage of 10 V, a pulse width of 100 ms, and relative humidity
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Figure 2. Formation of nanopatterns and MAC lubricant layer: (a) AFM
topographic image of patterned H-passivated Si. (b) The same area
imaged after being dip-coated in a MAC solution. (c) Corresponding
cursor profiles across the MAC nanopatterns. The Ge attenuated total
reflective FTIR spectra of the MAC layer on patterned silicon is given
in the Supporting Information in Figure S1.

of 20%. The patterned silicon substrate was then dip-coated in
a 0.1 mg/mL MAC solution in hexane solvent. After the solvent
evaporated, MAC droplets were distributed on the patterns, as
shown in Figure 2b. The cursor profile shown in Figure 2c reveals
different heights before and after dip-coated MAC. From the
Figure, the height of the pattern was about 1.5 nm, and the
thickness of the MAC lubricant layer was about 4.5 nm.

For adhesion and friction force measurements of the fabricated
patterns, a colloidal probe was prepared by gluing a glass sphere
with a radius of 40 4m onto an individual tipless cantilever. The
cantilever used in our experiments was etched from single-crystal
silicon, and the force constant of the cantilever was calculated
using the individually measured thickness, width, and length.>’
The above dimensions were determined by a scanning electron
microscope, and the normal force constant of the cantilever was
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Figure 3. Plots of (a) adhesive forces and (b) friction force between the
AFM colloidal probe and the surfaces of samples. The inset shows an
SEM image of a typical colloidal probe. More detailed data is given in
the Supporting Information in Figure S2.

determined to be 0.275 N/m, which is close to the announced
force constant 0.30 N/m. The friction force was calibrated by the
method described in ref 38. The inset of Figure 3 shows the SEM
image of a typical colloidal probe. The colloidal probe was cleaned
sequentially in ethanol and acetone before use. For all measure-
ments, the same cantilever was used in this comparative study.
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Furthermore, to avoid the influence of molecules that may transfer
to the tip in the AFM/FFM experiments, the tip was scanned on
a cleaved mica surface to remove these physically adsorbed
molecules. The relative humidity was controlled at 20%. Repeated
measurements were within 5% of the average value for each
sample. The adhesive force between the colloidal probe and
sample surfaces is shown in Figure 3a. A strong adhesive force
was observed on the untreated H-passivated silicon surface, on
which the adhesive force was about 175 nN. After the patterns
were generated, the adhesive force was decreased to 70 nN. This
indicates that the pattern exhibited adhesion resistance. Adhesion
is directly related to the bearing ratio, which describes the real
area of contact between two solid surfaces.* After dip-coating
in MAC solution, the adhesive forces of untreated H-passivated
and patterned Si were decreased to 105 and 52 nN, respectively.
Such a phenomenon indicates that the MAC layer on the sample
surface can obviously lower the interfacial energy and capillarity
between the tip and surface. Figure 3b presents the plot of friction
versus load curves for the bare H-passivated Si and patterned Si
and these surfaces treated with MAC. Patterned Si evidently
reduced the friction force, and the MAC-cover-patterned Si
exhibited the lowest friction force whereas H-passivated Si had
astrong friction force. The decrease in the friction force is mainly
due to a pattern giving rise to a smaller contact area for the same
applied load and MAC as the lubricant layer minimizes the
shearing strength during sliding.

In summary, nanometer-sized lubricant patterns can be
produced using AFM-LAO and the dip-coating method. Regular
patterns were fabricated on an H-passivated Si substrate using
the AFM-LAO process. Subsequently, the patterned Si substrates
were dip-coated in MAC solution. This new positioning of the
lubricant method is currently being tested using various lubricants.
The strength of our approach is the ability to engineer and image
patterned Si and lubricant patterns with nanometer precision.
These nanostructures shall provide a unique opportunity for the
exploration of chemical and biochemical reactions under a
spatially well-defined, controlled environment.
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