
Preparation and Mechanics of Nanotextures on Adapting a Low
Adhesive Surface Using Local Oxidation Nanolithography
Yufei Mo,*,†,‡ Zhaoxia Lu,† Alicia Chau,‡ and Fuchuan Huang*,†

†Guangxi Key Laboratory of Petrochemical Resource Processing and Process Intensification Technology, Guangxi University,
Nanning 530004, P. R. China
‡School of Engineering & Applied Science, The George Washington University, Washington DC, 20052, United States

ABSTRACT: This paper describes an application for atomic force
microscopy to the fabrication of nanotextures with various features
on a GaAs surface by local oxidation nanolithography (LON). By
controlling the geometrical shapes and surface coverage of the
nanotexture, the surface adhesion can be adjusted to a low
adhesive surface. The influence of environmental conditions, such
as relative humidity and temperature on adhesion behavior, was
studied. An optic heater was employed to minimize thermal effect
on an atomic force microscope (AFM) cantilever and PbZrTiO3
scanner. In our study, AFM is used for both fabrication and
characterization. LON allows the fabricated nanotextures to be altered in situ without the need to change masks or repeat the
entire fabrication process. Furthermore, the nanoadhesion characterization of nanotextures on a GaAs surface was investigated
with a colloidal probe method.
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1. INTRODUCTION

The microelectromechanical system (MEMS) represents an
emerging technology that relies on the microfabrication of
microscale mechanical components such as mirrors, gears,
latches, etc. Those components are integrated with on board
actuators. Over the past several decades, MEMS researchers
and developers have demonstrated an extremely large number
of microsensors for almost every possible sensing modality
including temperature, pressure, inertial forces, chemical
species, magnetic fields, radiation, etc. However, thus, despite
the demonstration of numerous MEMS devices and product
concepts each year, a very small number have actually
succeeded in the market place. A well-known problem in the
fabrication of MEMS devices from surface micromachining is
stiction, which occurs when surface adhesion forces are higher
than the mechanical restoring force of the microstructure.
When a device is removed from the aqueous solution after wet
etching the underlying sacrificial layer, the liquid meniscus
formed on hydrophilic surfaces pulls the microstructure
towards the substrate and stiction occurs; another difficult
situation is interface stiction during operation when micro-
structures come into contact. Interface stiction is caused by
capillary forces, electrostatic attraction, and chemical bonding.
The difficulty in controlling surface forces is a critical
impediment to the fabrication and operation of many MEMS
devices.1−3

One approach to solve the stiction problem is to provide a
low-energy surface thin film in the form of an organic
passivation layer on the inorganic surface; for example, a self-
assembled monolayer can not only eliminate or reduce capillary

forces and direct chemical bonding but also reduce electro-
static forces if the thin organic layer is directly applied to the
semiconducting substrate, without the intervening oxide layer.
Texas Instruments uses a fluorinated fatty acid self-assembled
monolayer (SAM) on the aluminum oxide surface in their
digital mirror displayer,4 while analog devices coat the surfaces
of their inertia sensors using thermal evaporation of silicone
polymeric materials at the packaging stage after the device is
completely released.5 Another much advocated approach is the
formation of siloxane self-assembled monolayers (SAMs) on
the oxide terminated surface, but the difficulty of this chemistry
and the poor reproducibility put significant limitations on its
practical usage.
Another attractive approach to tackle the stiction problem is

to fabricate nanotexture on the surface. A surface texture is a
predominant layer of machining pattern on the surface. The
pattern is a repetitive impression created on the surface of a
part. It is often representative of a specific manufacturing
operation. The layer may be specified when it has an effect on
the function of the part.6 Compared with SAMs, surface texture
can be used on metallic, inorganic, and organic surfaces.
Furthermore, surface textures can also be used to reduce
adhesion and increase reliability and durability in energy
transmission efficiency.
Scanning probe lithography (SPL) is an emerging area of

research in which the scanning tunneling microscope (STM) or
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the atomic force microscope (AFM) is used to pattern
nanometer-scale features. Patterning methods include mechan-
ical patterning such as scratching7−9 or nanoindentation10,11 or
local heating with the sharp tip.12 Since J. Dagate13 discovered
the probe-based oxidation in the heyday of atomic scale
manipulation of surfaces by STM, local oxidation nano-
lithography has evolved to become a useful tool to fabricate
sophisticated nanodevices for studying quantum phenomena
such as quantum conductance and coulomb blockade. When a
voltage bias is applied between a sharp probe tip and a sample,
an intense electric field is generated in the vicinity of the tip.
The concentrated field is the enabling element for two other
methods, field enhanced oxidation of semiconductor materials
or metals and electron exposure of resist materials. Recently,
this technology has been used extensively to fabricate
nanotextures for an anti-adhesion purpose.
Adhesion at nanoscale is of interest in various scientific

disciplines, such as nanocontacts for construction of MEMS in
engineering, cell and protein adhesion in microbiology,14,15

molecular mechanisms in chemistry,16−18 and microfluidics in
physics.19,20 Adhesive forces come from two sources: contact
interfacial forces and noncontact forces such as Van Der Waals
or electrostatic forces. Adhesion is typically measured by a pull-
off force between the cantilever tip and the surface. The
challenge in the measurement often lies when determining the
real area of contact. For commercial sharp tips, the surface
roughness and high contact pressure may cause the tip to rotate
and the surface to deform. W. Ducker21 introduced the use of
colloidal probe tips by attaching a sphere to the cantilever to
measure adhesion. The spherical shape of the tip provides
controlled contact pressure, symmetry, and mostly elastic
contacts. For nanotexture adhesive force measurement, the
spherical probe tip can be in full contact with the texture
surface, while the sharp tip can only perform point contact.

2. EXPERIMENTAL SECTION AND METHODS
Fabrication of nanotextures was performed by using a commercial
AFM (Bruker DI 3100, USA). The local oxidation nanolithography
was carried out in noncontact dynamic mode and in the regime of the
contact force using silicon cantilevers with electrically conductive tips
coated by platinum (Budget Sensor). The tip is conic with a radius
below 30 nm. The AFM software is extended with a program package
for the well-defined movement of the tip over a sample. The ease of
control of other tip−sample parameters makes it possible to
accomplish predefined patterns at various pulsed bias voltage,
pulsewidth, and write speed in contact mode. For environmental
control, relative humidity was controlled by introducing a mixture of
dry and moist argon stream inside the booth. The relative humidity
was controlled to range from 5% to 85%. The local oxidation
nanolithography performed by AFM is illustrated in Figure 1. In this
nanolithography process, oxides grow on a chemically reactive
substrate by application of a pulse bias voltage between a conductive
tip and a sample surface which act as an anode.
Adhesion behavior of the fabricated nanotextures was characterized

with an atomic microscope with dynamic force spectroscopy. The
influence of relative humidity and temperature on adhesion was
studied in a noise and vibration-isolated, environment-controlled
booth, as shown in Figure 2a. In order to study the effect of
temperature on adhesion, an optic heater was employed to minimize
thermal effect on an AFM cantilever and PbZrTiO3 (PZT) scanner
while the local region of the sample surface is heating up. A
thermocouple and a hygrometer were used to measure the sample
relative humidity and temperature, respectively. The temperature
ranged from 20 to 160 °C, while the relative humidity ranged from 5%
RH to 85%RH during adhesion measurement. To control the contact
time independent of the loading rate, a trapezoidal signal from a

programmable waveform generator was applied to drive the piezo
actuator. In adhesion measurements, the laser beam is focused on the
back of the AFM cantilever to detect the cantilever’s deflection as it
interacts with the surface beneath it. The reflected beam is directed
onto a split photodiode detector, which produces a voltage signal
proportional to the cantilever deflection. The sample beneath the
cantilever is moved using a piezoelectric transducer. In the force
measurements, motions in the x and y directions are disabled, the
piezoelectric tube is used to move the surface in the z direction, and
the cantilever deflection is continuously measured. The surface is first
moved toward the cantilever until the tip contacts the surface and then
is retracted from the cantilever until the tip snaps off from the surface.
The adhesion force was obtained from measuring the deflection of the
cantilever at the point where the tip pulls off from the surface after
contact. A colloidal probe was prepared by gluing glass beads with
radius of 20 μm (SRM1003c, radius range from 10 to 22.5 μm, NIST,
MD) 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 individually calculated using the added
mass technique.22−24 The measured normal force constant of the
cantilever was determined to be 0.51 N/m. A typical colloidal probe is
shown in Figure 2b. The colloidal probe was cleaned by ethanol and
then acetone before use. For all measurements, the same cantilever
was used in this comparative study. Furthermore, to avoid influence of
molecules which may transfer to the tip on the AFM/FFM
experiments, the tip was scanned on a cleaved mica surface to remove
these physical adsorbed molecules. The surface topography of the
colloidal probe was scanned with a cantilever with force constant of
0.12 N/m and a silicon nitride sharp tip under contact mode. The
microroughness of the colloidal probe in root-mean-square was
estimated to be 0.3 nm.

3. RESULTS AND DISCUSSION
3.1. Effect of Pulsed Bias Voltage, Pulsewidth, and

Ambient Humidity on GeAs Local Oxidation. Fabrication
and application of nanotexture for a study of their quantum
properties and for building new nanodevices or surface
modifying requires a reliable control of individual technological
steps. To be able to prepare nanotexture of specific dimensions
and properties, the relationship between the operation
parameters should be fully understood. The local oxidation
nanolithography is controlled by several major parameters:
pulsed bias voltage, pulsewidth, and ambient humidity.
Figure 3 shows a testing array of GaAs oxide pillars prepared

at different tip−sample voltages and pulsewidths on GaAs
substrate (relative humidity of 50%, temperature of 20 °C).
The oxide height is a function of pulsewidth for various tip−
sample pulse bias voltages, as shown in the figure. From “b” to
“a” in the inset, the pillars were prepared at progressively lower

Figure 1. Schematic of the local oxidation nanolithography induced by
a conductive AFM tip.
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tip−sample pulse bias voltages. On the other hand, going from
“c” to “a”, the pillars were made at progressively decreasing
pulsewidths. Such a testing pillar array makes it possible to find
the relations between the height of pattern and operational
parameters. In the case of patterning oxide pillars, the
effectiveness of the tip−sample pulse bias voltage suggested
that the fabrication of pillars can be achieved by varying the
pulsewidth. It is evident that the lower pulse bias voltages and
short pulsewidths result in lower anodized oxide pillars. The
reason for that could be due to insufficient voltage or time for
reaching the saturation height. In the anodic oxidation process,
the anionic and cationic transports are important factors in
determining the kinetics of oxidation. In test conditions, the
driving force is the faradic current flowing between the tip and
sample surface with the aid of the water meniscus. It is obvious
that the pillar was prepared at the highest tip−sample pulse
voltage and the longest pulsewidth produce the best developed
height. In this experiment, the pillar with the lowest height
value (0.3 nm) was treated with a pulse bias voltage of 6.0 V
and pulsewidth of 60 ms. On the other hand, the pillar with the
highest value (12.3 nm) was achieved at a pulse bias voltage of
10.0 V and pulsewidth of 540 ms.
Figure 4 demonstrates the linear dependences of the oxide

height as function of relative humidity. The height of GeAs

oxide pillar was proportional to relative humidity for various
distinct optional parameters (pulse bias voltage and pulse-
width). The reason for that could be due to the different
thickness in water film. In any case, the present results
demonstrate that the AFM tip-induced local oxidation can be a
viable tool for fabricating well-controlled oxide patterns
provided proper operation conditions are chosen.

3.2. Geometrical Shape, Temperature, and Humidity
Effects of Nanotexture on Adhesion. The local oxidation
nanolithography can be used not only in fabrication of
nanodevices but also on adhesion−resistance of surface
textures. For solid surface contacts without adhesive agents,
adhesion is proportional to the real area of contact. As an
example of nanotextures, pillars of rectangle, triangle, circle, and
crosshatch were fabricated by local oxidation nanolithography
for this purpose shown in Figure 5a−d.
Figure 6a shows that adhesive force increased with relative

humidity, which is due to water menisci contribution. It is also
observed that the adhesive force of textures increased
indistinctively and tended to a stable value. Adhesive force of
bare GeAs surface is as high as 605/403 nN under humidity of
80%RH/10%RH. Once surface textures of a circle, triangle, and
rectangle were fabricated, the adhesive force decreased to 520/

Figure 2. Schematic figure of the AFM system used for adhesion measurement (a); SEM image of the colloidal probe (b).

Figure 3. Height growth of GaAs oxide pillars as a function of pulse
width for different bias voltages. Figure 4. Height growth of GaAs oxide pillars as a function of ambient

humidity for different bias voltages and pulse width.
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179, 551/202, and 579/223 nN, respectively. This result
indicates that the nanotextures have good adhesion resistance
on GeAs surface. Furthermore, the adhesive force was observed
to decrease in the following order: cross hatch > rectangle >
triangle > circle. However, the cross hatch texture was even
higher than the bare GeAs surface under high relative humidity,
since the cross hatch structure is more prone to absorb
moisture under high relative humidity. Figure 6b shows the
influence of temperature (20−160°C) on adhesion. The
adhesive force decreased with the increase of temperature
and then tended to a stable value. The drop in adhesive force is
a result of desorption of water molecules and the corresponding
decrease of water menisci contribution. While the temperature
is below 100°C, adhesion of cross hatch textured surfaces is
higher than that of untextured surfaces. However, the adhesion
of the cross hatch textured surface was reduced greatly and was
lower than the untextured surface, at temperatures above
120°C. The reason for the adhesion behavior of cross hatch
texture may be because evaporation of adsorbed water results in
a decreased formation of water menisci than that in the
untextured surface. The adhesive force depends primarily on
contact interface rather than water menisci contribution under
high temperature.

3.3. Hollow Structure and Area Density Effects of
Nanotexture on Adhesion. Figure 7 shows adhesive forces
for circle and ring nanopillars with surface coverage of 19.6%,
13.6%, 8.7%, 5.0%, and 3.1%. The height of the pillars was kept
at about 12 nm; therefore, the nanotextures tend to dominate

Figure 5. AFM topographies of GeAs oxide nanopillars with various geometrical shapes: rectangle (a), triangle (b), circle (c), and cross hatch (d).

Figure 6. Dependence on relative humidity (a) and temperature (b) of adhesion for GeAs oxide nanopillars.

Figure 7. Plots of adhesive forces for circle and ring nanopillars with
surface coverage of 19.6%, 13.6%, 8.7%, 5.0%, and 3.1%.
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the contact condition when compared to the colloidal probe. It
is observed that the adhesive forces are closely related to the
surface coverage of nanotextures. The surface coverage relates
directly to the bearing ratio, which describes the real area of
contact between two solid surfaces.25 When holding the same
nanopillar heights, the higher the surface coverage, the higher is
the bearing ratio. Therefore, the adhesive force decreases as the
density of nanopillars decreases or as the distance between the
nanopillars increase, because low density means fewer
contacting points. Larger meniscus area results in higher
adhesion. However, the probe tip would contact directly with
substrate, and the corresponding adhesive force would increase
when the surface ratio is too small to support the contact
surface. As surface coverage of the nanopillars increases, not
only can each meniscus grow bigger but also the capillary
pressure with each meniscus can become higher.26,27 Both of
these changes lead to a higher adhesive force.
3.4. Reversible High to Low Transition of Adhesion.

Figure 8 shows a reversible adhesion transition of the cross

hatch textured surface. The adhesive force of the cross hatch
textured surface changes from high adhesive force to low
adhesive force under high temperature. After annealing, the
surface was cooled down and placed at room temperature
overnight, and a new adhesive force measured the surface
adhesion again. The high adhesion surface of the cross hatch
texture was obtained. This process was repeated several times,
and good reversibility of the surface adhesion was observed.

4. CONCLUSIONS
In this paper, the application of tip-induced local oxidation
nanolithography for fabrication of nanotextures on a GeAs
surface is presented. Results indicated that the local oxidation
nanolithography is controlled by several major operational
parameters such as tip−sample pulse bias voltage, pulsewidth,
and relative humidity. The various geometrical shape pillars
including rectangle, triangle, circle, and cross hatch were
fabricated in height range from 0.3 to 12.3 nm for the purpose
of adhesion−resistance. Adhesive force was observed to
decrease in the following order: cross hatch > rectangle >
triangle > circle. Meanwhile, the adhesive forces showed a close
relationship to the surface coverage of nanotextures. The
influence of relative humidity and temperature was investigated,
and the corresponding adhesive mechanisms were discussed.

This technique shall provide a unique opportunity for the
exploration of surface force adaptation under spatially well-
defined, controlled nanotextures.
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