
Published: May 02, 2011

r 2011 American Chemical Society 10125 dx.doi.org/10.1021/jp201285h | J. Phys. Chem. C 2011, 115, 10125–10130

ARTICLE

pubs.acs.org/JPCC

Fabrication and Adhesion Measurement of a Nanotextured
Surface with Ionic Liquid Monolayers
Yufei Mo,†,‡,* Fuchuan Huang,† Shulin Pan,† and Shizhao Huang†

†School of Chemistry & Chemical Engineering, Guangxi University, Nanning 530004, P. R. China
‡School of Engineering & Applied Science, The George Washington University, Washington, D.C. 20052, United States

ABSTRACT:

A new approach is presented to fabricate an adhesion-controlled surface by means of local anodic oxide (LAO) lithography
combined with ion exchange of ionic liquid. In this research, the nanometer-sized textures are first fabricated using a conductive
atomic force microscopy based local anodic oxide method. Ionic liquid molecules were then self-assembled onto the matrix layer of
silicon dioxide texture. The adhesive force of the surface was controlled by the formation of a self-assembled monolayer modified
texture and ion exchange on the surface. Furthermore, adhesive characterization of ionic liquid and texture layers was investigated
with a colloidal probe method. This approach can be readily extended to other conductive substrates, which have potential
applications in the fields of detecting or sensing.

1. INTRODUCTION

Functional surfaces have been extensively studied because of their
great utility in applications ranging from lithography to bioanalysis.1�3

Functional surfaces with nanohierarchical structure have attracted
the increasing interest of researchers from materials science and
nanoscience in applications such as hydrophobic,4,5 virus detection,6

antiadhesion,7 and microfluid,8,9 etc. At present, there is a wide
spectrum of technological approaches capable of producing nano-
structures. Patterns with dimension of 100 nm or larger have been
fabricated using microcontact printing,10 photolithography,11

microwriting,12 and micromachining.13 However, none of them can
be a consideration as an ideal and generally acceptable tool. Ion and
electron beam lithography have produced patterns within the films
with dimensions of tens of nanometers under ultrahigh vacuum
conditions.14,15 Scanning probe lithography, nanoparticle masks, and
nanografting have produced patterns with dimensions of several
nanometers within the self-assembled monolayer.16�18 The
nanopattern monolayer produced via sanning probe lithography
or nanografting has primarily been negative patterns or in solu-
tion.19�21 The challenging task remains to produce more nanometer
or molecular scale structures with a precisely controlled method.

Atomic force microscopes (AFM) enjoy a prominent status in
nanotechnology because of their ability to image, at sub-10 nm
resolution, a wide variety of surfaces ranging from microchips to

biomolecules. Furthermore, the performance of the instrument is
not compromised by the medium. High-resolution imaging has
been achieved in vacuum, air, and liquid. The relative ease of
conversion of a force microscope into a modification tool has
prompted a fascinating variety of atomic and nanometer-scale
modification approaches. Those approaches involve the interac-
tion of a sharp probe with a local region of the sample surface.
Mechanical, thermal, electrostatic, and chemical interactions, or
several combinations among them, are currently exploited to
modify surfaces at the nanoscale with probe microscopes. AFM-
based nanolithography has wide applications in nanocale pat-
terning and fabrication. So far, dip-pen,22,23 local oxidation,24 and
other techniques25�27 have been developed to selectively modify
a surface and build up complex nanostructures.

In AFM local anodic oxidation (LAO), the negatively biased
tip induces simultaneous oxide growth on conductive surfaces. It
is suggested that the oxidation mechanism and kinetics are
closely related to electrical field, surface stress, water meniscus,
and OH-diffusion, etc.28�31 Ultrathin oxide patterns, thickness
e5.0 nm, have been fabricated on a silicon surface using AFM
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oxidation.32,33 Besides being a powerful fabrication tool to grow
oxide, AFM is also a good technique to measure adhesive forces
and friction between surfaces in the nanometer scale. 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 pull-off forces between the
cantilever tip and the surface. The challenge in the measurement
often lies with the determination of real area of contact. For sharp
tips, the surface roughness and high contact pressure may cause
the tip to rotate and the surface to deform. Ducker34 introduced
the used of colloidal probe tips by attaching a sphere to the
cantilever to measure adhesion. The spherical shape of the AFM
tip provides controlled contact pressure, symmetry, and mostly
elastic contacts. For AFM-LAO adhesion measurement of
nanotextures, the spherical probe tip can fully contact with the
texture surface, while the sharp tip can only point contact.
However, the measurement of the contact surface roughness of
a colloidal probe poses additional challenges since the total
surface areas are very small. Therefore, the reverse AFM imaging
method which is developed by Neto35 was adopted to identify
the contact location and directly imaged by an AFM with a sharp
tip to provide detailed three-dimensional surface topography.

In this paper, a combined system consisting of nanotexture
and self-assembled monolayer was designed for adhesion con-
trol. In our approach, silicon surfaces were micropatterned by
the AFM-LAO process after H-passivity. The patterned surfaces
were modified with an ionic liquid self-assembled monolayer for
lowering surface energy. In our previous research,36 the LAO
process is well controlled by several major parameters as follows:
pulse bias voltage, pulse width, writing speed, and humidity. The
desired dimension of the predesigned nanostructure can be
fabricated by controlling these parameters. The adhesion and
nanostructure produced in each step are also characterized using
AFM. The aim of this work was to further improve the knowl-
edge of the relations between the micropattern, surface chem-
istry, and nanotribiological properties. It is expected that this

investigation could help to understand and aid the design and
selection of the appropriate SAM�texture system for protection
in nanodevices.

2. EXPERIMENTAL SECTION

Experiments were performed on p-doped single-side polished
single-crystal silicon (100) substrates with a resistivity <0.005Ω
(Benyuan Technology Co. Ltd., Beijing). After ultrasonic cleaning
by acetone and isopropanol in turn, Si substrates were place into an
ultrahigh vacuum (UHV) chamber at a base pressure of 5� 10�11

Torr for a hydrogen passivated process. Atomic H was created by
cracking H2 molecules on a 1500 �C tungsten filament, and the Si
substrates were passivated by atomic H in the UHV chamber. The
advantages of the H-passivated process are to prevent nonuniform
native oxidation and improve resolution of Si oxide nanotextures.

The AFM platform is a commercial environment-controlled
CSPM 4000 multimode system. A conductive platinum covered
probe (Budget sensor) is used in the local oxidation process. The
tip is conic with radius below 25 nm. The AFM software was
extended with a program package for well-defined movement
of the tip over a sample. Relative humidity was controlled by
inducing a mixture of dry and moist nitrogen stream inside the
AFM chamber, while the temperature was maintained at 25 (
2 �C. The oxidation process is sensitive to many parameters: dc
pulse voltage, pulse widths, writing speed, and relative humidity.
The AFM-LAO process is schematically shown in Figure 1. In
this technique, oxides grow on a chemically reactive substrate by
the application of a voltage between a conductive AFM tip and a
substrate surface which acts as an anode. There is a threshold
voltage at which the anodic oxidation starts. Water molecules
adsorbed on a substrate dissociate due to a high electric field
(E > 107 V/m),37 into fragments (Hþ, OH�, and O2�), and act
as an electrolyte. Oxygen-containing radicals then contribute to
the formation of oxides and, due to an electric field-enhanced
diffusion through the Si oxide layer, also to the growth of the Si
oxide underneath.

Figure 1. Schematics of the chemical reactions in AFM local electric field induced oxidation.
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Ge attenuated total reflectance Fourier transform infrared
(GATR-FTIR) spectra were recorded on a Bruker IFS 66 V/S
Fourier transformation infrared spectrometer. The spectra of the
sample were obtained using a Harrick Scientific horizontal
reflection GATR accessory (65� incidence angle). The samples
were placed in contact with the flat surface of a semispherical Ge
crystal which serves as the optical element. The spectra were
collected for 32 scans with resolution of 4 cm�1. The background
was collected using the accessory with no sample placed on it. To
eliminate the effect of H2O and CO2, the pressure in the sample
chamber and optical chamber was kept below 6.0 � 10�4 MPa.

Molecular composition and structure of the surface were
examined with a PHI-5702 multitechnique X-ray photoelectron
spectrometer (XPS), using a pass energy of 29.35 eV, an
excitation source of Mg KR radiation (hv = 1253.6 eV), and a
takeoff angle of 36�. The chamber pressure was about 3 � 10�8

Torr during testing. Peak deconvolution and quantification of
elements were accomplished using the software and sensitivity
factors supplied by the manufacturer. The binding energy of
adventitious carbon (C1s: 284.8 eV) was used as a reference.

Colloidal probes were prepared by gluing glass spheres of
radius of 50 μm onto individual tipless cantilevers (Budget
sensor), as shown in Figure 2. The colloidal probes were cleaned
by high-purity ethanol in an ultrasonic bath for 1 min and then in
a plasma cleaner for 30 s. Before use, the force constant of each
probe was calibrated using individually measured thickness,
width, and length, which are determined by a scanning electron
microscope.38 To scan only the contact area of the probe, a
specially designed holder was fabricated to hold the colloidal
probe at a specific inclined angle, and the contact surface was
scanned. The surface topographies of the colloidal probes were
scanned with a 0.12 N/m Si3N4 cantilever and sharp tip under
contact mode. The force constant and root-mean-square rough-
ness of the colloidal probe were estimated to be 0.35 N/m and
0.2 nm, respectively. 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. During
adhesion measurement, 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 frommeasuring the deflection of the
cantilever at the point where the tip pulls off from the surface
after contact. In this research, at least 200 different measuring
locations were carried out for each scan range, and also at least 10
consecutive adhesion force measurements in each location were
taken and averaged. The relative humidity was controlled at 20%
RH. Repeatedmeasurements were within 5% of the average value
for each sample.

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology Characterization of Nano-
textures. Fabrication of nanostructures for a study of their
unique quantum properties requires a reliable control of indivi-
dual technological steps. To be able to prepare nanostructures of
required dimensions and properties, the relations between the
operation parameters of fabrication and the resultant product
parameters should be fairly well-known and understood. The
LAO process is controlled by several major parameters as
follows: writing speed, pulse bias voltage, pulse widths, and
humidity. Figure 3a shows a testing line of Si oxide pillars that
was prepared at controlled tip�sample voltages and pulse
widths. On the surface, the pillars with the average diameter
about 700 nm are arranged, and the distance between the
adjacent pillars is about 600 nm in this dimension. From right
to left, the pillars were made at progressively decreasing pulse
bias voltages and pulse widths. The height of the pillars ranges
from 0.8 to 6.4 nm, as shown in the cursor profile of the figure. It
is obvious that the pillar was prepared at the higher pulse voltage,
and the longer pulsewidth is the best developed one in height.
Such a testing pillar array makes it possible to find the rela-
tion between the height of the nanostructure and operational
parameters. As shown in Figure 3b, the Si negative pattern was

Figure 2. Image of a typical colloidal probe obtained from the SEM
microscope.

Figure 3. Testing line of Si oxide pillars prepared at different bias
voltages and pulsewidths (a) and nanoholes obtained by selective
etching of these pillars in 1% HF (b).
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fabricated by selective etching of Si oxide pillars in 1% HF
solution. The cursor profile of this figure reveals that the height of
nanoholes is about 0.5�1.8 nm. Results indicate that this process
can be used not only to fabricate a positive pattern but also to
prepare a negative patterning of substrates and thin films.
3.2. Characterization of the Films. 1-Alkyl-3-(3-triethoxy-

silypropyl) imidazolium chloride ([CnAIM]Cl) was synthesized
by a similar method39 ([CnAIM]Cl, n = 1, 8) and was treated with
either NaBF4 or NaPF6 in acetonitrile to yield [CnAIM]BF4 or
[CnAIM]PF6, respectively. The IL SAMswere formed by immersing
freshly patterned silicon substrates in 1% (W/V) toluene solution of
ILs and heating to reflux at 120 �C for 24 h. The thickness of
[CnAIM]x SAMs was performed on a L-116-E ellipsometer. The
ellipsometric thicknesses were 0.5 nm for SAM of [C1AIM]BF4 and
1.2 nm for [C8AIM]BF4, respectively. In this study, IL SAMs were
formed with various anions on the surface by ion exchange. For the
exchange of anions, the [CnAIM]Cl self-assembled onto the sub-
strate. Then, the substrate with the IL SAM of [CnAIM]Cl was
immersed in an aqueous 5mM solution ofNaBF4 orNaPF6 without
stirring at room temperature for 12h and then rinsed extensivelywith
H2O followed by ethanol and dried under a nitrogen stream. The
three-dimensional surface topography of the IL-modified patternwas
shown in Figure 4. To observe these pillars in more detail, the
scanning area was narrowed. The insets of this figure show the AFM
topography of the selected rectangle region. The unoxidized H-pas-
sivated Si surface was shown in the upper inset. The lower inset
shows the image of the textured surface. The results indicate that the
[CnAIM]Cl ionic liquid is more prone to adsorb onto the surface of
silicon oxide after self-assembled and rinsing processes.
The successful grafting of [CnAIM]Cl ionic liquid onto

patterned silicon surfaces was also confirmed by means of GATR-
FTIR spectroscopy. The GATR-FTIR spectra of the [CnAIM]Cl
ionic liquid on a textured silicon surface is shown in Figure 5. The
vibrational signatures of methylene in the films appear at 2850 and
2922 cm�1, assigned to symmetric and asymmetric vibrations,
respectively. According to the previous report,40,41 the symmetric

and asymmetric methylene vibrations typically appear in the range
of 2846�2850 and 2915�2918 cm�1 for liquid-like disordered
chains. Furthermore, the change of anions on the surface was
confirmed by XPS. In this process, the anion was chosen to
exchange from Cl�, BF4

�, to PF6
�. Figure 6a shows the XPS

survey spectra of the IL film at the main exchange process of anions.
TheXPS survey spectra exhibit seven elements: silicon (Si 1s, Si 2p)
carbon (C 1s), oxygen (O 1s), nitrogen (N 1s), fluorine (F 1s),
boron (B 1s), and chlorine (Cl 2p). A peak of 198.4 eV can be
assigned to the Cl atom in the curve of [C8AIM]Cl, and no peaks
related to Cl species appear in the curves of [C8AIM]BF4 and
[C8AIM]PF6. It means that the Cl

� anions were removed com-
pletely after the exchange process of anions. While the peak
appearing at 193.5 eV is assigned to the B atom in the BF4 anion
(Figure 6b), the peak that appeared at 136.5 eV can be attributed to
the P atom in the PF6 anion (Figure 6c).
3.3. Adhesion Measurement. Adhesive force measurements

were performed in a noise- and vibration-isolated and environ-
ment-controlled friction force microscope. Adhesion is generally
measured by the amount of force necessary to separate two
surfaces in contact. At nanoscale, mechanical loading is often not
the overwhelming force as in the macroscale, and surface forces
such as van der Waals, electronic, and capillary force become
significant in controlling pull-off force. As seen in Figure 7, the
adhesive forces are closed related to surface nanotextures and
also are strongly influenced by chemical modification with ionic
liquid SAMs. Strong adhesive force is observed on the bare
H-passivated Si surface, on which the adhesive force is as high as
about 260 nN. Once the nanotextures were fabricated on
H-passivated Si surface, the adhesive force was greatly decreased
to 157 nN. After [C8AIM]Cl ionic liquid modification, the
adhesive force further decreased to 135 nN. Furthermore, the
adhesion of the surface was examined after ion exchange. As
shown in this figure, all of the anion-substituted ionic liquid
SAMs showed lower adhesive forces than that of [C8AIM]X
having a Cl anion. Among them, the [C8AIM]X having the PF6
anion exhibited the lowest adhesive force of 58 nN. It is also
observed that the [C8AIM]BF4 bearing fluorinated anions dis-
played lower adhesive force than those having other anions, such

Figure 4. AFM topographic image of IL SAM modified patterned
H-passivated Si. Insets correspond to the selected rectangle area.

Figure 5. FTIR spectra of IL films on H-passivated Si with and without
LAO texture ([CnAIM]Cl, n = 1, 8 corresponding to b, c).
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as CO3
2� and SO3

2�. The result is probably due to hydrophilic
properties of the anionic groups with CO3

2� and SO3
2� in the

upper of the IL layer which facilitates the formation of a meniscus
between the probe and surface, which increases the adhesive force.
The adhesive force is lower in [C8AIM]X bearing fluorinated
anions since they have the greatest amount of relative hydrophobic
anionic groups to decrease the tip�sample adhesion. The changes

in the adhesive force clearly show that surface force could be
controlled by changes in counteranions of imidazolium ions.

4. CONCLUSIONS

In this study, a simple and versatile approach is reported for
fabricating an adhesion-controlled surface by combining local
anodic oxide, self-assembly, and ion exchange. The functiona-
lized imidazolium ionic liquids were designed and synthesized
with the aim of controlling the adhesive force of the textured
surface. The effect of nanotexture and surface ion exchange on
the adhesion of surfaces was investigated systematically. The
results indicate that adhesive force could be evidently induced by
designing a suitable surface texture combined with a hydrophobic
anionmodified on the surface.We believe that the anion effect on
surface force is of general significance to the adsorption on
patterned surfaces. This effect could be advantageously incorpo-
rated in the applications of monolayer-based technologies such
as antiadhesion, anion sensor, microfluidics, and nanodevices.
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