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ABSTRACT: The adhesion force on surfaces has received
attention in numerous scientific and technological fields,
including catalysis, thin-film growth, and tribology. Many
applications require knowledge of the strength of these forces
as a function of position in three dimensions, but until now
such information has only been theoretically proposed. Here,
we demonstrate an approach based on scanning probe
microscopy that can obtain such data and be used to image
the three-dimensional surface force field of continuous
nanoscale protrusions. We present adhesion force maps with
nanometer and nanonewton resolution that allow detailed
characterization of the interaction between a surface and a thin
carbon nanofiber (CNF) rod synthesized by plasma-enhanced chemical vapor deposition (PECVD) at the end of a tip on a
scanning probe microscope cantilever in three dimensions. In these maps, the positions of all continuous nanoscale protrusions
are identified and the differences in the adhesive forces among limited areas at inequivalent sites are quantified.
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1. INTRODUCTION

The adhesion force refers to the attractive interaction between
dissimilar surfaces. Adhesion plays a critical role in many areas
of technology, ranging from the design of a parting agent in a
transfer film with nanostructures to the use of actuators in
microelectro-mechanical systems (MEMS).1 In all cases, the
adhesion must be controlled.2 For instance, in the case of a
transfer film with nanostructures, a lack of adhesion control
results in low-quality transference.3 The throughput in such a
system is severely affected by weak adhesion between a mold
and a transfer film. This weak adhesion can easily lead to the
removal of a film with good patterned surface reliability.
Transfer films, such as the one used in this study, which has

continuous nanoscale protrusions and is used as an
antireflection (AR) layered film,4−8 have only been recently
developed. The nanostructured surface formed by the tran-
scription of a light-curing acrylic resin and structured by a mold
with nanoscale hollows, an SEM image of which is shown in
Figure 1, exhibits a gradual change in the refractive index across
the interface, leading to low reflectance over broad ranges of
wavelengths and angles of incidence. Continuous nanoscale
protrusions are a well-known technology used in wideband
optical devices owing to their capability of reducing glare and
enhancing the transmittance of light, but there have been few
reports on their manufacturability or the efficiency of their
properties. In addition, the pitch of these nanostructures must
be sufficiently smaller than the wavelength of visible light. Such
optical devices are fabricated using electron beam lithography9

or laser beam interference10 methods. However, these two

methods are expensive and time-consuming; thus, the
fabrication scale is still limited to less than one inch. These
samples were imprinted and shaped by a mold with a nanoscale
pattern of hollows. Each protrusion has a 100 nm diameter at
its bottom and a height of 100 nm. The protrusions are aligned
uniformly and hexagonally with a distance of approximately 200
nm between adjacent protrusions. The reflectance of the bell-
shaped protrusions, such a structure is called a motheye
structure, is constant in the visible range and the average
reflectance is approximately 0.1%.
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Figure 1. SEM image of nanoscale protrusions.
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The surface adhesion of continuous nanoscale protrusions
can be tuned by structuring surfaces on the nanoscale. The
effect of the nanoscale height on the adhesion force has been
analyzed in several theoretical studies. The principal parameters
used in most of these studies are the root-mean-square (RMS)
roughness, that is, the standard deviation of the height, and the
average roughness (Ra) of the surface. Both these parameters
were used by Macdonald et al. to study the roughness of a
carbon nanotube surface.11 In an analysis by Persson and
Tosatti,12 the length scale of the height variation was also
considered. A fluorinated compound is usually used as a parting
agent to make it easy to remove a film from a mold without
damage. When the agent in the film is uniformly distributed in
the resin, the nanoscale structure can be imprinted uniformly
from a mold. Research on nanoscale structures using a scanning
probe microscope (SPM) has also been reported.13 This
measurement method can be used to analyze the surface
morphology and shape of a continuous nanoscale surface.
However, since not only the morphology but also the energy of
the surface affects the adhesion, electrostatic contributions and
van der Waals forces must be taken into account in such
research. Under ambient conditions, if a fluorinated compound
is homogeneously dispersed into the resin, a layer of water or
oil from the fingers remains on the nanostructure surfaces
owing to the capillary phenomenon. The pressure drop across
the meniscus gives rise to the capillary effect, which significantly
contributes to the adhesion. Several experimental and
theoretical studies14−25 have been devoted to studying the
capillary effect under controlled humidity. They have
demonstrated the sensitivity of the capillary force to both the
relative humidity and the shape of the SPM tip. The majority of
adhesion studies have been performed with a spherical SPM tip,
that is, by attaching a small spherical particle on a planar
substrate. In this study, to analyze adhesion force maps with
nanometer and nanonewton resolution, we prepared a
hydrophilic film by precipitation to enable the inhomogeneous
dispersion of a parting agent on top of the film, allowing the
film to absorb a layer of water or oil. This inhomogeneous
transfer film should result in a curved meniscus between the
film and SPM tip.
Some researchers have measured the relationship between

the adhesion force and the position on a nanoscale protrusion
using an SPM tip.26,27 Small flat SPM tips have only been used
in a few experiments28,29 to study adhesion behavior. Ando28

measured the effect of condensed water on the friction and
adhesion forces on an array of hemispherical nanoscale
asperities on a transparent film produced by a continuous
coating process with transcription.
In this study, we attempted to use an SPM tip comprising a

thin rod of less than 50 nm diameter to analyze the surface
energy on a surface with an uneven morphology and
continuous nanoscale protrusions.
For such a geometry, the surface energy between a smooth

substrate and an SPM tip significantly differs from that between
the surface of a protrusion and a spherical tip. In the latter case,
the position of the neck is directly determined by the geometry,
while for two surfaces, the location of neck formation is
determined by a stochastic process. Despite this uncertainty in
neck formation, the existence of many relevant technological
applications means that it is much more appropriate to consider
the interaction of an SPM tip with a substrate.
In this study, it was necessary to uniformly control the

distribution of hydrophilic and hydrophobic layers in the

nanoscale protrusions to measure the structure morphology
and surface energy of the protrusions. Figure 2 shows ideal
protrusions consisting of a hydrophilic layer on a hydrophobic
layer.

2. EXPERIMENTAL SECTION
2.1. Preparation of Carbon Nanofiber Tip on an SPM

Cantilever. The method used to investigate the distribution of
hydrophilic and hydrophobic layers involves measurement of the
adhesion force using a contact−mode atomic force microscope (AFM)
(Nanoscope IIIa, Bruker). The tip on an SPM cantilever, however, is
too large compared with nanoscale protrusions; the schematic
drawings in Figure 3a−d shows the physical relationship between
the tip and nanoscale protrusions. The tip on an SPM cantilever has a
quasi-pyramidal or conical shape, as shown in Figure 3b−d, and
cannot reach the bottom of the valley between neighboring
protrusions because the tip is larger than the concave spaces between
the nanoscale protrusions. Thus, the adhesion force curve cannot be
measured normally on the surface of protrusions. It is therefore
necessary to bifurcate the protrusions to access the surface from the
bottom to the top of the protrusions. To overcome this problem, the
authors employ a thin carbon nanofiber (CNF) rod synthesized by
chemical vapor deposition (CVD) at the end of a tip, which can easily
reach the bottom of an array as shown in Figure 4. The attachment of
carbon nanorods to SPM tips using different techniques has been
reported by several groups.30,31 We attempted to measure the shapes
of continuous nanoscale protrusions with a thin CNF rod grown by
CVD attached to the end of an SPM tip.

The roughness of the samples was determined by analyzing many
topographic AFM images. The AFM images in this study were
recorded in the contact mode using a silicon nitride (Si3N4) probe (D-
NP-S, Bruker) with a CNF rod attached at the end of the tip. The
silicon nitride probe employed as a cantilever in AFM serves as a
spring in the stylus method. Generally, the stylus method can not only
obtain a surface profile in a single scan but also acquire three-
dimensional information on the surface of a sample by scanning the
sample in the XYZ direction. It is important to measure the surface
profiles of nanoscale protrusions with narrow hollows between
protrusions and examine the force curve.

We attempted to fabricate a thin CNF rod at the end of a tip using a
plasma-enhanced chemical vapor deposition (PECVD) system. Figure
5 shows a schematic diagram of the PECVD and sputtering system32,33

used in this study. A tip covered with palladium (Pd) on a silicon
nitride tip was used as the substrate for the growth of thin CNF rods
as shown in Figure 6a. The Pd substrate acted as a catalyst for CNF
growth by PECVD at 773 K using acetylene and ammonia at 72 Pa
with a flow ratio of 1:2 as deposition gases. In this case, CNFs of
approximately 30 nm diameter and 100−150 nm length were grown as
shown in Figures 6b and 7.

Figure 7 shows a cross-sectional transmission electron microscope
(TEM) image and a schematic image of synthesized CNFs of
approximately 200 nm length. CNFs having a cup-stacking structure
capped with Pd nanoparticles were synthesized on a Pd substrate at
the end of the tip by PECVD under the above-mentioned conditions.

Figure 2. Schematic structure of ideal nanoscale protrusions.
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It was found that the CNFs with nanoscale Pd particles at their ends
were oriented vertically on the Pd substrate as schematically shown in
Figure 6b.
2.2. Measurement for Imaging and Force-Curve Spectros-

copy. In this study, the AFM scanning area was fixed at 3 × 3 μm2 and
the imaging parameters were set to a scan rate of 1.00 Hz, an
amplitude set point of 1.8−2.1 V, and a gain value of 3−5. The tuning
of the cantilever was controlled to approximately 250 kHz. The
principle of force curve spectroscopy can be schematically
demonstrated by a force−distance curve, which shows the observed
cantilever deflection (i.e., force) versus the displacement of the
cantilever (e.g., ref 26). Force−distance curves using the distance
between the point of maximum deflection of the cantilever before
retraction and the zero-deflection point were obtained with a contact−
mode AFM (Nanoscope IIIa) using a CNF tip prepared as described
in section 2.1 on a cantilever. The force subjected to by the tip was
evaluated by multiplying the recorded deflection by the spring
constant of the cantilever. The spring constant of a cantilever is of
fundamental importance to users of AFMs, and the accuracy of the
spring constant of the cantilevers has been previously reported.34−39 In
this study, the spring constant (normal component) of the cantilever
was 0.56 N/m, the value quoted by the manufacturer (Bruker). A
sweep time of 5 s was used to record the force−distance curve.

Figure 3. Scale comparison between nanoscale protrusions and the tip of a probe: (a) bird’s-eye view of nanoscale protrusions and cantilever, (b) top
view, (c) side view (enlargement of panel a), and (d) view from the other side.

Figure 4. Schematic showing measurement employing CNF at the end
of a tip.

Figure 5. Schematic diagram of PECVD and sputtering system used in
this study. High-density DC plasma was excited near a specimen at a
low gas pressure (72 Pa). Acetylene (C2H2) and ammonia (NH3)
gases were introduced from the gas introduction pipe.

Figure 6. SEM images of a tip and CNFs: (a) tip covered with
palladium by evaporation and (b) CNFs at the end of the tip.
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The adhesion measurements using a contact mode AFM were
performed under controlled humidity. This was realized by placing the
AFM in an environmental chamber with a controlled and adjustable air
flow. Dry nitrogen was flowed into the chamber while measuring the
morphology and surface energy on the nanoscale protrusions.

3. RESULTS AND DISCUSSION
Figure 8 shows the relationship between the angle between the
tip and the direction perpendicular to a sample surface and the

adhesion force normalized by its value perpendicular to the
sample. When the top of the CNF tip on a cantilever comes in
contact with a continuous nanoscale protrusion on a sample,
the CNF tip is not normal to the sample surface. The angle
between the CNF tip and the direction perpendicular to a film
sample is indicated as the acute angle in Figure 8a. Figure 8b
shows the dependence of the normalized adhesion force on the
inclination angle for some different films. A polyethylene
terephthalate (PET) film, a polycarbonate (PC) film, a fluorine
compound film, a film with sputtered indium tin oxide, and a
film with sputtered silicon oxide were chosen for measurement;
some of the films included a layer of fluorinated ether chains as
the parting agent on the substrate. When the angle is 0°, the

adhesion force of the films is normalized to 1.0. The normalized
adhesion force is constant until approximately 50° then
increases abruptly from 50° to 60°. The average normalized
adhesion force is 3.2 when the inclination angle is over 60°. It is
expected that the contact area of the CNF tip is constant until
approximately 50° because the Pd sphere on the CNF is in
contact with the surface of the sample as shown in Figure 9.

Above 60°, another part of the tip may be in contact with the
sample, yielding a high adhesion force. In fact, we found that it
was unnecessary to correct the adhesion force by considering
the angle between the tip of the cantilever and the sample for
an angle of under 50°.
The SEM image in Figure 10a shows the surface of

continuous nanoscale protrusions measured by a contact

mode AFM. The measurement sample consisted of a
hydrophilic layer and a hydrophobic layer, and it was
considered to have the ideal structure shown in Figure 2.
Figure 10b shows the profile along the black solid line in Figure
10a, which illustrates that the CNF tip of the cantilever could
follow the shape of the continuous nanoscale protrusions.
The image in Figure 11a indicates the positions at which the

adhesion force was measured, which were a valley between
neighboring protrusions (position A), near the base of a
protrusion (position B), the slope of a protrusion (position C),
and the top of a protrusion (position D). Figure 11b shows
distributions of the adhesion forces for some different positions
on a same film normalized by the adhesion force of
hydrophobic flat planar substrate using the probe of the AFM
with an attached CNF when the contact acute angle in Figure
8a between the CNF tip and the direction perpendicular to the

Figure 7. TEM image and schematic image of a CNF on a Pd
substrate.

Figure 8. Relationships of contact angle between a CNF tip and
measurement sample. (a) Schematic diagram of measurement setup
with a probe employing CNF. (b) Relationship between normalized
adhesion force and contact angle between cantilever and sample.

Figure 9. Schematic image of a CNF tip with a Pd nanoparticle and a
sample.

Figure 10. AFM image of continuous nanoscale protrusions. (a)
Image of surface recorded by a contact−mode AFM. (b) Cross-
sectional view of bell-shaped protrusions along black line in panel a.
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sample is 0°. The black and green broken lines in Figure 11b
are the normalized values of the adhesion forces of hydrophilic
and hydrophobic flat planar substrates by the above-mentioned
value of hydrophobic substrate using the probe with an
attached CNF at the contact angle of 0°, respectively. We found
that the adhesion force including the deviations measured using
the tip with an attached CNF were obtained with low
scattering. From these results, we found that the adhesion
force distribution obtained by the probe with attached CNFs
depends on the position in the array and that it was possible to
measure the distribution of the adhesion force on the
continuous nanoscale protrusions at all positions. The force
at the top of an array is stronger than elsewhere; this result
suggests that the hydrophilic material exists locally near the top
of a protrusion, whereas the remainder of the protrusion
consists of the hydrophobic material.

4. CONCLUSION
We have measured the adhesion force between a surface and a
CNF tip capped with a Pd nanoparticle by recording force
curves using an AFM. Because it is impossible to directly
measure the nanonewton adhesion force of the surface of a film
having an array of continuous nanoscale aligned protrusions, we
attempted to measure the adhesion force of the bell-shaped
protrusions using a CNF tip with a Pd nanoscale particle, which
was synthesized on a Pd catalyst layer covering the end of a tip
by PECVD. A flow for the measurement of continuous
nanoscale protrusions was established to analyze the position,
the displacement magnitude, and the variation of the phase, and
we succeeded in measuring the adhesion force from the top to

the bottom of an array of protrusions. Thus, it is possible to
analyze the distribution of the adhesion force for a nanoscale
protrusion between a CNF tip and sample by an AFM. The
adhesion force of inclined surfaces as well as smooth surfaces
can be observed, and we found that a hydrophilic layer locally
existed at the top of each protrusion in our measured sample.
This method for measuring the adhesion force is valuable for
analyzing in detail the distribution of the adhesion force on a
rough continuous structure at the nanoscale level.
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