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Abstract

Contrast in the phase response of intermittent-contact atomic force microscopy (IC-AFM) reveals in-plane structural
and mechanical properties of polymer monolayers. This result is unexpected, as IC-AFM has previously only been
considered as a probe of out-of-plane properties. Until now, AFM measurements of nanoscale in-plane properties have
employed contact mode techniques. In-plane property measurements are possible with intermittent contact AFM
because there is a small but significant component of tip motion parallel to the sample surface. This in-plane component
of tip displacement is virtually universal in AFM, implying that oscillating-tip techniques generally are sensitive to
in-plane material properties. We present a simple Hertzian model of intermittent-contact AFM that includes such an
in-plane displacement.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction groups with respect to the surface normal, as in
lipid monolayers [3], the relative crystallographic
orientation between monolayer structures and

substrates [4], and well-defined polymer chain

Anisotropic properties are common in a wide
variety of materials. Strong three-dimensional

anisotropies are common in layered materials,
such as many minerals [1] and biological structures
such as Abalone shells [2]. Friction at the
nanoscale can also be anisotropic, and this has
many origins, including the tilting of molecular
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features in monolayer films [5,6]. Such anisotropic
surfaces are of interest for applications including
nanofabrication and nanomanipulation [4].

The tips of scanning probe microscopes fre-
quently are rotationally symmetric, with no good
reference from which to measure a surface aniso-
tropy. Nonetheless, anisotropies at nanometer
length scales have been measured using a variety
of scanning probe techniques [3,4,7-10]. In such
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Fig. 1. Topographic (a) and phase (b) images of a PDA monolayer thin film on mica. 6 is the angle between the local PDA backbone

striations and the long axis of the cantilever.

measurements, the tip—sample rotational symmetry
is broken by a variety of methods. For example, in
LFM the raster scan direction breaks this symmetry
and provides the reference direction for measure-
ments of frictional forces.

In this paper, we demonstrate that the cantilever
tilt in intermittent-contact atomic force micro-
scopy (IC-AFM) breaks the tip—sample rotational
symmetry and enables measurements of in-plane
anisotropic forces. The anisotropic forces result in
varying energy dissipation depending on the
cantilever-sample orientation, yielding phase con-
trast. The samples we use are poly(diacetylene)
(PDA) monolayers on mica substrates. We observe
phase differences of order 2°, corresponding to
approximately 2.4eV per cycle differences in
energy dissipation between domains. We present
a simple model of IC-AFM that explicitly includes
a tilted cantilever.

2. Results and discussion

PDA monolayer films were prepared on a mica
substrate using a Langmuir deposition technique
[6]. PDA monolayers exhibit strong anisotropy
that is correlated with their aligned polymer
backbone structure [5,6,11,12]. For example, fric-
tional forces measured with LFM on PDA
monolayers are three times larger when sliding
perpendicular vs. parallel to these backbones
[5,6,11,12], an effect that is likely due to anisotropy
in the monolayer’s inelastic shear deformation
modes [5].

Fig. 1(a) shows an IC-AFM topographic image
of a PDA film with large monolayer regions [13].
The image was acquired with a Digital Instru-
ments Multimode SPM and Nanoscope Illa
controller, using Si cantilevers in ambient labora-
tory conditions. Experimental parameters are
listed in Table 1. Islands of multilayer PDA are
also visible. The monolayer regions are polycrys-
talline, and each domain can be identified by the
orientation of the striations visible in the phase
image along which the PDA backbones lie [6,14].
The typical phase ¢ in Fig. 1(b) is approximately
116°." Surprisingly, the phase ¢ differs from
domain to domain by up to 2° in Fig. I(b). The
maximum phase ¢, occurs when the long axis of
the cantilever is parallel to the striations (6 = 0°).

Phase shifts in IC-AFM indicate energy loss
[15]. When the tip’s motion is sinusoidal, the
power dissipated due to the tip—sample interaction
is [15,16]:

- 1 kA? Ay .
P =3 g () 1) m

where ¢ is the phase of the oscillation relative to
the drive, and the other parameters are in Table 1.
We show below that, consistent with many IC-
AFM measurements, the tip motion is very nearly
sinusoidal in our experiments.

Fig.2 shows the power dissipated from
Fig. 1(b), as determined by Eq. (1). Fig. 2 shows
that the power dissipated is smallest when the

'The reported phase shifts are true phase shifts with respect
to the drive signal. The phase shifts reported by the instrument
are not properly scaled and are shifted by 90°.
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Table 1

Cantilever spring constant® k~60N/m
Resonance frequency fo=271kHz
Quality factor 0 = 560
Free amplitude Ao = 10.5nm
Damped amplitude A="77nm
Tip radius® R~20nm
Cantilever width W =125um
Cantilever thickness T =4pm
Cantilever tip height H =12.5um
Reduced contact modulus K =10.5GPa

“Estimates based on the mean value reported by the
manufacturer.

253eV

Fig. 2. The data from Fig. 1(b), plotted as energy loss via
Eq. ().

striations are parallel to the long axis of the
cantilever. In fact, the cantilever loses an extra
amount of energy AE ~2.4 eV per cycle in domains
where the striations are perpendicular, rather than
parallel to the long axis of the cantilever. This
amount of energy is roughly 10% of the total
energy dissipated through the tip—sample interac-
tion. That this level of energy loss should occur
due to in-plane forces is not surprising, given that
the tip moves in the plane of the sample a distance
that is ~20% of the total tip displacement.

A simple model for an in-plane anisotropic tip—
sample interaction force Fiyplane 1S an isotropic
dissipative force Fi, plus an anisotropic term that
varies as sin(f) with maximum value F»:

En-plane = Fl + F2|Sin(9)|n (2)
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Fig. 3. The difference in the sines of the phase angles ¢,
proportional to the difference in energy loss between domains,
versus the difference in the absolute values of the sines of
the angles 6, proportional to the difference in the in-plane
tip—sample dissipative forces. The line is 4sin(¢) = o Asin(6)
with o = (1.5840.05) x 1072,

where 0 is defined in Fig. 1(b). Eq. (2) accurately
describes the anisotropic friction force between
PDA monolayers and LFM tips [5], where it was
found that F> ~2F).

Fig. 3 is a plot of Asin(¢) vs. Alsin(0)|for the
data in Fig. 1 [13]. Remarkably, we find that
Asin(¢) is proportional to Alsin(6)|, with propor-
tionality constant o = (1.58+0.05) x 10~2. This
linear proportionality is discussed in detail in
Ref. [13]. If Eq. (2) describes the power dissipa-
tion, then the observed proportionality can be
understood. In this case, the difference in Fiy-planc
between two domains is simply proportional to
Alsin(0)| = [sin(6;)| — |sin(0)]. The difference in
power dissipated between two domains is propor-
tional to Asin(¢) = sin(¢,) — sin(¢,), from Eq. (1).

The anisotropic forces in our experiment most
likely arise from two sources: friction and inelastic
shear deformation. In fact, both effects must be
present. Because the tip is moving at a finite lateral
velocity with respect to the sample just before
contact, there will initially be relative motion
between the tip and sample as the tip does work
on the surface to increase the surface lateral
velocity to match that of the tip. Similarly, as the
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Fig. 4. Peak-to-peak amplitude (solid) and phase (dashed) data from a numerical simulation solving Eq. (3) for 500 oscillations.
Transients in the signal diminish to yield a steady-state solution (constant amplitude and phase) after ~300 oscillations. Simulation
parameters K = 10.47 GPa, k = 60N/m, 4y = 10.5nm, M = 40, Q. = 4.

tip slows and reverses direction near maximum
compression into the sample, at some point its
lateral velocity will match that of the surface. Any
degree of static friction will then require a finite
shear deformation before any relative sliding
resumes [17]. Friction and shear deformation are
closely related on the length scales considered here
[18]. If the sample response is inelastic, then this
shear deformation will also contribute to energy
dissipation.

Although phase shifts arise from energy loss,
variations in elastic forces can still result in
variations in phase shift in an image. Such an
effect could arise, for example, if in-plane elastic
forces altered the overall motion of the tip.
Although this effect is certainly present at some
level in our measurements, we have previously
shown that a very large elastic anisotropy would
be required to account for the observed data in
Fig. 1 [13].

There are a number of previous models which
address the mechanism of IC-AFM [19-24]. These
models are important as they relate various
properties including adhesion, van der Waals’
forces, elasticity, and material damping to the
measured response. However, these models all
assume that the tip’s motion is purely normal to
the sample surface. Fig. 4(b) is a schematic of a
simple dynamic model of IC-AFM designed to
explain the essential characteristics of our results.
The critical feature is that the tip is constrained to
move along the z’-axis, which is tilted an angle
Y = 11° from the sample normal. To solve for the
motion of the tip, all tip-sample forces are

projected onto the z'-axis. Ignoring motion along
x' is a good approximation, as an analysis of the
cantilever indicates that the effective spring con-
stant in the x’-direction is more than 30 times larger
than any other spring constant in the model [25].

The key result of this model is that the sample
compression during contact now occurs along z/,
resulting in components of motion in both z- and
the x-directions, Fig.4(b). The in-plane motion
along x is what we have demonstrated here. The
forces on the tip are: (i) the cantilever restoring
force and a damping force due primarily to
interactions with the air, both acting along the
Z'-direction; (ii) a Hertz contact force acting in the
z-direction; (iii) tip-sample damping along the z-
direction acting during contact, due to inelastic
deformation along z, taken to be larger than the
air damping by a typical factor M = 40 [19]; and
(iv) a viscous tip—sample interaction along x
during contact, incorporating dissipative forces
due to both shear deformation and friction. The
cantilever is driven at its resonance frequency wy,
giving:

PG00+l -0

0 p<0,

= ? > Mk cos® k sin’
- (cost iy /Ry + M, L ESEU, )
(3)

where p is the distance between the tip and sample
along Z/, defined to be zero when the tip first
touches the sample and positive when in contact.
The displacement of the fixed end of the
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cantilever z drives the cantilever on resonance:
{={o+ (4o/Q)sin(mp?). K is the reduced contact
modulus, k is the cantilever force constant, R
is the tip radius, Q is the damping due to air, and
Q. is the in-plane damping. The typical output
from the model is shown in Fig. 4.

Using parameters appropriate for Fig. 1 (see
Table 1) we solve for the steady-state motion of the
tip. The model indicates a maximum tip—sample
compression of 0.27nm along z/, giving a tip—
sample in-plane tip motion of § =49.94+0.1 pm
along the x-direction. The time spent in contact
with the surface is 0.35 ps/cycle. The distance J is
extremely small, and it is difficult to make firm
distinctions between friction and shear deformation
at such a small scale. The important result of the
calculation is that the distance o is virtually
independent of the in-plane damping. Furthermore,
our model produces a nearly sinusoidal tip motion,
indicating that Eq. (1) remains valid for the tilted-
cantilever geometry.

There are several models of IC-AFM [15,19-22,
26-30], many of which include sophisticated
treatments of adhesion and viscoelasticity—effects
we have either ignored or simplified in our model.
The distinguishing feature we have introduced is
that the tip oscillates along an off-normal line. It is
this feature that breaks the rotational symmetry of
the tip—sample interaction and explains the beha-
vior shown in Figs. 1-3.

The phase shifts ¢ in Fig. 1(b) differ from
domain-to-domain, but they are constant within
each domain. In principle, we can use our model to
quantitatively associate the measured phase shifts
with the dissipative in-plane properties of the
material being imaged. These contributions are
friction (as quantified by the interfacial shear
strength 7 between the tip and sample) [12] and
dissipative shear deformation (due to viscoelasti-
city of the sample, as quantified by the loss tangent
of the material, tan 4) [31]. However, as discussed
above, both of these mechanisms contribute to the
observed dissipation and so we cannot explicitly
separate them in our data. However, we can use
our data to determine the upper limits of t and
tan 4 by finding the values that result when
attributing all the dissipation to each mechanism,
respectively. The problem with this approach is

that the phase shifts predicted by our Hertzian
model have the opposite sign to the phase shifts we
observe. The reason for this discrepancy is that we
have ignored adhesion in our model. Preliminary
results from modeling that includes adhesion show
that the phase shift changes sign and becomes
consistent with our data. A description of this
adhesive model will be presented in a future
publication [32].

3. Conclusions

In-plane properties of materials can be observed
using IC-AFM due to the tilt of the AFM
cantilever which produces a small but significant
in-plane component to the tip’s motion. In the case
of PDA monolayers, in-plane friction and shear
deformation anisotropy leads to contrast in the
IC-AFM phase image. The results can be ex-
plained using a simple model that incorporates
Hertzian contact mechanics with in-plane dissipa-
tion. Adhesion must be added to the model in
order to produce phase shifts of the proper sign.

A non-zero tilt Y of the cantilever with respect
to the sample normal is nearly universal in IC-
AFM. Increasing the tilt angle would provide
greater contrast in resolving in-plane properties, as
demonstrated in the shear-force mode commonly
used in near-field scanning optical microscopy [33].
Also, the local angle  will change due to local
variations in sample topography, contributing to
contrast in any phase image, even in the case of
isotropic in-plane properties.
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