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ABSTRACT: Starting from established concepts that describe the dynamics of the cantilever in a scanning
force microscope operated in intermittent contact mode as that of a driven harmonic oscillator, we introduce
effective interaction parameters based on Fourier coefficients to describe the interaction forces. These interaction
parameters are linear in the forces and separate conservative from dissipative contributions. They allow a qualitative
description of the interaction process and enable a thorough discussion of the influence of experimental parameters
on the measured data. Exemplary force spectroscopy data obtained from hard and soft polymeric model surfaces
show that consistent data for the interaction parameters can be obtained which can be related to the material
properties of the investigated surfaces. Images obtained in intermittent contact mode from a semicrystalline polymer
as an exemplary nanostructured surface with hard—soft contrast illustrate that with the approach a clear identification

of harder and softer domains is possible.

Introduction

Atomic force microscopy (AFM) or scanning force micros-
copy (SFM) is nowadays routinely used to measure the
topography or to characterize the structure of heterogeneous
surfaces on the nanometer scale.' Especially for heterogeneous
polymer systems local variations of mechanical properties and
interaction forces can be used for image contrast allowing e.g.
to image the surface structure of semicrystalline polymers or
microphase-separated block copolymers. Very common for the
investigation of polymer surfaces is the intermittent contact
mode, also called amplitude modulation (AM) or tapping mode,
in which the tip oscillates vertically with its zero position above
the sample and only touches the surface during part of the
oscillation period. Two common experiments can be distin-
guished, namely force spectroscopy and imaging. In force
spectroscopy the lateral position of the tip on the sample and
the excitation amplitude are kept constant, and amplitude and
phase of the oscillation are measured while the distance to the
sample is varied. For imaging the cantilever tip scans over
the surface with fixed excitation, and the height above the
sample is adjusted by a feedback loop such that the amplitude
of the oscillation is kept at a fixed fraction of the free amplitude.
Measured image parameters are height and phase, giving as
mentioned above qualitative information about local topography
and changes in material properties on a mesoscopic scale. While
on the atomistic scale a thorough description of the tip—sample
interaction also including simulations is common for the
interpretation of images,** on the mesoscopic scale, which is
most relevant for AFM application in polymers, qualitative
insight is mostly gained directly from height and phase images,
and in general macroscopic continuum models are used to model
the tip—sample interaction. The exact relation though between
material properties and topography on one side and amplitude
and phase on the other side is complicated for several reasons.
First, several different interactions contribute, e.g. van der Waals
forces, elastic repulsion due to deformation, viscoelastic damp-
ing, and adhesion.” All these forces typically depend on the
tip—sample distance in a nonlinear way. Additionally, the
interaction between tip and sample depends on experimental
parameters like e.g. cantilever stiffness, amplitude, and fre-
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quency of the excitation. Therefore, phase images are mostly
used as they are, i.e., without further even qualitative interpreta-
tion of the underlying interaction. Also, height images have to
be interpreted with care, since during scanning the tip partially
indents the surface with the amount of indentation again
depending on a combination of experimental parameters and
“softness” of the sample surface.”® Hence, in general, height
and phase images mix up topography and material contrast, a
fact which is often neglected. Only in recent years a quantitative
understanding and analysis of AFM data is emerging, enabling
a reconstruction of the interaction forces.>*”'° In some cases
numerical simulations of the motion of the cantilever for given
interaction model forces are performed.'”'® This approach
allows detailed studies of cantilever dynamics but in general
does not give easily and generally applicable relations between
forces and measured parameters. An important simplification
is obtained with the so-called harmonic approximation reviewed
below.'?

The purpose of this paper is to add to this development by
formulating a simple relation between measured parameters and
integral interaction forces with the aim to gain a better
understanding of image contrast in force microscopy on common
polymer systems. Starting from the insight that under normal
conditions in intermittent contact AFM it is just the first Fourier
component of the interaction force which contributes to the
measured parameters, we introduce effective interaction param-
eters, which can be calculated from amplitude and phase signals.
This approach allows the separation of elastic and dissipative
contributions of the interaction forces and a thorough discussion
of the role of experimental parameters like cantilever stiffness,
excitation amplitude, excitation frequency, and set point in
imaging. From the effective interaction parameters one can
qualitatively conclude on material properties which allows to
identify different phases in the AFM images. We present and
discuss exemplary measurements on polymeric model surfaces
for both force spectroscopy and imaging.

Theory

Mathematical Description of Cantilever Dynamics by
Harmonic Models. Usually, the description of the dynamics
of the cantilever of an atomic force microscope starts with the
differential equation of a driven harmonic oscillator’
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mz + oz + kz = F, cos(wr) + F (1) (1)

Here z(7) is the instantaneous displacement of the cantilever tip
from its zero position (Figure 1), m the vibrating mass, k the
bending stiffness of the cantilever, and a the damping constant.
Fy and w are the amplitude and angular frequency of the external
driving force, respectively. Fis contains all the tip—sample
interaction forces. Equation 1 already contains an approximation,
as the three-dimensional vibrating cantilever is described by a
point mass attached to a spring. Since in most applications only
the fundamental resonance of the cantilever is used and other
resonances of the solid structure are irrelevant, this approxima-
tion poses no serious problem.'?*° Additionally, it is assumed
in eq 1 that the driving force acts directly on the tip, whereas
in reality tips are excited by a dither piezo at the clamped end.
It can be shown numerically and experimentally that both
methods are equivalent for the case of small damping.*'

Using eq 1 to interpret AFM measurements requires a relation
between the tip—sample forces Fis and the quantities usually
measured in an AFM, namely amplitude and phase of the
cantilever oscillation at the driving frequency. The interaction
forces F are highly nonlinear functions of the tip position z(#)
and possibly the velocity z(r).>* If special mathematical models
are assumed for Fi, then the nonlinear differential equation (1)
can be solved numerically,'”'® but this approach alone does
not give the desired simple relations between measured quanti-
ties and interactions. Unless the nonlinearities are very strong
leading to chaotic dynamics, the cantilever motion z(f) and
therefore also Fi(f) will be periodic but will of course contain
higher harmonics. In common experiments only amplitude and
phase at the fundamental driving frequency are measured.
Combining data obtained at different distances in force spec-
troscopy measurements, force—distance curves can be recon-
structed under some assumptions. Lee and Jhe'® explored the
case of conservative forces. Hoelscher'? calculated F, under
the assumption of short contact times and hard substrates. A
more general approach was described by Hu and Raman.'¢
Experimental approaches to distinguish between different mech-
anisms of surface interaction based on the analysis of energy
dissipation curves were in most cases restricted to hard surfaces.’

A qualitative and quantitative understanding of the cantilever
motion can be achieved by an analytical treatment of a simplified
version of eq 1, the so-called harmonic model. This approxima-
tion was also used in the reconstruction algorithms mentioned
above.'>'¢ In this model a driven harmonic oscillator experienc-
ing only weak additional nonharmonic forces is considered. This
approach is analogous to a perturbation theory. The functional
form of the solution of the differential equation with perturbation
is kept from the differential equation without perturbation while
the parameters of the solution are adjusted according to the
perturbation. Correspondingly, one assumes that also under the
influence of Fi the solution z(#) retains its sinusoidal shape.
We assume

F(t) = Fycos(wt — ¢) and z(t) = a cos wt 2)

where a is the amplitude of the resulting oscillation and F(7)
the external driving force, with the phase difference ¢ between
the two assigned here for simplicity to the excitation. The
differential equation (1) now becomes

2

ma— cos wt + OLai cos wt + ka cos wt = F (1) +
dr dr )

F,cos(wt — ¢) (3)

For Fy; a Fourier expansion can be performed
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dy .
F,= ) + a, cos wt + a, cos 2wt + ... + b, sin wt +
b, sin 2wt + ... (4)

with
=2 (" 5
a, =7 ﬂ) () cos(nwii 5

and
b =2 (TF. (s d 6
V=7 J2 F() sin(an) d (6)

Within the harmonic approximation only the first Fourier
components (n = 1) are kept. From the differential equation
(3) we then get

a b
a cos(a)z)[—ma)2 + k- —l] — aw sin(a)t)[a + —1] =
a aw

F,cos wt cos ¢ + F,sin wt sin ¢ (7)

The influence of the tip sample forces enters via the Fourier
coefficients a; and b, in such a way that they can be incorporated
as tip—sample contributions k, and a into new effective
interaction parameters.

a;
ki =k = — =k +k 8)
bl
aeﬁ-za—i-%:a—i-ats ©)
with
2 T
ko= -2 Jo F(0) cos(wi) dr (10)
1 o7 .
0, =— Jo Fy(0 sinwn) de (11)

Using eq 2, eq 10 can also be written as
_ 2 pr __ 2.
k=== Jy P dr=—SF0 (1)

Please note that k is not the momentary force gradient of Fi
at any time ¢ during the oscillation but an effective value
averaged over the whole oscillation cycle. The same applies to
ay. The force gradient ki is linear in the interaction force Fi,
and hence attractive and repulsive force contributions which
the tip experiences during the oscillation just add up linearly.
This point will strongly simplify the discussion below. A similar
description of the tip—sample interaction as the one introduced
here was recently used for the reconstruction of force distance
curves.'®?

Solving eq 7 gives an approximate solution of eq 3, which
consists of the well-known steady-state resonance curves of a
driven harmonic oscillator for amplitude and phase shift, with
the only modification that k and o are replaced by kg and Oy,
respectively.

Fy/m
alw) = (13)
Viw? — 0 + (0w,/0)
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p(w) = arctan( 5
= w,

where the resonance frequency w, and the quality factor Q are
related to the parameters kegr and O.g by

kC
o = (15)
S 16
Q= i (16)

Figure 2 shows schematically the frequency dependence of a(w)
and ¢(w).

Discussion of the Effective Interaction for a Specific
Numerical Example. As we will demonstrate, the description
of the tip—sample interaction in terms of the parameters k, and
0 can be used to describe and analyze the results of AFM force
spectroscopy as well as AFM imaging. Generally, while
approaching the surface the tip will always sense the attractive
interactions first. After direct contact repulsive contributions
appear. To develop a more detailed understanding for the way
how the different parts of the interaction contribute to the
effective interaction parameters, the situation is analyzed at first
for a specific model of the interaction.

To demonstrate the typical time dependence of all functions
given above we simplify the real forces® and assume a
conservative force F,; with two contributions.?® First there is
an attractive van der Waals term

z, z
0 é
0
Figure 1. Coordinates used to describe the dynamics of the cantilever.

The cantilever is driven by moving z4; its deformation is described by
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Figure 2. Theoretical dependence of the amplitude a and phase ¢ of
a damped harmonic oscillator on excitation frequency. The parameters
correspond to the cantilever 1 (see Table 1).
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with Ay the Hamaker constant, R the tip radius, and d the actual
distance between tip and surface. The second contribution is a
repulsive force according to the DMT-M (Derjaguin, Muller,
Toporov, and Maugis) theory® with the typical dependence of
the force on the 1.5th power of the indentation into the surface.
The surface is located at z = —z, from the zero position of the
oscillating cantilever. Additionally, to avoid the divergence of
the attractive force for d = 0, a molecular distance d, is
introduced as a minimal distance. This gives as a whole for Fi

ApR
_6(—|-—+d)2’ for z > —3
Z Z,
Fy= 4~ ’ ’ ALR (18)
~EVR(—z — z0)3/2 - forz < —g,
3 6d,

E is the effective modulus of tip and sample surface. Figure 3
shows the resulting force curve for exemplary parameters.

To give an impression of the time dependence of Fy () and
the corresponding integrand in eqs 10 and 11, both were
calculated for a given amplitude ¢ = 60 nm and a fixed distance
70 for three different values of the modulus £, namely 107, 108,
and 10° Pa. Figure 4 shows the time dependence of the force
during one oscillation cycle. For most of the time the tip is so
far away from the surface that the force is negligible. Only close
to the lower turning point (wt = ) the force F\, assumes
noticeable values. For higher values of E an increasing repulsive
contribution adds up to constant attractive contribution. Figure
5 shows the time dependence of the integrand of eq 10 for one
oscillation period for the same parameters. Both figures look
very similar (beside of a change in sign) because the force Fi
reaches noticeable values only close to the minimum of the
oscillation where z(f) is approximately constant. The elastic
tip—sample interaction parameter k is given by the integral
over the curve in Figure 5; attractive and repulsive contributions
simply add up. For a modulus of 10° Pa the integral is negative,
i.e., ks positive (repulsive interaction dominates). For 10% Pa
the integral nearly vanishes, and for 107 Pa k gets negative
(attractive interaction dominates).

Changes in the height z, of the tip above the surface lead to
similar variations of k. An exemplary case with fixed oscillation
amplitude, @ = 60 nm, and different values z, of 50, 54, and 58
nm for a sample with modulus E = 10% Pa are shown in Figures
6 and 7. For decreasing z, the tip touches the surface for a larger
fraction of the oscillation period, and the attractive contribution
to the integral increases slightly. At the same time the repulsive
contribution, i.e., the positive contributions in Figure 6, increases
strongly. This is caused by the increasing indentation.

Figure 8 shows the time dependence of the integrand in eq
11 used to calculate the additional effective damping contribu-
tion 04. The parameters are the same as in Figures 6 and 7.
The integrand shows an antisymmetric shape around the position
wt = 7 because of the sine function in the integrand. Accord-
ingly, the integral vanishes, in correspondence to the fact that
F is conservative (cf. eq 18). If Fi(#) contains dissipative
contributions and depends not only on z(¢) but also on z(r),"
the time dependence of F(¢) will be no more symmetrical to
wt = g, resulting in a finite contribution 0.

Of course, these calculations do not describe directly the
measurements in force spectroscopy experiments, in which
the average distance between tip and sample is varied. In the
calculations above the oscillation amplitude is fixed, and
accordingly in a real experiment one would have to vary the
excitation amplitude. On the other hand, in the normal experi-
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Figure 3. Static force—distance curve (eq 18) for Ay =2 x 107 J, R
=10 nm, zo = 20 nm, dy = 0.3 nm, and a modulus of E = 10° Pa.
Note the attractive region close to the surface at z = —20 nm and the
increasing repulsive contribution for larger indentations.

60 F ; ) ]

40} —
=z v
= i 'I
“z 20 | i s
W ,,' |

0 "

1
0.0 0.5 1.0

ot/2n

Figure 4. Time dependence of the force Fis for three different values
of the effective modulus E (107 (solid), 10® (dotted), and 10° Pa (dashed
line)). The oscillation amplitude was chosen as 60 nm; the mean
distance of the cantilever from the surface was 54 nm (other parameters
as in Figure 3).
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Figure 5. Time dependence of the integrand of eq 10 during one
oscillation period. The dash-dotted line shows the relevant part of cos
wt ~ z(t) for comparison.
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Figure 6. Time dependence of tip—sample force F\, during one
oscillation period for a fixed amplitude of @ = 60 nm and different
mean distances zo from the surface (50 (solid), 54 (dotted), and 58 nm
(dashed line)).

ment the excitation is fixed, and with a change in interaction
between tip and sample the oscillation amplitude will vary in
such a way that the new interaction parameters k and Qs give
self-consistently the new oscillation amplitude a. Practically,
this means that one would have to calculate the amplitude a
iteratively from the equations given above, which is not the
aim here. A simple example which can be solved directly is
the limit of a tip interacting with a very hard repulsive surface
without attractive interaction. Fi(z) is then zero for z > —z
and very large otherwise. The hard surface will practically limit
the oscillation, a &~ zj, and additionally a,, = 0. If we assume
a high-quality factor (cf. discussion below), then the solution
will still be approximately sinusoidal. The force Fy will consist
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Figure 7. Time dependence of the integrand of eq 10 during an
oscillation period for the same parameters as in Figure 6. The dash-
dotted line shows a cosine function for comparison.
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Figure 8. Time dependence of the integrand in eq 11 during an
oscillation for the same parameters as in Figures 6 and 7. For
comparison, the time dependence of a sine function in the integrand is
also shown as a dash-dotted line.

of a short and high pulse at wt = ;. This pulse results in a
positive value for k,, which shifts the resonance frequency w
to higher values and decreases the amplitude a such that it
matches the distance zo. This solution corresponds to a point
on the left flank of the resonance curve in Figure 2.

Applicability of Harmonic Models. We now turn to the
question under which conditions it is justified to describe the
cantilever dynamics in the harmonic approximation. The typical
damping of an oscillating cantilever in air is low, and cor-
respondingly the quality factor Q is high (Q ~ 500). Even during
intermittent contact with the sample for typical imaging condi-
tions Q stays above 200. Such a resonant system with a high
quality factor behaves like a filter which strongly limits
excitations at higher harmonics of the fundamental (typically
below 1% of the amplitude).>**> This allows to construct a
meaningful harmonic solution of eq 3, even if Fi; depends in a
nonlinear way on z. Correspondingly, the lock-in amplifier in
an atomic force microscope usually only measures the param-
eters of the first harmonic. Higher harmonics may not be
negligible if they coincide with higher eigenmodes of the
cantilever structure.”® Also, for imaging in liquids with the
typical small quality factors below 10 the applicability of
harmonic models may be limited. The harmonic approximation
was tested experimentally; Bar et al. show exemplary measure-
ments for PDMS and PS surfaces.?” Not only the typical shape
of a(w) and @(w) was verified but also the shift of resonance
frequency and damping during the approach to the surface.
Numerical simulations also showed that for the typical condi-
tions of imaging in intermittent contact only small perturbations
of the resonance curves show up.'”?® A direct comparison of
these results with eqs 13 and 14 is difficult, as during a
frequency scan at a fixed zero position of the cantilever the
effective interaction with the surface changes due to the
changing oscillation amplitude; i.e., parameters w, and Q are
not constant. The same applies for numerical calculations.?®*
San Paulo and Garcia®® showed explicitly how for a fixed
distance of the cantilever from a hard surface the resonance
curve gets heavily distorted for oscillation amplitudes larger than
the distance. With increasing excitation amplitude the maximum
of the resonance curve first slightly shifts toward smaller
frequencies, and then, with the repulsive interaction becoming
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Figure 9. Free resonance curve of cantilever 1 (solid line) and
corresponding model curve according to eq 13 (dashed line, parameters
are given in Table 1).

stronger it shifts toward higher frequencies, as discussed above.
Of course, this does not mean that the sinusoidal form of the
oscillation itself gets disturbed.

Calculation of Interaction Parameters from Measured
Data. Given that an adequate physical description of the
tip—sample interaction can be achieved with the parameters k
and oy, the question arises if these parameters can be determined
from the parameters amplitude and phase accessible in the
experiment. Under the assumption that eqs 13 and 14 are valid
during intermittent contact, the parameters wy and Q will change
accordingly. Inverting eqs 13 and 14 separates conservative and
dissipative effects.

k+ k kg Fo/m
o s Teff a)02 = w?+ COS((p)O— (19)
m m a
0] —sin() Fo/m
Gl = 5 = —sintg) o2 (20)

For an overview we want to discuss how the parameters ke
and o suggested here for the analysis of AFM measurements
are related to other parameters used in the literature to analyze
the tip—sample interaction, namely the mean dissipated power
[Pi,HJand the mean interaction force [Fy L] For high-quality
factors and negligible internal damping of the cantilever
compared to the external hydrodynamic damping the following
expression holds:**

_

0= 0 Py ec0= 5 lkay sin g — cao] (21)

g,tip
Here [P;,[lis the power put into the system by the driver and
[Pyiss, frecLlis the power dissipated by the free cantilever through
hydrodynamic damping. a4 is the oscillation amplitude of the
dither driving the base of the cantilever. [Pj,llcan also be
expressed as

2
o lwa'k ereead . _

= —— n @
2 eree a w(),free

P, (22)

tip

where Qr.. is the quality factor of the free cantilever without
interaction to the sample and w . is the resonance frequency
of the free oscillating cantilever. This result is consistent with
the description by the tip—sample interaction parameters
discussed above. Under stationary conditions the total dissipated
power [Py o Jis equal to the power [P;,introduced by the
driver, and using eq 20 [P;;[lis obtained as

U)lip|:|= _u)diss,tollj_ Il)diss,freeD (23)
_ Loy 1,9 o4
- 2& W Qggp Za w o ( )
= %(kad sin @ — awo.) (25)
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Here we used Fy = kaq. The mean power [P;,[lhas been used
for instance to interpret force spectroscopy curves. Because of
its strong dependence on amplitude, it has also been suggested
to use alternatively a relative measure by normalizing [Py;,[lto
the kinetic energy of the oscillation.*® The dissipated energy
[PypLemphasizes the aspect of dissipation in the interaction of
tip and sample.

Another parameter suggested in the literature'® for the
interpretation of the interaction of tip and sample is the mean
value of the interaction force [#[]It is determined by application
of the virial theorem®'

Lzo= —Lgm
SmE0= -0 (26)

to eq 1. Under the harmonic assumption and for excitation at
the natural frequency of the free cantilever one gets approximately'®

20[F, z[0
cos @ = —Qka—als 27
0

where ay is the amplitude of the free cantilever. Under the
assumption of negligible tip—sample power dissipation and
small contact times this leads to'®

.0

ts

Fy

cos@p =2 (28)

which shows that the cosine of the phase angle is a direct
measure of the mean force on the tip under these conditions.
The result in eq 27 can also be obtained from the parameters of
the harmonic model outlined above. Starting from eq 19, we
get

cos @ = I%(k + k, — w’m) (29)
0

If w is equal to the resonance frequency of the free cantilever,
mw? = k. Using eq 12, we obtain eq 27

a (_gmts.zq — _QII‘[S.ZD (30)

a
cosp = —k,=7—
S kag\ G2 kaya

Fy

One notices that the average [F-z[lisolates the elastic
contributions of the tip—sample interaction. However, from eqs
21 and 27 as well as eqs 19 and 20 it becomes apparent that a
change in phase angle ¢ corresponds to a simultaneous change
in conservative and dissipative part of the interaction. A full
record of the tip—sample interaction requires the determination
of both contributions.

Experimental Section

AFM. All measurements were done with a commercial atomic
force microscope Nanowizard from JPK Instruments (Berlin,
Germany). Two types of silicon cantilevers from Nanoworld with
a nominal resonance frequency of 320 kHz and a stiffness of about
42 N/m or a resonance frequency of 75 kHz and a stiffness of 1.3
N/m were used. Most of the measurements shown here were
performed with an excitation frequency @ = 0.9995w,. The
resonance curve of the freely oscillating cantilever was measured
before data acquisition. A fit according to eq 13 gave the parameters
of the cantilever (Figure 9). They are given in Table 1 for the
cantilevers used here. In the range of the resonance peak the model
function describes the data reasonably well.

Sample. Spin-coated films of polystyrene (PS) and cross-linked
polydimethylsiloxane (PDMS, Sylgard 184) were used as model
surfaces for force spectroscopy. PS at room temperature is a hard
glassy material with a shear modulus of about 2 GPa. Mechanical
dissipation is very weak. For the PDMS sample mechanical
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Table 1. Oscillation Parameters of the Cantilevers Used”
Fo/m [m/s’]  Q m = klwg* [kg]

1 42 1.8453 x 10° 469.03 488 1233 x 10712
2 1.295 3.5368 x 10° 58.89 130 11.03 x 10712

“ The values for the force constant k were either given by the supplier
(cantilever 1) or measured by analyzing the thermal excitation spectrum of
the cantilever (cantilever 2). All other parameters were determined from
the resonance curve of the free cantilevers.

cantilever & [N/m] wy [rad/s]

100

N g N
g o u»

100

lock-in amplitude [nm]
N O N
oo O,
phase [deg]

AL T | B
25 50 75100 25 50 7510
distance [nm]

Figure 10. Force spectroscopy curves on model surfaces of PS and
PDMS for different free amplitudes of 30, 60, and 100 nm with the
stiff cantilever 1 and an excitation frequency of 0.9995w,. The dash-
dotted line in both amplitude diagrams would correspond to an
amplitude equal to the distance from the surface.

measurements for a series of temperatures and frequencies in the
range of 0.01—100 rad/s were performed on bulk samples. Even
after extrapolation to the measurement frequency of the AFM using
time—temperature superposition®” the main relaxation zone of
PDMS is below room temperature, and the extrapolated value of
the modulus is about 1.5 decades smaller than for PS. Accordingly,
for the AFM measurements PDMS behaves like a soft material
without strong dissipation.

For imaging experiments semicrystalline polyethylene (LDPE,
obtained from Aldrich) was used. Polyethylene consists of stacks
of alternating crystalline and amorphous layers with typical
thickness in the 10 nm range. Since the glass transition temperature
of amorphous PE lies well below room temperature, the material
shows a strong hard—soft contrast in the AFM. The samples were
hot-pressed between glass plates. After removal of one of the plates
the sample was heated above the melting temperature and slowly
cooled. Subsequently, the free surface was investigated in the AFM.

Force Spectroscopy on Model Surfaces

Hard and Soft Model Surfaces in Comparison. In so-called
force spectroscopic measurements amplitude and phase shift of
the oscillating cantilever are measured at a fixed lateral position
while varying the distance to the surface of the sample.
Frequency and amplitude of the excitation are kept constant.
Figure 10 shows exemplary data measured with the stiff
cantilever 1 and free amplitudes of 30, 60, and 100 nm on PS
and PDMS. In the experiments the zero point for the distance
to the surface is not measured on an absolute scale; it was
adjusted such that the first effects of interaction in the curves
show up at a distance corresponding to the free amplitude.

PS shows the typical behavior of a hard surface: the amplitude
decreases approximately linear with the distance to the surface,
and the phase shift shows over a large range of distances
increasing values, usually interpreted as being caused by
repulsive interactions. In contrast, for PDMS the amplitude
decreases in a nonlinear way and less steeply which indicates
that the cantilever indents into the surface.**** The phase shift
shows lower values than the free oscillating cantilever over a
large range of amplitudes. As discussed above, amplitude and
phase depend on the interaction through k. and oL as described
by eqs 13 and 14. By using the harmonic model of eqs 19 and
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Figure 11. Force spectroscopy on PS and PDMS surfaces: oscillation
amplitude a, phase shift ¢, resonance frequency wy, effective tip—sample
force gradient ki, and damping constant Q.p/m vs distance. The
excitation frequency was 0.9995w of the free cantilever and the free
amplitude 60 nm in both cases. The dashed horizontal line gives the
excitation frequency for comparison; the spring constant of the free
cantilever was 42 N/m.

20 one can transform the data into the momentary resonance
frequency w, or interaction parameters ks and O.g. This analysis
separates conservative and dissipative contributions of the
interactions and allows a straightforward interpretation of the
data. To do so, one has to fix the origin of the measured phase
scale such that the phase of the free cantilever at resonance is
—90°. Usually, during experiments the phase is set arbitrarily
to zero at a distance of some micrometers to the sample surface.
From the known parameters of the free resonance curve one
can calculate the value of the phase shift for the chosen
excitation frequency. For all data shown below the measured
phase values were shifted to bring them to this value for large
tip—sample distances. The results of such an analysis are
summarized in Figure 11 for PS and PDMS, based on the data
set with a free amplitude of 60 nm. The top panel in Figure 11
shows again the amplitude for comparison. The next panel gives
the phase shift, already adjusted to the value of —64.3° at large
distance as calculated for an excitation frequency of 0.9995w,.
Underneath the resonance frequency w, in dependence on the
distance to the surface is shown. The dashed line shows the
excitation frequency for comparison. The interaction parameter
for the conservative interaction ki is plotted in the next panel.
The lowest panel in Figure 11 shows the effective damping of
the whole system O.gr.

Figure 11 enables an unambiguous interpretation of the data.
Before comparing PS and PDMS in detail, we consider the
general effects of the interaction between tip and sample, which
show up qualitatively for both samples. We concentrate on the
part of the curves not too close to the sample surface because
for the latter region the harmonic models may become inap-
plicable, and there are larger uncertainties in phase shift values
due to technical reasons. On approaching the surface from a
state of free oscillation the tip will first feel the attractive forces
before it touches the surface. According to eq 10, these forces
cause a negative contribution to k. and lower the resonance
frequency accordingly. For an excitation frequency below
resonance, lowering the resonance frequency causes an increase
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Figure 12. Calculated dependence of quality factor Q of the whole
oscillating system on distance to the sample surface for the poly(dim-
ethylsiloxane) sample for the same measurement parameters as in Figure
10.

in amplitude (if we suppose for the moment no additional
damping). If the amplitude increases for a fixed distance from
the surface, the tip will sense the attractive force for a longer
time during each oscillation cycle, and this in turn will increase
the effect even further. This self-amplification effect causes the
sudden decrease of the phase shift when the tip first feels the
surface. In the amplitude signal the corresponding effect is
only small and harder to see. With the first direct contact of tip
and surface repulsive forces come into play and stop the increase
in amplitude because their positive contribution to ki stops the
decrease in the resonance frequency. This happens for both
samples well before the resonance frequency reaches the
excitation frequency because an excitation frequency far enough
below the resonance frequency was used. So the system stays
on the left side of the resonance peak. Upon further approach
repulsive interactions increase, and the resonance peak moves
to the right. The amplitude decreases accordingly. This effect
is self-stabilizing which causes the smooth dependence of
amplitude and phase shift on distance. Note that at this point
the linearity of ki in the forces (cf. eq 10) is essential; ki results
from an additive superposition of attractive and repulsive force
contributions. Also, the effective tip—sample force gradient ki
remains always small compared to the stiffness k of the
cantilever. This justifies the treatment of the tip—sample
interaction as a small perturbation. The additional damping
due to tip sample interaction can be relatively strong as the
example of PDMS shows. Nevertheless, the corresponding
quality factor, which is shown in Figure 12, remains in the range
of some hundreds. These are conditions which still allow the
application of the harmonic model.

On the basis of this general scenario, the different interactions
of the tip with the two surfaces, PS and PDMS respectively,
are easily rationalized. In short, PS acts as a hard surface, for
which even very small deformations give rise to large repulsive
forces. The amount of damping due to contact with the surface
is limited. PDMS on the other hand is a much softer material.
Appreciable repulsive forces require large deformations. As
mentioned above, the different shape of the amplitude vs
distance curves indicates much stronger indentation and there-
fore deformation of the surface in case of PDMS. Nevertheless,
the net value of k, remains negative for about the first 25 nm
of approach. The attractive interaction, although it will be of
similar magnitude as for PS, dominates since the repulsive
contribution is so small in the case of PDMS. This leads to the
large range with negative phase shift and lower resonance
frequency. Only for hard tapping conditions the increasing
repulsive contributions®> will cause a positive k. For PS, on
the other hand, the repulsive forces are strong and dominate,
which makes the range of distances with a negative phase shift
very small. Damping effects are also much larger in case of
PDMS, and the approximately parallel increase in ks and Og/m
with decreasing distance indicates that damping is also related
to deformation of the sample. In comparison for PS over most
of the distance range the decrease in amplitude is dominantly
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Figure 13. Calculated dependence of phase shift ¢ on the tip—sample
distance z for an infinitely hard surface without additional dissipation
and different free amplitudes (30, 60, and 100 nm). The horizontal
line marks the phase shift for the first contact with the surface, for an
excitation frequency @ = 0.9995w_fice.

caused by elastic repulsive forces and the corresponding shift
in resonance frequency, while for PDMS damping is an
important factor and the shift in resonance frequency is smaller.
Note that all values of force gradient k,, damping parameter
05, and quality factor Q are not direct material properties of
the sample. They also depend on the type of contact and
deformation, i.e., tip geometry and indentation depth.

Variation of the Free Amplitude. From the measurements
shown in Figure 10 it appears that with decreasing free
amplitude the effect of attractive interactions showing up in
negative phase shift gets more pronounced. This effect can be
qualitatively understood in a simple way. The prefactor of the
integral over the force which determines kg (cf. eq 10) is
proportional to 1/a, in addition the tip is in reach of the attractive
interaction over a larger fraction of the period of the oscillation.
Both factors contribute to a stronger effect of the attractive
interactions for smaller free amplitudes. For the case of a soft
material and a small amplitude the sample might not develop
enough repulsive forces to limit the increasing amplitude on
the left flank of the resonance curve. Then, because of the
interaction, the resonance frequency falls below the excitation
frequency and the system finds itself on the right-hand side of
the resonance peak. This causes phase values below —90° and
steeply decreasing amplitudes at the onset of interaction as
visible in Figure 10 for 30 nm free amplitude on PDMS.

On the other hand, as is visible for PS, in the range of
dominantly repulsive interaction the slope of the phase—distance
curve is larger for small amplitudes. The way how k, in general
depends on the oscillation amplitude is not so obvious, since in
this case also the amplitude of the force Fi in eq 10 can change
with the oscillation amplitude. A simple model can be formu-
lated for the approximation of an infinitely hard surface without
attractive and dissipative interaction. If the dissipation of the
cantilever is constant and the amplitude equal to the distance
from the surface, one can calculate the phase shift ¢ from eq

20 as
= —arcsin waeffa = —arcsin Dett
¢ Fy F,

Z) (31)

Figure 13 shows that this simple model closely resembles the
trends in the measured phase shift data for PS in the repulsive
regime in Figure 10.

Variation of Excitation Frequency. Figure 14 shows the
influence of the excitation frequency on the force spectroscopy
curves. For PS one finds the classical behavior of a sample
without much additional dissipation." Upon approaching the
surface, first in the attractive regime the phase decreases. This
is accompanied by an increase in amplitude if the excitation
frequency is smaller than the resonance frequency wy of the
free cantilever. For an excitation at or above w an increase of
attractive forces and a corresponding shift of the resonance
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Figure 14. Influence of excitation frequency on spectroscopy curves
for PS and PDMS with the stiff cantilever 1 and free oscillation
amplitude of 60 nm. The solid, dashed, and dotted lines correspond to
an excitation frequency of 0.9995, 1.0000, and 1.0005 times the free
resonance frequency. The inset shows for PS a zoom into the amplitude
curves over a distance range from 50 to 65 nm. The dash-dotted line
gives a slope of one for comparison.
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Figure 15. Comparison of the calculated interaction parameters from
spectroscopy curves for PDMS with the stiff cantilever 1 for different
excitation frequencies. The solid, dashed, and dotted lines correspond
to an excitation frequency of 0.9995, 1.0000, and 1.0005 times the
free resonance frequency.

frequency to lower values can only decrease the amplitude. This
decrease in amplitude is self-stabilizing. Hence, while approach-
ing the surface under these conditions, the phase angle decreases
continuously and not suddenly. Later during the approach the
system leaves the attractive regime and jumps to the repulsive
regime, signaled by the large positive jump in phase shift and
a small jump in amplitude.

For PDMS one finds, especially in the amplitude data, many
more details which can be interpreted by our approach. Figure
15 shows ki and o, calculated from the data of Figure 14
according to our eqs 19 and 20. The negative values of k, while
approaching the surface indicate the range of dominating
attractive forces. Their effect is strongest for excitation above
the resonance frequency because there any decrease in resonance
frequency also decreases the amplitude. This shows up as the
steep decrease in amplitude in Figure 14 for PDMS and
excitation at 1.0005 of the resonance frequency. The tip does
not penetrate the sample surface because the attractive forces
alone can reduce the amplitude according to the reduced
distance. Going from 1.0005 over 1.0000 to 0.9995 times
resonance frequency of the free cantilever for instance at around
50 nm distance, one notices in the case of PDMS an increase
in surface penetration in Figure 14 and growing repulsive and
damping contributions in Figure 15. Working on the left-hand
side of the resonance peak emphasizes the repulsive contribu-
tions because a decrease in amplitude can only be achieved here
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Figure 16. Influence of spring constant k of the cantilevers (cantilever
1: 42 N/m (dashed line); cantilever 2: 1.3 N/m (solid line)) on force
spectroscopy curves on PS and PDMS. The excitation frequency was
0.9995 of the resonance frequency of the free cantilever and the free
amplitude far from the surface 60 and 30 nm, respectively.

by a shift in resonance frequency to higher values (or an increase
in damping, which is also connected to repulsive forces from
indentation in our case). Below about 40 nm distance for PDMS
the repulsive forces dominate. & in Figure 15 becomes positive,
and in Figure 14 one finds penetration of the surface in all cases;
i.e., all amplitudes are lying above the dash-dotted line.

Variation of the Cantilever Stiffness. For the stiff cantilever
we discussed that the attractive forces are in most cases not
strong enough to shift the resonance frequency below the
excitation frequency. The system always stays on the left side
of the resonance peak. The situation can be completely different
for a softer cantilever. The reason is that for a given effective
tip—sample force gradient ki the shift of the resonance curve
is larger for a softer cantilever, i.e., smaller k. This shift can
easily be calculated from eq 15.

wok k + k)/m k k
olki) :\/( ) :/Jldl—ﬁ:l_'_li
w(k = 0) kim k 2k

(32)

Figure 16 shows exemplary force spectroscopy data for a stiff
(1) and a soft (2) cantilever on PS and PDMS in comparison.
For the soft cantilever a smaller free amplitude a of 30 nm was
used to emphasize the attractive contributions (see eq 10).
Obviously, the curves for the two cantilevers look completely
different. It is interesting to note that, in contrast to the results
presented above, both surfaces look rather similar if measured
with the soft cantilever.

The interaction parameters of the stiff cantilever were already
discussed above. We here concentrate on the analysis of the
case of the soft cantilever 2. Figure 17 shows the effective
interaction parameters vs distance. For the soft cantilever on
both surfaces the resonance frequency decreases at the beginning
of interaction below the excitation frequency because of the
strong effect of the attractive forces. There is a remarkable
similarity between the interaction parameters from both surfaces
over a large range of distances. For about half the range k is
negative and nearly the same for both surfaces. This is expected
if the attractive interactions dominate. For even closer contact
of tip and sample the damping strongly increases (cf. Figure
17). This leads to low values of the quality factor around 30,
and the harmonic model may be not numerically adequate there.
Without going into further detail here, it is important to realize
that the value of the cantilever stiffness has a large effect on
the nature of the measured interaction forces between cantilever
and surface. Furthermore, the use of soft cantilevers originally
designed for contact mode operation may open the possibility
to easily perform AFM measurements in the attractive mode in
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Figure 17. Interaction parameters for the measurement with the soft
cantilever as calculated from force spectroscopy data shown in Figure
16.

a well-controlled way. This issue will be further explored in
future work.

Interpretation of Images in Intermittent Contact Mode

Discussion of Simplified Cases. Let us now try to use the
results above for the interpretation of contrast in imaging. As
already mentioned, in intermittent contact (AM) mode the
feedback system of the AFM keeps the amplitude a(w) constant
by adjusting the height of the tip while scanning the sample. It
follows from eqs 19 and 20 that during scanning due to the
constant amplitude a change in phase always indicates a change
in both interaction constants according to the following relations:

ks Oc, + ¢, cos(¢) (33)

Qg L c5(—sin(g)) (34)

It should be kept in mind that k and a. depend on the
properties of the underlying substrate and the height of the tip
above the sample.

Let us first discuss the nature of image contrast for some
idealized cases of flat surfaces without topography but with
patterns of contrast in either conservative or dissipative forces
only. First we consider a hypothetical surface with a contrast
in conservative interaction without any dissipative tip—sample
interaction. According to eq 34, the constant, height-independent
dissipation of the bare cantilever results in a constant phase shift.
Therefore, in order to keep a(w) constant, the feedback loop
will change the height z of the tip to keep the effective force
gradient ki constant (eq 33). This obviously results in artifacts
in the topography image. This conclusion is in line with the
general statement that there is no phase contrast in imaging
without dissipation contrast.

As a second case we consider another hypothetical flat surface
with material contrast in dissipation but constant, height-
independent conservative forces. The latter results according
to eq 33 again in a constant phase shift. The feedback loop will
now change the height to keep the effective damping constant
(eq 34). This again results in topographical artifacts without
phase contrast. According to eq 22, also the dissipated energy
is constant. In this case the contrast in material dissipation does
not show up in phase shift or dissipated energy. It is masked
by the feedback loop trying to keep the amplitude constant. In
practical cases of course both dissipation and conservative forces
are present and possible sources of phase contrast. And indeed,
a necessary condition for phase contrast to occur is that both
conservative and dissipative interactions are present and that
both depend on the tip—sample distance.
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To illustrate this more realistic case, we finally discuss image
contrast for a hypothetical flat model surface consisting of
patches of PS and PDMS with the properties measured above.
There is contrast in conservative forces resulting from different
repulsive contributions as well as stronger damping connected
with deformation in PDMS. We assume the AFM works with
an excitation frequency below the resonance frequency; ac-
cordingly, the phase shift will be above —90°. On the hard
surface (PS) the dominantly repulsive interaction leads to an
upward shift of the resonance frequency; the oscillating system
is mistuned and the amplitude reduced. In this way the required
amplitude (set point) can be realized by adjusting the height z
of the tip. If the tip enters the region with the smaller repulsive
interactions (PDMS) the resonance frequency of the cantilever
will decrease, and accordingly the amplitude will increase and
the phase decrease. The feedback loop for the amplitude will
now try to hold a constant by varying the height of the tip. In
case of PDMS Figure 11 shows that over a large range of
distances the conservative forces and accordingly the resonance
frequency of the cantilever depend only slightly on the height
of the tip, whereas the damping is affected more strongly. The
feedback system will increase dissipation (and to a minor extent
repulsive interaction) by lowering the height. Mostly due to the
increasing dissipation the amplitude will become smaller again
while still fulfilling eqs 33 and 34. So in this case there exists
a phase contrast accompanied by an artificial height signal due
to stronger indentation on the soft parts of the sample. This
contrast in dissipation or QL is not caused by direct material
dissipation contrast but by a change in interaction strength due
to a changing height of the tip, which in turn was induced by
changing conservative forces. This specific example illustrates
the general fact that a.g or the dissipated energy is not directly
a material property but a measure of the interaction strength
under the given conditions of the oscillation.

Exemplary Measurements on a Semicrystalline Polymer
with Hard—Soft Contrast. AFM measurements in intermittent
contact mode are a routine method for the analysis of hetero-
geneous polymer systems carrying structure on the nanoscale.
The underlying contrast is normally related to the different
mechanical properties of the components. Even if today a
quantitative measurement of local mechanical properties is
normally out of reach, an improved and simple understanding
of the image parameters can be helpful in order to identify
different components in the image and to gain qualitative
information about local mechanical properties.

Figure 18 shows as a practical example a height and a phase
image of a semicrystalline sample of polyethylene. The stripe
pattern obviously shows the semicrystalline morphology of the
sample consisting of lamellar crystals and amorphous layers in
between. A scan showing the values of the two parameters along
the line indicated in the images is given in the upper panel of
Figure 19. For a more detailed discussion it is useful again to
calculate interaction parameters from the measured quantities.
Again, the measured value of the phase has to be set to an
absolute scale as already described above for the force spec-
troscopic measurements. ks and Q¢ can then be calculated with
eqs 19 and 20. The two lower panels of Figure 19 show the
results of this calculation for the line scan indicated in Figure
18. As an example, let us focus on the position marked by the
vertical dotted line in Figure 19. There the damping is
comparatively low and the repulsive contributions in k are high.
From the comparison with the results on the model surfaces
one would infer that the surface is comparatively hard at this
position. This is compatible with the peak in the height signal
at this position. As discussed above, the height signal does not
necessarily show the real topography of the surface but a
combination of real topography and of indentation, which is
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Figure 18. Height (a) and phase images (b) (raw data) of the surface
of a semicrystalline sample of polyethylene (set point r = 0.9, amplitude
a = 60 nm, w/wy = 0.9995). The line scan further analyzed below is
indicated by the horizontal line.
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Figure 19. Height, phase, effective tip—sample force gradient, and
effective damping for the line scan on the partially crystalline sample
of polyethylene, calculated from the data of Figure 18.

smaller on the hard crystalline component. These findings all
together allow to conclude unambiguously that the marked
position corresponds to a crystalline lamellae. In between those
lamellae are the softer amorphous regions, which in the original
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Figure 20. Schematic model for the lamellar structure of the sample
shown in Figure 18 and its interaction with the AFM tip. The inset
shows the result of a SAXS measurement (I(s)s> vs s) with the peak
position corresponding to the inverse long period (sp. = 0.052 nm™").

image show a lower value of the phase. It should not be
overlooked though that the variations in ks and Q. are
considerably smaller than for the model surfaces measured by
force spectroscopy and that k is positive on both parts of the
sample. Also, the apparent mean repeat distance of the lamellae
is about 53 nm, considerably larger than the long period L =
19 nm, as determined from small-angle X-ray scattering (SAXS)
on the same sample (inset in Figure 20). The difference can be
rationalized by the schematic model shown in Figure 20.
The larger lateral repeat distance of the lamellae in the AFM
picture is a result of the inclination of the lamellae with respect
to the surface of the sample. The values mentioned correspond
to an angle of about 20° between the normals of the sample
surface and the lamellae. Because of this small angle, the tip
hits the interlamellar layer in a direction close to lamellar
normal. Figure 20 illustrates that the AFM tip due to its finite
size and due to the finite thickness of the interlamellar material
will interact not only with amorphous but also with the
crystalline material. Hence, the sample properties sensed by the
tip will correspond to an average over crystalline and amorphous
regions, and the contrast is indeed expected to be much smaller
than the difference between pure crystalline and amorphous
model surfaces. This is also consistent with the small experi-
mental value of the phase contrast between lamellar and
interlamellar domains, which is much smaller than for the soft
and hard model substrates in Figure 11.

Conclusions

Under typical ambient imaging conditions the small damping
or correspondingly the high-quality factor of the AFM cantilever
allows the successful application of relatively simple harmonic
models for a qualitative and quantitative interpretation of AFM
data in intermittent contact mode. These models permit a
separation of conservative and dissipative contributions of the
tip—sample interaction if the parameters of the resonance curve
for the free oscillating cantilever and the origin of the phase
shift scale are known. The separate experimental determination
of both contributions improves the qualitative understanding of
image contrast and the possibilities for a comparison of AFM
data to theoretical interaction models. From a technical point
of view the approach presented here enables a well-formulated
understanding of the influence of measurement parameters like
cantilever stiffness, oscillation amplitude or set point, excitation
frequency, etc., on measurement or imaging process. We believe
that the effective force gradient and the effective dissipation
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could also serve as a suitable starting point for a comparison
with detailed simulations of tip—sample interaction.
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