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Abstract

Significant progress has been accomplished in the development of experimental contact-mode and dynamic-mode atomic
force microscopy (AFM) methods designed to measure surface material properties. However, current methods are based on
one-dimensional (1D) descriptions of the tip—sample interaction forces, thus neglecting the intricacies involved in the material be-
havior of complex samples (such as soft viscoelastic materials) as well as the differences in material response between the surface
and the bulk. In order to begin to address this gap, a computational study is presented where the sample is simulated using an en-
hanced version of a recently introduced model that treats the surface as a collection of standard-linear-solid viscoelastic elements.
The enhanced model introduces in-plane surface elastic forces that can be approximately related to a two-dimensional (2D)
Young’s modulus. Relevant cases are discussed for single- and multifrequency intermittent-contact AFM imaging, with focus on
the calculated surface indentation profiles and tip—sample interaction force curves, as well as their implications with regards to ex-
perimental interpretation. A variety of phenomena are examined in detail, which highlight the need for further development of more
physically accurate sample models that are specifically designed for AFM simulation. A multifrequency AFM simulation tool based
on the above sample model is provided as supporting information.
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Introduction

The accurate characterization of viscoelastic materials with
atomic force microscopy (AFM) is of high interest [1-16], but it
is also a very difficult task due to the complexity of the materi-
al behavior phenomena that govern the AFM observables. In
contrast, the description of the bulk behavior of viscoelastic ma-
terials can frequently be represented with relatively simple
models combining linear springs and dampers [14], which are
appropriate for the specimen geometries used at the continuum
scale. A common example is a viscoelastic film trapped be-
tween two parallel plates that are displaced with respect to one
another while the stress in the material is measured [17,18].
Drawing a connection from continuum mechanics to AFM mea-
surements (where the probe geometry is relatively simple, often
assumed spherical) may appear to be straightforward at first
glance, but a detailed analysis reveals specific complexities that
can make quantitative accuracy an elusive goal. For example, in
contrast to a typical bulk experiment, the stresses and strains
imposed by the AFM probe on the sample are not uniformly
distributed throughout the material, but are often localized near
the axis of the indentation. Second, at the scale of an AFM mea-
surement, the surface layer mechanical properties (which often
differ from the bulk properties, as discussed below) may play a
prominent role. Specifically, as the tip compresses the sample, it
is easy to imagine how the indentation leads to an increase in
the sample surface area, which has an associated energy cost
either due to elasticity or surface free energy, or both [19,20].
The overall effect is that as the tip travels into the surface, the
surface profile evolves in a way that minimizes the associated
energy cost. Third, these surface free energy and elastic energy
effects are often neither isotropic nor uniform, as there is gener-
ally a variation in the structure and morphology of most visco-
elastic surfaces (e.g., polymers) in the horizontal direction (ex-
amples are provided below). Furthermore, at the scale of an
AFM indentation it may be difficult to properly define the sur-
face energy (even conceptually) since the local material
constituents (e.g., polymer chains) can significantly differ from
their neighbors and can be, to a varying degree, flexible and
mobile. At this scale, the surface is not a smooth continuum but
may instead contain molecules oriented in various directions, as
well molecules trapped in conformations that do not corre-
spond to a global energy minimum (especially in the
compressed volume directly under the AFM tip). Additionally,
the behavior of the molecules on the surface may be influenced
by chemical or dispersion (van der Waals) forces exerted by the
probe, thus leading to a situation in which the sample is influ-
enced by the measurement itself. One could continue extending
the list of phenomena that preclude an ideal measurement by
considering other issues such as limitations of the measurement
method and instrumentation, almost arriving at the conclusion

that it is nearly impossible to carry out quantitatively accurate
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measurements of viscoelasticity with AFM, unless one assumes

that the sample follows the simplest continuum behaviors.

For the most part, the development of new AFM imaging and
spectroscopy methods has relied on continuum assumptions that
enable the construction of well-defined surface models. This is
quite reasonable, and in the absence of elaborate surface models
that can easily be incorporated into the methods, this has been a
very fruitful course of action. For example, within contact-reso-
nance AFM (CR-AFM) methods (including dual-amplitude
resonance tracking, DART) [2-6], the surface is treated using a
linear Kelvin—Voigt model, which consists of a linear spring in
parallel with a linear damper. Linear models are used in this
case because the oscillation amplitude of the AFM tip is very
small, so the tip—sample interaction force curve at the desired
force setpoint can be considered to be a straight line for the
range of tip positions explored. Similar approaches have been
used in force modulation techniques (FMOD-AFM), where the
sample is dynamically probed at frequencies well below the
cantilever resonance frequency [21]. Novel spectroscopy
methods have also been recently developed for intermittent-
contact imaging. For example, it is now possible to extract
tip—sample force curves using dual-eigenmode frequency-
modulation AFM [10] and intermodulation AFM [11,12]. In
these methods, the surface is modeled as a continuum material
with a well-defined Young’s modulus, which interacts with a
spherical AFM probe and is assumed to dissipate energy in
proportion to the probe’s instantaneous velocity and depth of
indentation. Here, an analytical description of the force as a
function of tip position and velocity, F, = Fi;(z,z), is postu-
lated, and the experiment is performed with the objective of
extracting the model constants. Despite the simplicity of the
surface models available, these methods clearly represent very
important milestones in the development of AFM spectroscopy
and already have a wide range of practical applications.
Nevertheless, these rapid AFM developments also call for
additional efforts at the other end of the research problem,
namely the development and implementation of more physi-
cally accurate surface models that are able to describe nano-
scale surface complexities such as those discussed in the
previous paragraph.

With the above in mind, the objective of this paper is to carry
out a qualitative exploratory study of the coupling of visco-
elastic behaviors with nanoscale surface effects within a
tip—sample model that can be used for the simulation and inter-
pretation of AFM experiments. The work departs from a previ-
ously introduced quasi-three-dimensional (Q3D) implementa-
tion of the standard linear solid (SLS) model for representing

viscoelastic surfaces [13,14,22-24] and considers the enhance-
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ment of the model through the incorporation of in-plane elastic
effects within the top surface layer. The study highlights mea-
surement interpretation challenges and physical phenomena that
have not yet been addressed in depth within AFM. The article is
organized as follows: first a thorough presentation of the SLS
model is provided, describing its elements, constitutive equa-
tions, corresponding complex modulus, and the relationship be-
tween its parameters and those one would use in simulating
AFM imaging. Next, a detailed discussion of surface effects is
offered, followed by a description of the enhanced surface
model. A Results and Discussion section follows, which treats
specific numerical examples focusing on the tip—sample force
curve features, indentation profiles, tip geometry effects and
their interaction with one another. The next section consists of a
description of the software tool, whose source code and input
file are provided as supporting information. The paper closes
with the section Conclusion.

The author cautions the reader that although the calculations
and discussions presented here can be useful in highlighting
future research directions regarding the development of AFM
methods and models for viscoelastic materials, all the analyses
are based on linear material behaviors that may fall short in the
treatment of specific problems. Consider, for example, a
tapping-mode experiment, which may involve local stresses and
strains that are too large to be treated linearly, or local heating
and melting of the sample, which can cause the material proper-
ties to vary with time and location within the sample. This
paper, therefore, offers only a glimpse into the research gaps
that exist in the treatment of sample material properties within
AFM simulation.

Viscoelasticity and the standard linear solid
The standard linear solid (SLS) model is shown in Figure 1. It
consists of a linear spring in parallel with a Maxwell arm, which
in turn consists of a linear spring in series with a linear damper
[13,14,25]. The SLS is the simplest viscoelastic model that is
capable of reproducing the most fundamental viscoelastic
behaviors, namely creep and stress relaxation [13,14,18,25].
There exist simpler models [13], such as the Maxwell model by
itself (described above) and the Kelvin—Voigt model, which
consists of a linear spring in parallel with a linear damper (this
model is used in CR-AFM [3]). However, in the former model,
the surface is unable to restore itself to its original state (it
remains permanently deformed upon the application of a stress),
and the latter model does not exhibit stress relaxation.

The SLS model was previously used in AFM simulations and
its general properties and response have been extensively dis-
cussed [13,14]. Here the derivation of its constitutive equation

[25] and the expressions describing its complex modulus are
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Figure 1: Standard linear solid model. The response of the model gen-
erally consists of a time-dependent stress resulting from the applica-
tion of a prescribed strain trajectory or a time-dependent strain result-
ing from the application of a prescribed stress trajectory.

discussed [17,18], which offer a theoretical connection to exper-

imental bulk measurements.

SLS constitutive equation

To derive the SLS constitutive equation [25] relating stress and
strain, focus is placed on the Maxwell arm, which contains
spring kp and damper ¢ (see Figure 1). It should be noted that

the stress in this Maxwell arm, oy, is the same for both of its el-
ements because they are in series:

Gm:sz :GC' (1)

In contrast, the strain is additive:

€m =8k2 +tE&.. )
The above equation can be differentiated to give

Em = £k, +E. 3)

Since the spring k; is linear, its stress—strain relationship is
given by

sz = kzgkz’ (4)

which can also be differentiated with respect to time to give
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By definition of the linear damper, we also have

G, =CE,. (6)
The substitution of Equation 5 and Equation 6 into Equation 3

gives

. Ok o,
Em =k—2+—°, )
) C

which, using Equation 1, can be rewritten as

. Gm  Om
e =—+—. 8
m kz C ( )

Since the Maxwell arm in the SLS model is in parallel with
spring ki, the strain of the Maxwell arm and of the spring & is

the same, but the stresses are additive:

SZSkl =&n (9)

GZGk] +G0n- (10
Differentiating Equation 10 gives
6=6k1 +6p- (11)

Solving for &, in Equation 8 and substituting it into
Equation 11, along with the time derivative of the stress—strain
relation for spring ki (c'skl =k1ék1), and making use of
Equation 9 to remove the subindices on the strains gives

d:(k1+k2)é—k—26m. (12)
C

Finally, solving for o, in Equation 10 and introducing it into
Equation 12 along with the stress—strain relation for spring k;
(o4, =kigy, = k), the constitutive equation for the SLS model
is found as:

kik,

k
6=k +ky)e——2c+-2¢
C C

(13)

The above equation governs the response of the SLS model and
will be used in the next section to derive expressions for its
complex modulus. This value is measurable in an experiment
that involves the application of a strain that varies sinusoidally
in time, as long as the stress and strain are uniform throughout

the specimen.
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SLS complex modulus

The SLS parameters of a particular specimen can be obtained
via the expressions for the model’s complex modulus (obtained
from its constitutive equation), by fitting those expressions to
the complex modulus behavior observed experimentally for the
material under study. To derive the complex modulus of the
SLS model, a periodic strain that varies sinusoidally in time
with frequency o is defined as [17,18,25]:

e =gge’™. (14)

When the above strain is applied to the sample, it generates a

sinusoidally varying stress of the form

g = g€’ (15)

where both 8; and 05 are complex (strictly speaking, 85 can be
real in an experiment, since the phase of the applied strain can
be defined as zero) and the subindex ss refers to the steady state
condition after all transient responses have disappeared. The
complex modulus is now defined as [17,18,25]

*
*

O
E ==2-F'+iE"
€0

(16)

To find £’ and E” Equation 14 and Equation 15 are substituted
into the SLS constitutive equation, Equation 13. Then 6; / 83
can be solved for, which can be written in the form of

Equation 16 and gives

2
' C
E'= PRy a17)
20
C
0)k22
EII_ [ (]8)

E' is associated with elastic interactions, while E” is associated
with dissipative interactions [25]. Figure 2 gives examples of
plots of the above expressions as a function of frequency for a
few sets of parameters. Of the measurable continuum quantities

available, the complex modulus is the most appropriate to fit
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Figure 2: (a) Plots of the complex modulus components, E' and E" (Equation 17 and Equation 18, respectively), for the sets of model parameters indi-
cated in the graphs. (b) Plots of the absolute value of the complex modulus corresponding to the traces shown in (a). The angular frequency axis is in
radians per second, and the maximum axis value of 8 x 108 rad/s corresponds to a frequency of approximately 1.27 MHz, which is nowadays not

uncommon in AFM, especially within multifrequency methods [9].

theoretical models to, and is also the most appropriate to draw a
connection to within dynamic experimental measurement tech-
niques such as AFM. In contrast, the Young’s modulus is not an
appropriate measure because it is not well defined in a dynamic
measurement (especially as the strain oscillation frequency is
increased), and because in the case of viscoelastic materials, the
stress and strain are not related by a simple constant as in the
elastic case. Furthermore, it must be noted that the complex
modulus is only applicable in the context of a continuous peri-
odic measurement, such as the application of a sinusoidal strain
(e= SZeimt), as discussed above. Within the context of AFM,
this condition can be approximately satisfied only in methods
such as CR-AFM or FMOD-AFM [2-6,21]. Therefore, neither
the use of the complex modulus nor of quantities derived from
it (e.g., the loss tangent, which is the ratio of the loss modulus
to the storage modulus) are appropriate for analysis of intermit-
tent-contact AFM measurements (this includes both single- and
multifrequency techniques) because, (i) the tip—sample interac-
tion in that mode of imaging is not continuous and therefore the
stress response of the material is not able to reach a steady state
during the measurement, and (ii) the complex modulus depends
on the frequency of the periodic sinusoidal sample deformation,
which is not well defined in a tapping-mode experiment (see
[26] for a discussion of discrepancies between intermittent-con-
tact and contact-resonance viscoelasticity measurements).
Furthermore, the spectrum of the force (stress) and displace-
ment (strain) in intermittent-contact AFM contains a mixture of
unknown and difficult to measure frequencies [15,27], and the
experiment does not provide a spatial description of the strain
distribution throughout the volume of the sample that is instan-

taneously interacting with the tip (not all sample differential
volume elements that interact with the tip at a given instant
undergo the same strain history, neither in terms of magnitude
nor in terms of strain direction). This is why viscoelastic mea-
surements with AFM are most commonly performed using
CR-AFM or FMOD-AFM, where the sample is probed in con-
tact-mode using a single oscillation frequency in the small-
amplitude regime. However, even in these most ideal situations,
there still exist challenges associated with the shape of the tip,
which does not necessarily impart uniform compressive strain,
but may cause both compressive and shear strains with an
unknown distribution (within CR-AFM and FMOD-AFM mea-
surements it is customary to assume that strains and stresses
exist only in the normal direction, but this is only an approxima-
tion). Models of the type discussed here could aid in per-
forming such characterizations with greater accuracy.

Regarding the quantification of elastic sample behaviors within
periodic dynamic measurements, it is important to point out the
two frequency limits for which the response of the 1D SLS
model is purely elastic (see Figure 2). At zero frequency (or
infinite deformation time scale) the complex modulus is equal
to the storage modulus (the loss modulus is zero, so the com-
plex modulus is real), which according to Equation 17 is equal
to ky and is called the rubbery modulus [25]. At infinite fre-
quency the loss modulus also becomes zero and the complex
modulus is again real and reduces to the storage modulus, but
with a value of k| + k», called the glassy modulus [25]. Both of
these moduli can be appropriate elastic constants to compare

experimental AFM results to in the cases of very low or very

558



high frequencies, if it can be approximately guaranteed that the
stress and strain are uniform and their distribution is 1D.

Relationship between sample properties and AFM
simulation parameters

Two very important considerations when relating AFM mea-
surements or simulations to sample properties that are consis-
tent with viscoelastic theory concern the uniformity of the de-
formation (as already stated above) and the units of the model
parameters. In the above discussion of the 1D SLS model, it is
assumed that the stresses and deformations are uniform throug-
hout the specimen under study, and that the equations are
written in terms of strains and stresses. This is why it is appro-
priate to speak of moduli (note that k| and &, are referred to
above as moduli, and see also Equation 17 and Equation 18, as
well as the discussion pertaining to them). However, in AFM
one is generally concerned with displacements (indentation
depths) and forces [16]. Therefore, in previous publications
[14,28] k; and ky are defined as force constants with units of
N/m and not as moduli with units of N/mZ2. However, to be
consistent with the equations listed above, the relationship be-
tween the moduli and the linear force constants of the model are
provided here.

Consider the viscoelastic film schematically drawn in Figure 3
and assume that its stress—strain relationship in the vertical
(tensile-compressive) direction can be approximated using that
of the SLS model (Equation 13). The undeformed film has an
initial thickness 7|y but it is then compressed uniformly across
its entire area by a distance A7. If the film can be treated as a
continuum, its strain can be defined as

L AT
T (19)

Since the film is described by the SLS model, the stress—stress

relation of spring &y (oy, = klsk] = k&) can be used to write
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(20

k
o :klg:k1£: “L AT,
! Iy T

where k; = k; / Ty (last term on the right hand side) is defined as
a force constant normalized by surface area (with units of force/
length?), whereby /€1 converts the displacement AT into the
stress Oy, In previous AFM simulations [14,28] a force con-
stant that is not normalized by unit area was simply given, such
that multiplication by the displacement gives a force Fkl instead
of a stress oy . This is equivalent to assuming that
the surface area, 4, of the film being compressed under the
AFM tip is known, since the total force is equal to the stress
multiplied by the total area (Ack] or Of = Fk1 /' 4). In the code
provided as supplementary information for this paper, the
model input parameters are defined as Iél =k /Ty, Igz =ky /Ty,
and ¢=c/T, and have units of N/m/nm?, N/m/nm? and
Ns/m/nm2, respectively. The assumption of homogeneous stress
and strain is violated in AFM measurements, where the defor-
mation is minute compared to the dimensions of the sample and
the deformation time scale can be short compared to the
timescales required for full relaxation. In reality, the appro-
priate value of Ty to use in the calculations is not known in an
experiment since the deformation may be limited to an
unknown region near the surface (the deformed region can be
localized, for example, due to cross-linking or layering of the
material, which prevents the small deformation imparted at the
top of the film from ever reaching the lower end of the speci-
men in a significant way). It is therefore not possible to estab-
lish a direct, rigorous connection between bulk SLS parameters
and the SLS parameters to be used in an AFM simulation.
Nevertheless, it is illustrative to carry out the exercise of
converting model parameters to bulk properties under assumed
ideal conditions. For example, consider a 50 nm thick film with
121 =ky / Ty = 0.075 N/m'nm? as used recently in [22]. In this
case, k| = ]€1T0 =0.075 N/mnm? x 50 nm = 3.75 GPa, which is
in the expected range for a typical polymer film
investigated with AFM [10]. For the dissipation coefficient,

\ Strain, € = ar
AT To

Undeformed Film

Uniformly Deformed Film

Figure 3: lllustration of the uniform deformation of a viscoelastic film of initial thickness Ty. This type of uniform deformation is not attainable in AFM

measurements conducted with standard tips.
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¢=1x10"7N s/m'nm? x 50 nm = 5000 N s/m? as was also
used in [22].

Surface effects in nanoscale probe measure-

ments

Surface effects can emerge in AFM measurements when the
surface area increases upon indentation by the tip, as this can
generate forces in the plane of the surface which seek to reduce
the surface area back to the original value. The restoring forces
can be caused by the exposure of bulk molecules to the surface,
where these molecules will no longer be surrounded by neigh-
bors in all directions and will thus have a reduced number of
favorable nearest-neighbor energy interactions [20]. The forces
can also be due to clastic effects, such as in the case of a cross-
linked or covalently bonded material, which will experience an
internal restoring force without undergoing obvious changes in
the arrangement of the molecules [19]. Depending on the mate-
rial, the contribution of each mechanism to the total driving
force counteracting increases in surface area can vary [19].

Some of the most striking examples of surface free energy
effects are observed in covalent crystals, for which the creation
of new surface area by splitting the crystal requires breaking
covalent bonds and leaving dangling bonds on the surface [29].
Loosely speaking (that is, without considering reconstruction
and/or relaxation), the surface energy correlates with the num-
ber of bonds broken per unit area, divided between the two sur-
faces that are created (the breaking of the bond requires that the
appropriate bond energy be supplied and half of the energy cost
is assigned to each of the two surfaces created). Often, surfaces
undergo structural reconstruction upon the generation of new
surface area in order to reduce the overall energy cost [29-31].
Even in the cases where there is no reconstruction, the surface
still undergoes some type of relaxation, such that its final struc-
ture and specific energy differ from those of the bulk. The
degree of crystallinity in viscoelastic surfaces can in general be
low compared to that observed in crystals, and adjacent mole-
cules are often not joined by covalent bonds [19]. Frequently,
but not always, relatively large molecules are involved and their
cohesive energy is governed by dispersion (van der Waals) and
electrostatic forces, which are generally weaker than those
generated by stretched covalent bonds or electrostatic interac-
tions in ionic crystals, and which allow the molecules to
rearrange with relative ease [19,20]. There are also many visco-
elastic surfaces which are formed by macromolecules that have
cross-linking covalent bonds, such as vulcanized rubber [19], in
which case there are restrictions on the relative mobility of adja-
cent molecules.

From the above discussion, it is clear that the structure of the

surface itself is not expected to be the same as that of the bulk,
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and that the surface structures of viscoelastic surfaces can be
very complex and difficult to predict. Additionally, the
constituent molecules in a viscoelastic material can exhibit
some variation in size (molecular weight and structure), connec-
tivity, distribution of functional groups, etc., such that they are
not all necessarily identical [19]. Additionally, the types of sur-
face configurations that are feasible depend on the structure of
the source material (e.g., the monomers used and their propor-
tion in a copolymer), the manufacturing process used, and the
size (especially thickness in the normal direction) of the speci-
men under study [19]. For certain ranges of manufacturing
conditions, precursor properties (e.g., the time—temperature
history or molecular size), or dimensions, the material structure
may be “trapped” into different configurations that do not nec-
essarily correspond to a global minimum of energy [19]. Such
complexity clearly offers a wider range of morphologies in
comparison to a crystal. Figure 4 shows a few examples of
AFM images of highly regular polymer surfaces that exhibit
significant variability in the horizontal direction, thus

precluding a rigorous continuum treatment at the nanoscale.

The existence of a surface energy “penalty” either due to sur-
face free energy or due to elasticity leads to an attempt on the
part of the material to reduce its surface area. In the dynamic
loading of macroscopic specimens this does not play a role
because the surfaces generally remain unchanged (flat) [17,18],
but this can be very important in an AFM experiment, where
indentation by the tip leads to a curved surface (a curved
depression embedded into an otherwise flat surface), whereby
the total final area of the cavity created is a function of the
curvature of the surface. This is illustrated schematically in
Figure 5, which shows two examples of surface profiles caused
by interaction of the surface with the tip. The blue profile
shown corresponds to a smaller surface area than the red
profile. Since the surface free energy and elasticity depend on
the material and its configuration, different samples of different
materials will exhibit different surface curvature profiles upon
indentation by the same AFM tip. As a result, there will be dif-
ferent surface contributions to the total force acting on the AFM
tip in each case. This phenomenon can be further complicated
by the fact that the proximity of the AFM tip generally leads to
favorable nonbonded interactions with the surface, which also
affects the surface curvature. Furthermore, additional effects are
expected for surfaces that are more cross-linked than the bulk
material or surfaces that react with the environment, and also
surfaces that absorb or adsorb moisture, which also depends on
the environmental temperature and humidity. It is therefore ex-
pected that the surface will play an important role in deter-
mining the magnitude of the tip—sample forces in viscoelastic
materials, which are generally “soft” and for which the indenta-

tion is relatively large. For all these reasons, it is not possible to
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Figure 4: Examples of nanoscale polymer surfaces imaged with AFM. (a,b): Kraton (the height variation in (a) is 30 nm over a scan size of 5 x 5 pm);
(c) Nafion (spin-coated thin film); (d) PEDOT:PSS. All images are phase images acquired in tapping-mode AFM. These images are only provided to
illustrate typical polymer morphologies and are not related to the model implementation examples provided below.

fully describe the behavior of the surface using elastic—dissipa-
tive models in which the internal forces are always normal to
the surface, even if they exhibit the correct bulk viscoelastic be-
havior as in the case of the previously introduced Q3D model
(based on the SLS).

- Small Area
- Large Area

T ! T T !
-20 -10 0 10 20
Cross Section Position [nm]

Surface Position [nm]
O -
o O O

Figure 5: Schematic illustration of two surface profiles caused by
indentation with an AFM tip. The blue profile corresponds to a smaller
increase in surface area than the red profile.

Results and Discussion
Quasi-three-dimensional SLS model with

surface effects

A previous publication [22] introduced a quasi-three-dimen-
sional (Q3D) simulation software implementation of the SLS
model. In this work, the surface is partitioned into very small
area elements, each of which can undergo displacements in the
direction normal to the surface upon interaction with the AFM
tip. Figure 6 shows a conceptual representation of the model,
with area elements partitioned either in the radial direction to
simulate AFM imaging with axisymmetric tips (Figure 6b) or
partitioned in the x- and y-directions for general tip shapes
(Figure 6¢). Within this model, as the tip penetrates deeper into
the surface, it interacts with a larger number of viscoelastic ele-
ments. This leads to a repulsive tip—sample force curve that ex-
hibits an upward curvature instead of the downward curvature
corresponding to the previously used 1D SLS model [14,28]
(see Figure 7). Additionally, since within the Q3D model the tip
creates a cavity on the surface of the material, the total van der
Waals force experienced by the tip depends on the geometry of
that cavity, or more specifically, on the number of surface ele-
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(b)

i-1

i+1

Figure 6: (a) Schematic representation of the Q3D sample model interacting with the AFM tip. (b) Polar coordinates partition of the surface illus-
trating an individual element (here the SLS parameters of each element differ because their areas differ). (c) Cartesian coordinates partition of the
surface illustrating an individual element. (d) Q3D model enhanced with inter-element springs to represent surface effects. In the polar representation
of (d) used in this paper, the force constants between adjacent surface elements depend on the contact perimeter between each two elements.

ments that are in close proximity to the tip surface [22]. This is
why the maximum attractive force differs for the approach and
retract of the Q3D force curve of Figure 7 (note that the model
does not currently include other types of forces, besides the
force due to the viscoelastic elements and the van der Waals

forces).

30

N
o

Force [nN]
=Y
o

Tip Position [nm]

Figure 7: Comparison of typical force curves obtained for the Q3D
model and the 1D SLS model in AFM simulations. The force curves for
the latter do not exhibit the correct curvature behavior in the repulsive
force region.

Since the Q3D model is based on individual 1D SLS elements,
it also exhibits the qualitatively correct behavior with respect to
creep and stress relaxation. However, in its previous form [22],
it lacks interaction between adjacent area elements, and thus, it
does not produce a physically correct shape for the surface
profiles that emerge upon indentation by the AFM tip. This is
because the only area elements that undergo displacement are
those directly under the tip, which the tip directly depresses.
Thus the Q3D model (in its polar coordinates implementation)
has been enhanced by introducing additional linear springs be-
tween the adjacent concentric area elements (Figure 6d), which
can be loosely related to surface free energy or elasticity. Due to
the fact that the area elements in the given model only relax in
the vertical direction and not in the horizontal direction, the
connection to surface effects is most easily understood in terms
of elasticity. In this case, the restoring force can be modeled
through an inter-element force constant for the surface, kg, such
that the force between adjacent area elements, i and i + 1, dis-
placed by a distance dz with respect to one another, is equal to

£y =k dz. 2]

This equation includes the subindex 7 in F; and in kg ; to indi-
cate that the force constant between two area elements varies
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with the distance between those elements and the vertical axis
of the tip (radial coordinate origin). Additionally, ks ; can be
approximately related to the 2D elastic properties of the surface
via a 2D stress—strain relation:

;2P fi _ g AL 2
2nr; Ar

1

where E2P

is the 2D Young’s modulus of the surface, Ar is the
unstrained width of each area element (element size in the parti-
tion of the surface area), and 2mr; is the perimeter of element i,
located at a distance r; from the vertical axis of the tip. Addi-
tionally, AL is the increase in the width of the area element,
which is proportional to dz via a trigonometric factor of order

unity. Therefore, the force constant is approximately equal to

b~ 27‘5}”iE2D

_ (23)
St Ar

For simplicity, in the code provided, the user enters a cohesive-
ness parameter equal to

E2D
kint ~ ’

Ar

@24

which can be easily related to ks ; via Equation 23 once Ar is
defined (note that Ar can take different values in the code,
depending on the desired fineness of the surface partition).

The incorporation of surface free energy effects is mathemati-
cally more complex because a simple order of magnitude
approximation (as the one used above) is not possible. To see
this, consider concentric area element i, which is displaced
vertically with respect to element i + 1 by a distance dz. In this
case, the increase in surface area d4 is of the order d4 =~ 2nr;dz
(again, within a trigonometric factor of order unity). This leads
to an increase in surface free energy dE ~ 2nr;E dz, where Ej is
the specific surface area (energy per unit area). This change in
free energy, in turn, generates a force between the two area ele-
ments given for element i by

(25)

In the case of the polar coordinate system considered here, this
increases linearly with the distance from the origin, but does not
depend on the separation between the area elements, dz (the
force acting on element i + 1 is of course equal to —F}). Such

independence of the force with respect to the displacement

Beilstein J. Nanotechnol. 2016, 7, 554-571.

(within the approximation considered) leads to discontinuous
displacements of the surface area elements and thus gives
unphysical results. A more refined approximation is possible by
explicit consideration of the surface tilt angles of the various
area elements, but that approach results in a much more com-
plex and less efficient calculation. Since this more complex
calculation would still not account for the physics of the prob-
lem quantitatively due to the limitations inherent to the model
(fixed area element width and restriction to motion in the

vertical direction), it was not incorporated into the current code.

The enhanced Q3D model is limited in various ways, each of
which offers a research opportunity. For example, the presented
viscoelastic treatment of the subsurface only considers tensile
(compressive) strains, thus neglecting shear. This is common
practice in AFM simulation, where 1D models are the norm
(e.g., [2,3,10,12-14,16,28]), but neglects the fact that indenta-
tion of the tip into a soft material introduces surface curvature
and subsurface 3D strain, which can become important as the
tip wedges itself further into the material. A second important
limitation is that the model offers only a continuum approxima-
tion of the sample, which ignores lateral variations in local mor-
phology and topography (see Figure 4), as well as molecular
and specimen dimensions. A third shortcoming of the approach
presented is that it is based on linear viscoelasticity, which may
not be applicable when large forces are rapidly applied to the
surface, as in intermittent-contact multifrequency AFM
methods [9,28]. In fact, the treatment of the in-plane surface
forces is so far only linear elastic. A fourth, related, limitation is
that the model assumes uniform material relaxation in the
subsurface, which cannot be guaranteed even in one dimension.
Adhesion forces other than attractive van der Waals forces are
also not considered, although these can be important and may
even lead to noticeable upward deformation of the surface.
Despite this already comprehensive list of limitations of the
Q3D model, it may still offer a qualitative means to begin to
develop a richer description of the physics of the surface and
subsurface of viscoelastic materials in the specific context of
AFM imaging simulation, especially as experimental results
become available.

General features of the tip—sample

interaction force curve

It is shown in [22] that the previously introduced Q3D model
qualitatively reproduces the correct repulsive region curvature
and other features of the tip—sample force curve, such as the
offset between the position of minimum (most attractive) force
during the approach and its position during the retract (see
Figure 7). The upward curvature of the force curve results from
the fact that the number of surface elements interacting with the

tip increases as the latter penetrates deeper into the surface. For

563



a spherical tip, for example, each SLS element interacting with
the tip follows a time-dependent relaxation similar to that of a
simple SLS element [14,22], with a time delay for the onset of
deformation and with decreasing indentation for each succes-
sive element in the radial direction. The offset of the force
minima is a consequence of viscoelastic surface relaxation
during the tip—sample contact period, as extensively discussed
in previous publications [14,22]. The overall features of the
force curve do not change when surface effects are introduced
via the spring elements illustrated in Figure 6d, but significant
differences can be observed in the quantitative behavior of the
force curve and surface profiles, as discussed in the next
section. Note that in this paper the viscoelastic behaviors of the
models are primarily discussed in terms of the corresponding
tip—sample force curves (force vs distance). However, it can
also be instructive to examine the curves of the tip—sample force
plotted against time. An extensive discussion of the qualitative
features of such curves for single- and multiple-impact interac-
tions within the SLS model is provided in [14]. The qualitative
features of the curves corresponding to the models discussed

here are similar.

Surface effects in the tip—sample interaction

force curve

The simulations show that the inclusion of surface elasticity via
force constants joining adjacent SLS surface elements
(Figure 6d) does not necessarily change the overall shape of the
force curve features. This, in turn, suggests that the fact that a
particular experimental set of spectroscopy data may fit a given
analytic function (e.g., a Hertzian curve where the force varies
with respect to the indentation with an exponent of 1.5) does not
guarantee that the interpretation of the physics is correct.
Consider, for example, the results of Figure 8a, where force
curves of similar overall appearance are obtained for different
values of the 2D Young’s modulus of the top surface layer, with
the same viscoelasticity parameters in the subsurface. Certainly
the curves differ for different moduli, but their overall qualita-
tive appearance is similar and they could be fit with similar ana-
lytic functions that do not consider the physics of the surface
deformation. In fact, one may be inclined to attribute the varia-
tion in the steepness of the curves to variations in bulk elas-
ticity. This would seem to be consistent with the reduced inden-
tation observed (assuming it could be measured) and some
small variation in the phase and amplitude of the cantilever
oscillation. For the various values of the 2D Young’s modulus
considered, Figure 8 also illustrates the time-dependent relaxa-
tion behavior of the surface element directly under the tip
(Figure 8b), the oscillation amplitude and phase (Figure 8c and
Figure 8d, respectively), the peak force within one fundamental
oscillation (Figure 8e), and the maximum indentation within

one fundamental oscillation (Figure 8f).

Beilstein J. Nanotechnol. 2016, 7, 554-571.

The cantilever parameters used in Figure 8 were as follows:
resonance frequency 150 kHz, force constant 10 N/m,
quality factor 150, free oscillation amplitude 100 nm, and
tip radius of curvature 20 nm. The cantilever position
above the sample was 76 nm for (a) and (b). The subsurface
parameters were as follows: k :lgl/TO = 0.075 N/m-nm?,
ky =ky /Ty = 0.075 N/mnm?2, and é = 1 x 107 N-s/m-nm?,
The 2D (in-plane) surface Young’s modulus £2P is indicated in
the legend on the graph in Figure 8a and the color coding of the
traces is the same for all graphs. For reference, £2P = 3.1 N/m
corresponds to ki = 2.4 x 1010 N/m? and is approximately
equivalent to 1/120 times the 2D Young’s modulus of graphene
[32].

It is illustrative to examine in more detail the significant effect
that a small variation of the 2D surface modulus can have on the
results. For example, for the steepest curve in Figure 8b, the 2D
modulus of the surface is only 3.1 N/m. If one considers an
“effective” surface thickness of =1 nm, then one obtains a 3D
Young’s modulus of approximately (3.1 N/m)/1 nm = 3.1 GPa.
This value is comparable to the calculated rubbery and glassy
moduli for this simulation, which were on the order of 3.75 GPa
and 7.5 GPa, respectively (see previous section for an estima-
tion of the rubbery modulus). The value of 3.1 N/m is particu-
larly small if one considers that the in-plane surface displace-
ments are expected to be small. However, the effect of includ-
ing surface elasticity in the model is significant because it can
drastically change the shape of the indentation profile
(Figure 9), softening its curvature and extending the deforma-
tion well beyond the area of direct tip—sample contact. This, in
turn, leads to the involvement of a larger number of subsurface
SLS elements in comparison to the case when the surface elastic
modulus is zero. Figure 9 compares the shape of the indenta-
tion profiles and their relaxation in time for the case of zero sur-
face elastic modulus (Figure 9a) and a 2D surface elastic
modulus of 3.1 N/m (Figure 9b). The latter corresponds to
approximately 1/120 of the 2D Young’s modulus of graphene
[32]. The profiles in Figure 9a and Figure 9b are “snapshots” of
the indentation profile (position vs surface element number) ob-
served for different times given as a function of the cantilever
oscillation period, while the data in Figure 9¢ and Figure 9d
provide the corresponding positions of the various surface
elements along the radial direction, plotted individually as a
function of time. In these simulations, the outermost surface el-
ement was kept fixed (element number 299, located at a radial
distance from the polar coordinates origin equal to 1.9 X (tip
radius) = 38 nm).

It is also worth emphasizing the counterintuitive observation

that in Figure 8a the force curves corresponding to a larger 2D

surface elastic modulus (which Figure 8f indicates lead to shal-
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Figure 8: Effect of the 2D surface Young’s modulus on tapping-mode AFM: (a) tip—sample force curves; (b) indentation depth vs time (given in canti-
lever oscillation periods) for the surface element located directly below the center of the AFM tip; and (c—f) tip oscillation amplitude, fundamental
phase shift, maximum tip—sample force observed during each cantilever oscillation, and maximum indentation of the surface element located directly
below the tip center observed during each cantilever oscillation, respectively, for cantilever positions between 60% and 85% of the free oscillation

amplitude (the simulation parameters are given in the text).

lower indentations) exhibit the largest amount of dissipation
(they have hysteresis loops of larger area [14]). This is a conse-
quence of the fact that the deformation area is larger when
in-plane surface effects are included. This leads to the recruit-
ment of a larger number of SLS elements in the subsurface, thus
leading to a larger total dissipated energy. While the explana-
tion is simple, this observation has very significant implications
for the interpretation of experiments, for which it is customary
to assume that larger amounts of dissipation are expected for
samples that are “more viscous” and/or “less elastic”. However,
the above simulations suggest that the correlation between dissi-
pation and bulk properties can be significantly influenced by
in-plane surface forces.

A final subtle observation can be made based on Figure 8c,

which indicates that in-plane surface effects lead to changes in

the tip oscillation amplitude. This is not unexpected, but is a
reminder that topographical measurements in AFM are subject
to errors due to changes in material properties. In the case under
consideration, the relaxed surface is located at the same posi-
tion with respect to the cantilever for all simulations labeled
with the same cantilever height. However, changes in the sur-
face properties can lead to changes in the amplitude on the
order of 1-2 nm for the parameters considered, which will give

a comparable error in the topographical measurement.

Interaction between 2D surface elastic modulus and
tip geometry

One of the most relevant consequences of having different
properties at the surface in comparison to the bulk material is
that the interaction of the surface with specific tip geometries

becomes more complex. This is illustrated in Figure 10 for an
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Figure 9: Surface indentation profiles corresponding to the simulations of Figure 8. (a) Indentation of the surface vs distance from the polar coordi-
nate origin in the absence of in-plane surface interactions, for different times given in terms of the tip oscillation period (note how the indented region
is limited to the area of direct tip—sample contact). (b) Indentation profiles analogous to those in (a) for a 2D surface Young’s modulus of 3.1 N/m.

(c) Relaxation of the various surface elements plotted as indentation vs time for the same case as (a). (d) Relaxation of the various surface elements
plotted as indentation vs time for the same case as (b). Notice that the relaxation of the various surface elements shown in (c) and (d) exhibits a
tip—sample contact region (the deeper part of the plot, on the left) separated by a sharp change in slope from the region of viscoelastic creep, corre-
sponding to relaxation after tip—sample contact has been interrupted. The legend of (b) is the same as that of (a), and the legend of (d) is the same as

that of (c).

irregular tip with a protrusion interacting in tapping mode with
four surfaces having different values of the 2D surface modulus
of elasticity. The force curves (Figure 10b) vary greatly for all
four cases not only in simple ways such as steepness differ-
ences, but also in overall shape (the corresponding indentation
profiles are given in Figure 10c). This happens because there is
a gradual evolution between a regime in which the surface is
able to interact with both the tip protrusion and the rest of the
tip (this happens when in-plane surface elasticity is weak or
nonexistent [22]) to a regime in which only the protrusion inter-
acts with the surface (this happens for large in-plane surface
stiffness). Notice that there can be a transition between the two
regimes as the cantilever position changes, as can be observed
by inspection of the green trace in Figure 10d (peak force) and
Figure 10e (maximum indentation). It is interesting to observe

also that the order of the traces in Figure 10d is not the same as

that of Figure 10e (the order of the red and green traces is
inverted, in agreement with the force versus distance curves of
Figure 10b). Additionally, Figure 10b shows that as the in-plane
surface stiffness increases, the force curves resemble
those obtained for the 1D SLS model (see Figure 7),
since the effect of increasing contact surface area between the
tip and the sample with increasing indentation is greatly dimin-
ished.

Notice that the peak forces of the green trace in Figure 10d are
lower than those of the red trace, despite the fact that the inden-
tation is greater for the green trace, as shown in Figure 10e.
This occurs due to the attractive van der Waals interactions be-
tween the surface and bulk of the AFM tip, which partially
offset the repulsive forces. The simulation parameters are the

same as for Figure 8, except for the tip geometry, the 2D
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Figure 10: Simulation of the interaction of an AFM tip having an irregular protrusion with surfaces of varying 2D Young’s modulus: (a) AFM tip geome-
try; (b) force curves; (c) surface indentation profiles; (d) peak force observed during one full oscillation of the cantilever versus cantilever position;
(e) maximum indentation observed during one full oscillation of the cantilever versus cantilever position. £2° is indicated in the legend of (b) and also

applies to graphs (c—e).

Young’s modulus values indicated in the legend of Figure 10b,
and the cantilever positions indicated on the horizontal axis of
Figure 10d,e.

The results of Figure 10 are instructive, but it could be argued
that the tip irregularity considered is not common, and although
not all tips are perfect, their profiles are often close enough to
spherical. However, the simulations show that even in the case
of relatively small differences in the tip profile, one can expect
significant differences in the tip—sample interaction dynamics.
To illustrate this, Figure 11 considers three different tip profiles

(Figure 11a), namely spherical, parabolic and quartic. One

would expect the variations in the interactions to be relatively
small, especially when comparing the spherical and quartic
profiles (the parabolic profile is a bit sharper than the other
two), but Figure 11b shows that the force curves vary signifi-
cantly both in steepness and in shape as the in-plane surface
elasticity changes. It is interesting to note that not only the
steepness and the area of the dissipation hysteresis loop
changes, but also the maximum attractive force (“well depth” of
the curves) can vary. This is because different tip profiles lead
to different proximity between the surface elements and the sur-
face of the tip, thus altering the overall attractive van der Waals

interactions. These results suggest that even relatively mild de-
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Figure 11: Interaction of tip curvature effects with in-plane surface elasticity effects: (a) three different tip surface profiles (spherical, parabolic and
quartic); (b) tip—sample interaction force curves obtained for the profiles in (a) for two different values of the surface 2D Young’s modulus. Notice that
the magnitude of the maximum attractive force upon approaching the surface differs among the profiles considered because each results in a differ-
ent proximity between the surface area elements and the tip surface. The simulation parameters, other than the tip profiles shown in (a), the 2D
Young’s modulus values indicated in the legend of (b) and the cantilever position (located 66 nm above the sample), are the same as for Figure 8.

viations from ideality in the tip shape are important if one
wishes to carry out quantitative material property measure-
ments.

The interaction of surface mechanical behaviors with tip geom-
etry effects suggests that the exact tip geometry should not be
ignored in a quantitative measurement. Thus interpretations of
AFM observables based on 1D models for which the effect of
tip geometry can be eliminated from the equations may in some
cases lead to an incomplete and, depending on the sample prop-
erties, even an incorrect interpretation of the physics.

One final case to consider is the interaction between different
tip geometries and the 2D surface Young’s modulus within
multifrequency AFM imaging [9]. As has been previously dis-
cussed [14,28,33], the interaction of the tip with the sample
becomes much more complex in this case because multiple
tip—sample impacts may occur within a single cycle of the
dominant cantilever oscillation (generally the fundamental
eigenmode oscillation). A striking example of the complexities
and limitations involved is offered by Figure 12. Shown here
are multifrequency AFM tip—sample force curves for the same
free oscillation amplitude of the first (100 nm) and third eigen-
modes (10 nm) for two different positions of the cantilever
(80 nm for Figure 12a and 64 nm for Figure 12b), for the
spherical and quartic tip profiles of Figure 11. The curves ex-
hibit the expected shape and features, with double-impact loops
being clearly discernible in Figure 12b, as well as the expected
differences between the various cases considered. The clear
differences observed in the nature of the tip—sample interac-
tions are a consequence of intentional variations chosen for the
2D surface Young’s modulus and for the tip profiles. However,
it may be unexpected that the phase curves for the first eigen-

mode (Figure 12¢) and for the third eigenmode (Figure 12d) are

so similar to one another. In fact, the curves are hard to
distinguish and may be indistinguishable in a real experiment
where noise and other limitations may obscure the differences.
This example thus highlights one of the most serious limita-
tions in AFM spectroscopy characterization of nontrivial
surfaces: the number of observables, even in multifrequency
AFM, can be much smaller than the multiple degrees of free-
dom that describe the sample’s material behavior. The latter
may include degrees of freedom related to surface elastic or
viscoelastic effects as well as subsurface viscoelastic effects,
which may be linear or nonlinear. Each of these effects may
require more than one parameter for a proper description, even
for each individual Cartesian coordinate (in fact, the 1D SLS
model, which is only a linear model, already requires three pa-
rameters!). Additionally, the various degrees of freedom of the
sample may exhibit different interactions with the tip geometry
and imaging parameters. Recall that the number of imaging pa-
rameters that the user can vary generally increases with the
sophistication of the method; for example, bimodal AFM
requires more imaging parameters than single-mode amplitude-
modulation AFM [34].

With regards to the complexity in the tip—sample interactions
(described in the previous paragraph for multifrequency AFM),
it is worth noting that although tip—sample impacts are in prin-
ciple much simpler for single-frequency AFM, during a scan-
ning experiment, there is an interplay between scanning speed,
cantilever oscillation frequency and the recovery time of the
surface, such that tip—sample impacts may occur at a location
that has not fully relaxed from a previous impact, thus leading
to very complex interactions. In general, an experimental visco-
elastic study involving intermittent-contact dynamic modes of
AFM should consider the physical horizontal distance on the

surface between the locations of two successive impacts in
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Figure 12: Interaction of tip curvature effects with in-plane surface elasticity effects for bimodal AFM using the first and third eigenmodes for the tip
profiles shown in Figure 11a and the 2D surface Young’s modulus values indicated in the legend of (a) (same for all graphs): (a) tip—sample interac-
tion force curves for a cantilever position of 80 nm above the surface; (b) tip—sample interaction force curves for a cantilever position of 64 nm above
the surface; (c) phase of the first eigenmode vs cantilever position; (d) phase of the third eigenmode vs cantilever position. The sample and first canti-
lever eigenmode parameters are the same as for Figure 8, except for the cantilever positions given above and in the axes of (c) and (d). The third
eigenfrequency was set to 2.64 MHz with a force constant of 3.1 kN/m and the third eigenmode’s free amplitude was set to 10 nm.

order to assess whether each impact can be assumed to occur on
a fully relaxed region of the sample.

Software tool description

The software tool used for the simulations reported here was
written in standard C programming language and is provided as
supplementary information. The program performs a spectros-
copy curve similar to the program provided with [22], except
for the introduction of the 2D surface Young’s modulus for the
description of in-plane surface forces, as described in the first
section of the Results and Discussion above. The code is based
on trimodal excitation of the cantilever, whose simulation has
been described in previous publications [14,22,23], and is thus
not repeated here. The code uses constant-frequency, constant-
amplitude excitation of the active eigenmodes, although other
schemes or imaging modalities, such as scanning, can be imple-

mented.

Conclusion

A simulation study has been carried out to gain insight into the
mechanical behaviors exhibited by viscoelastic materials in the
context of AFM imaging. The study is based on an enhanced

version of a previously developed quasi-three-dimensional
model that treats the surface as a collection of standard-linear-
solid viscoelastic elements. It additionally considers the exis-
tence of in-plane surface forces via an approximate inclusion of
a 2D Young’s modulus for the top surface layer. A discussion
of linear viscoelasticity concepts is also provided. Simulations
are presented for single- and multifrequency intermittent-con-
tact AFM imaging, whereby the corresponding surface indenta-
tion profiles and tip—sample interaction force curves, as well as
their implications in the context of experimental interpretation
are discussed. Where appropriate, discussions relevant to con-
tact-mode-based methods such as contact-resonance and force-
modulation AFM are included. A variety of intuitive, but not
previously addressed phenomena are examined, which high-
light the need for further research in the development of more
physically accurate sample models for simulation and interpre-
tation of AFM experiments. Finally, a software tool written in C
programming language is provided as supporting information.
The software can easily be used by individual researchers or
could also be incorporated into existing simulation
platforms that offer public access, such as VEDA [35] and
dForce [36].
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Supporting Information File 1

Description of software files provided.

Overview of software files content and usage.
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Supporting Information File 2
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sample, with in-plane surface effects added.

Software source file written in C programming language.
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Parameter input file.

User-defined input parameters.
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