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a  b  s  t  r  a  c  t

We  present  a numerical  analysis  of amplitude  modulation  atomic  force  microscopy  in  aqueous  salt solu-
tions,  by  considering  the  interaction  of  the microscope  tip  with  a model  sample  surface  consisting  of  a
hard substrate  and  soft  biological  material  through  Hertz  and  electrostatic  double  layer  forces.  Despite  the
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significant  improvements  reported  in  the  literature  concerning  contact-mode  atomic  force  microscopy
measurements  of  biological  material  due  to electrostatic  interactions  in  aqueous  solutions,  our  results
reveal  that only  modest  gains  of  ∼15%  in  imaging  contrast  at high  amplitude  setpoints  are  expected
under  typical  experimental  conditions  for amplitude  modulation  atomic  force  microscopy,  together  with
relatively  unaffected  sample  indentation  and maximum  tip–sample  interaction  values.
lectrostatic double layer forces

. Introduction

Since its invention more than two decades ago, atomic force
icroscopy (AFM) has become the most widely utilized member

f the scanning probe microscopy family in research and industrial
aboratories around the world [1,2]. A key factor in the widespread
se of AFM is its ability to image material surfaces with (sub)-nm
esolution in a large number of environmental conditions, ranging
rom ultrahigh vacuum (UHV) to ambient and liquids. While imag-
ng in UHV using certain operational modes of AFM has allowed
tomic-resolution imaging of atomically flat and clean surfaces [3],
he main motivation behind operating in liquids has been the goal
f high-resolution imaging of biological material such as cell mem-
ranes, DNA, and various fibrous and globular proteins in their
atural states, without structural deformations caused by vacuum
onditions needed for transmission electron microscopy (TEM), the
raditional method of choice for high-resolution imaging of bioma-
erials [4–6].

AFM has been initially used in the contact-mode in liquids to
mage biomaterials such as purple membrane and DNA [7,8]. In
his common mode of AFM, a micro-machined cantilever with a

harp tip [9] is brought into soft contact with the sample surface
nder investigation (with contact forces on the order of a few nN)
nd scanned laterally with pm precision while vertical deflections
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of the cantilever caused by topographical features of the sample
surface are detected, mostly by using the laser beam deflection
(LBD) method [10]. Thus, high resolution maps of biological mate-
rials may  be obtained in liquids such as pure water or phosphate
buffer solution (PBS). One major drawback of contact-mode imag-
ing of biological matter is the occurrence of lateral forces between
the probe tip and the sample during imaging, frequently damag-
ing and displacing the soft biological matter under investigation
[4]. To circumvent this problem, Müller et al. have successfully
demonstrated the use of repulsive electrostatic interaction forces
occurring between the probe tip and the sample surface in aque-
ous salt solutions due to accumulated surface charges [11]. Thus,
attractive interaction forces acting locally between the tip apex and
sample at close separations are electrostatically balanced and sam-
ple deformation is significantly reduced with a noticeable increase
in resolution.

An alternative method to reduce the influence of lateral forces
on biological material during imaging in liquids is to employ
dynamic imaging modes of AFM [12,13]. In dynamic AFM, the
cantilever with the probe tip is oscillated at or near its reso-
nance frequency using various actuation methods [14–16] and
changes in its oscillation characteristics (such as amplitude, phase
or frequency) due to tip–sample interactions are recorded. While
frequency modulation atomic force microscopy (FM-AFM, where
the oscillation amplitude is kept constant during imaging and

changes in oscillation frequency are detected) has recently been
employed to perform molecular resolution imaging of biomaterials
in liquids thanks to several advances in instrumentation [17–21],
amplitude modulation atomic force microscopy (AM-AFM, where

dx.doi.org/10.1016/j.apsusc.2014.02.016
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ig. 1. Schematic describing the model used in the numerical simulations. The can-
ilever is oscillating with an amplitude of A while its base is located a distance d
bove the hard substrate. The height of the soft island is taken to be 2 nm.

he excitation frequency is kept constant during imaging and
hanges in oscillation amplitude are detected) is usually preferred
ue to its relative technical simplicity [22]. Accordingly, AM-AFM
often referred to as tapping-mode AFM) has been used to image

 number of biomaterials in liquids in the past [23,24]. It should
e indicated that the main experimental challenge associated with
M-AFM imaging in liquids is the significantly reduced Q-factor of

he cantilever, leading to low signal-to-noise ratios [25]. As such,
ttempts to improve the effective Q-factor such as the method of
-Control have been employed in the past, leading to improved

maging contrast, as well as reduced sample deformation and inter-
ction forces [26,27].

Being inspired by the advances in AFM measurement of bio-
aterials in liquids summarized above, we have investigated in

his contribution the effect of operating in aqueous salt solutions
n AM-AFM imaging of a model biological sample using numer-
cal simulations. Contrary to contact-mode operation, our results
ndicate very modest gains in imaging contrast due to electrostatic
nteractions at high amplitude setpoints, accompanied by relatively
naffected sample indentation and maximum tip–sample interac-
ion values.

. Theoretical considerations and modeling

AM-AFM operation in liquid conditions has been numerically
nd theoretically analyzed in a number of studies in the past
27–30]. Most commonly, the equation of motion for the oscillating
antilever is considered to be in the following form:

z̈(t) + 2�f0m

Q
ż(t) + k(z(t) − d) = kAext cos(2�fextt) + Ftotal(z(t))

(1)

here m is the effective mass of the cantilever, z(t) the posi-
ion of the oscillating tip of the cantilever relative to the sample
urface at time t, f0 the resonance frequency of the cantilever
f0 = 1/2�

√
k/m), Q the quality factor, k the spring constant and

 the distance of the cantilever base to the sample surface. The
antilever is oscillated mechanically (e.g., using a piezoelectric ele-
ent) with a constant driving amplitude of Aext and a constant

riving frequency of fext. Ftotal(z(t)) is the total interaction force
cting between the tip and the sample surface at position z(t).

As a model sample system appropriate for simulating AM-AFM
xperiments in liquids on biological material, we have considered

 soft (Es,soft = 1 GPa) island of 2 nm height on top of a hard sub-

trate (Es,hard = 130 GPa), in accordance with previous studies [27]
see Fig. 1). The height of the soft island roughly coincides with
hat of DNA, while the elastic modulus of the substrate follows that
f silicon (Si), based on the fact that DNA adsorbed on Si or mica
rface Science 318 (2014) 137–141

substrates are frequently used as test samples for liquid AM-AFM
experiments [4].

When performing AFM measurements in deionized liquids,
attractive interactions including van der Waals’ forces are greatly
reduced due to screening [27,31,32] and the main interaction force
is due to the elastic contact between the probe tip and the sam-
ple surface which is appropriately described by Hertzian contact
theory [33] as follows:

FH(z) = 4
3

E′√R(z0 − z)3/2 (2)

where E′ is a parameter derived from Young’s modulus and Pois-
son’s ratio values for the tip and sample (Et, Es, �t, �s) such that

E′ =
[
(1 − �2

s )/Es + (1 − �2
t )/Et

]−1
, R the radius of the AFM tip

modeled as a sphere and z0 a constant value describing the height
of the sample surface (for our model sample system, z0 = 2 nm for
the soft island and z0 = 0 for the hard substrate). Naturally, repul-
sive contact forces described by FH affect cantilever motion only
when contact between tip and sample occurs (i.e., (z0 − z) > 0). For
noncontact conditions ((z0 − z) ≤ 0), FH becomes zero. It should be
noted here that the accuracy of Hertzian contact forces calculated in
our simulations are limited by assumptions involving linear elastic-
ity, isotropy and homogeneity, among others. While linearly elastic
conditions may  not always be satisfied during actual AM-AFM
measurements performed on biological material, Hertzian contact
theory has been used in the literature to successfully estimate con-
tact forces to a first approximation in such cases [22,27]. Thus, it
has been employed in the present discussion as well for reasons of
comparability. Moreover, hydrodynamic reaction forces which are
comparably small for typical cantilever tip dimensions as well as
solvation forces have been neglected in our analysis in accordance
with previous AM-AFM simulation work in liquids [22,27].

When performing AM-AFM measurements in aqueous salt solu-
tions, both the AFM tip and the sample develop a net surface charge,
based on various mechanisms such as the dissociation of certain
surface groups and adsorption of ions onto the material surface
[34]. Due to the electrostatic interaction between the charged sur-
faces and the ions in the salt solution, a concentration gradient
called the electrical double layer (EDL) exists near the immersed
surfaces. An electrical double layer force (FEDL) based on mutually
attractive or repulsive electrostatic interactions is thus observed
between sample and tip when the distance between them is on the
order of a few tens of nanometers. While the Poisson–Boltzmann
theoretical framework provides an accurate description of the
potential that develops between such surfaces and the associ-
ated interaction forces [35], it involves the numerical solution of a
second order nonlinear differential equation, complicating its use-
fulness. Alternatively, an approximate form of the EDL force that
develops between a planar and a spherical surface (such as the
sample and the tip surfaces in an AFM experiment) may be used
as [36]

FEDL(z) =
(

4�R�s�t

ε0ε

)
ı exp

(
z0 − z

ı

)
(3)

for (z0 − z) ≤ 0, where �s and �t are surface charge densities of
sample and tip, respectively, ε0 the permittivity of vacuum, ε the
dielectric constant of the liquid and ı the Debye length,  described
by:

ı =
√(

ε0εkBT

e2
∑

iciZi

)
(4)
where kB is the Boltzmann constant, T the temperature, e the elec-
tronic charge, ci the concentration of the ith type of ion in the salt
solution and Zi the valence value for the same ion type. While it
should be indicated that the approximate form of the EDL force
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rovided by Eq. (3) is of limited accuracy once the distance between
he surfaces is below the Debye length, it has been successfully
mplemented in a number of AFM studies in the past, and has thus
een adopted for the present discussion as well [36–38]. Finally,
ombining the Hertzian contact force and the EDL force, the total
ip–sample interaction force is obtained as

total = FEDL(z) =
(

4�R�s�t

ε0ε

)
ı exp

(
z0 − z

ı

)
when z ≥ z0 (5)

total = FH(z) + FEDL(0) = 4
3

E′√R(z0 − z)3/2 +
(

4�R�s�t

ε0ε

)
ı

when z < z0 (6)

Experimentally appropriate parameters used in the simula-
ions for the above described model sample surface and a typical
i cantilever are as follows: Et = 130 GPa, �t = �s,soft = �s,hard = 0.3,
t = �s,hard = −0.012 C/m2, �s,soft = −0.04 C/m2, T = 293 K, ε = 80.2,

 = 10 nm,  f0 = 20 kHz, Q = 5, k = 1 N/m, fext = f0 = 20 kHz. Aext is cho-
en such that the cantilever undergoes a free oscillation amplitude
f A0 = 10 nm far from the sample surface when tip–sample interac-
ions are negligible, similar to earlier simulation work [27]. Please

ote f0 = 20 kHz corresponds to the wet resonance frequency of the
antilever in the liquid medium [30] and does not imply unusually
arge dimensions. It should be noted that while it has been recently
emonstrated that atomic-resolution imaging of mineral surfaces

ig. 2. Comparison of amplitude vs. distance curves for the hard substrate and the soft i
d).  Imaging contrast is only marginally affected by changes in salt concentration, with an
�d0mM = 0.88 nm while �d5mM = 1.02 nm). Please note that the �d0mM value of 0.88 nm r
ue to a difference in the Young’s Moduli of substrates employed in the respective simula
rface Science 318 (2014) 137–141 139

such as mica is made possible by a significant reduction of oscilla-
tion amplitude in liquids [39], and the use of small, high-frequency
cantilevers in conjunction with high-speed AFM leads to impressive
results [40,41], typical experimental parameters for imaging bio-
materials using AM-AFM remain similar to the values employed in
our simulations. Tip and surface charge density values for our model
system – which generally display a rather weak dependence on salt
concentration down to 1 mM [35] and have thus been taken to be
constant in this study – have been determined based on experi-
mental work in the literature [35,36] and result in a net repulsive
EDL force. All results presented in Section 3 have been obtained by
numerically solving Eq. (1) for the variable z(t) by applying a fourth
order Runge–Kutta method for set values of d, representing fixed
distances between the cantilever base and sample surface.

3. Results and discussion

In typical AM-AFM operation, the cantilever is driven with
a fixed driving amplitude (Aext) and a fixed driving frequency
(fext), while shifts in the oscillation amplitude (A) with decreasing
tip–sample distance due to increasing force interactions are
detected. Imaging is usually performed at a fixed amplitude set-
point (usually 10% to 20% lower than the free oscillation amplitude

A0) by the utilization of a feedback loop. As such, the imaging con-
trast between different regions of a sample surface are determined
by the vertical displacement of the cantilever base required to
keep the amplitude setpoint constant during imaging. Therefore,

sland at varying salt concentrations of 0 mM (a), 100 mM (b), 10 mM (c) and 5 mM
 increase of about 15% at an amplitude setpoint of 9 nm for a concentration of 5 mM
eported here is lower than the corresponding contrast value presented in Ref. [27]
tions.
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Table 1
Comparison of maximum interaction force and sample indentation values for the
soft island in our model sample system at varying salt concentrations (d = 7 nm).
It  is readily observed that sample indentation values are essentially unaffected by
changes in salt concentration, while maximum interaction forces only marginally
increase with decreasing salt concentration when compared to the deionized liquid.

Salt concentration (mM)  Maximum interaction
force (nN)

Sample indentation
(nm)

0 10.2 1.7

[
[

[
[
[

[
[
[

[
[
[
[

[

[
[
[
[

[
[
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t would be appropriate to compare amplitude vs. distance (A vs. d)
urves for the hard substrate and the soft island employed in our
odel sample surface for varying salt concentrations to investigate

he effect of operating in aqueous salt solutions on imaging perfor-
ance of AM-AFM in liquids. Accordingly, numerically obtained

 vs. d curves for monovalent salt concentrations of 0 mM,  5 mM,
0 mM,  and 100 mM are provided in Fig. 2 for a distance (d) regime
f 7–13 nm.  The reason for the consideration of monovalent (e.g.,
aCl, KCl) instead of divalent (e.g., MgCl2, CaCl2) salt species in the
resent calculations is that the EDL forces caused by equal concen-
rations of monovalent salts are found to be significantly higher
han divalent salts, based on higher Debye lengths [35]. As such,

onovalent salt species are more useful for assessing the effects
f electrostatic interactions on AM-AFM operation in liquids. Let
s note here that a salt concentration of 0 mM corresponds to the
ompletely deionized case where the EDL contribution to the total
orce interaction is zero.

Comparing the plots in Fig. 2, two main conclusions are made:

1) As expected from experimental work in the literature [11,35],
the effect of salt solutions on A vs. d curves is strongest at
low salt concentrations such as 5 mM due to increased Debye
lengths. Consequently, the effect of salt solutions on A vs. d
curves are negligible at high concentrations such as 100 mM.

2) Even for low salt concentrations of, e.g., 5 mM,  the effect of EDL
forces on A vs. d behavior is small, resulting in an increase of only
about 15% in height contrast (�d) between the hard substrate
and the soft island at a relatively high setpoint amplitude of
A = 9 nm.  As expected, the modest increase in contrast due to the
earlier onset of EDL forces for the soft island (both due to the fact
that the soft island is closer to the tip than the hard substrate by
2 nm and the fact that the surface charge density is higher on
the soft island) diminishes with increasing salt concentration.
Compared to the increase in height contrast of more than 60%
provided by the method of Q-Control on a very similar sample
system [27], it is clear that operation in aqueous salt solutions
does not lead to a significant improvement in imaging contrast
for AM-AFM, despite the fact that differences in surface charge
density have resulted in detectable differences in the phase shift
signal in an earlier study in the literature [42].

The reason for the marginal effect of EDL interactions on AM-
FM imaging becomes clear when the maximum contributions of

he EDL (FEDL) and Hertz (FH) interactions to the total tip–sample
nteraction (Ftotal) are compared for the soft island in our model
ample system. Even for a relatively low salt concentration of 5 mM,
he maximum value for FEDL (∼0.4 nN) is more than an order of mag-
itude lower than that observed for the contact force FH (∼10 nN)

n the investigated distance regime. As such, the tip–sample inter-
ction is mainly dominated by contact forces during AM-AFM
peration in aqueous salt solutions, limiting the effect of electro-
tatic interactions on imaging. It should be noted that the calculated
aximum values for the EDL interaction are in good quantitative

greement with experimental results reported in the literature for
onovalent salts (taking into account the differences in tip radius

nd sample surface charge density) [35] despite the relatively basic
ature of our model sample system and calculations.

Another aspect that needs to be considered when evaluating
M-AFM measurements in liquids on biological material is the

ssue of sample deformation. Since typically the biological mate-
ial to be imaged is mechanically much weaker than the substrate
t is adsorbed on, low interaction forces and indentation values

re desirable. The results of the present numerical analysis indi-
ate that maximum tip–sample interaction forces only marginally
ncrease (again due to the significantly lower magnitude of EDL
orces when compared to contact forces) while sample indentation

[
[
[

[

100 10.2 1.7
10 10.4 1.7
5  10.5 1.7

values remain relatively unchanged with decreasing salt concentra-
tion (see Table 1) when compared to imaging in deionized liquids.

4. Conclusions

In summary, we  have performed a model numerical analysis of
amplitude modulation atomic force microscopy on soft biological
materials adsorbed on hard substrates in aqueous salt solutions.
Despite the significant advantages provided by repulsive electro-
static interactions in contact-mode imaging of similar samples [11],
our results indicate that only modest gains in imaging contrast at
high amplitude setpoints are expected for AM-AFM under typi-
cal experimental conditions represented by our simulations, while
sample indentation and maximum tip–sample interaction values
remain relatively unaffected.
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