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A
mplitude modulation atomic force
microscopy (AM-AFM, also known
as tapping mode AFM) is a method

of choice for many AFM users because of
the small and controlled interaction of the
tip and sample, which if utilized appropri-
ately greatly reduces tip/sample wear and
deformation compared to contact mode
schemes. For the same reason, AM-AFM
is used for metrology purposes by the
micro/nanoelectromechanical systems in-
dustry1 and for imaging soft materials
such as biological samples without dama-
ging them.2,3 Nanoscale lithography,
patterning, manipulation, and surface
characterization are some of the other
common applications of AM-AFM.4�8

However, the advantage of minimizing

the tip�sample interaction in AM-AFM
compared to contact mode AFM can be
lost if one selects experimental settings
that result in the contact stresses beyond
the tip/sample material's yield/failure
stress. Particularly important parameters
are the free oscillation amplitude, A0, or
the amplitude ratio, Aratio, which is the
tapping amplitude while interacting with
the sample divided by free oscillation
amplitude. High contact stresses and as-
sociated tip or sample wear can readily
occur, as it can be challenging to fully
understand the complex mechanics and
dynamics of the nonlinear tip�sample
interactions. Consequently, one may fail
to appropriately control the experimental
parameters to ensure that contact stresses
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ABSTRACT Amplitude modulation atomic force microscopy (AM-AFM) is one of the

most popular AFM modes because of the reduced tip�sample interaction, compared to

contact mode AFM, and the ability to acquire high-resolution images while interrogating

the sample's material composition through phase imaging. Despite the reduced

tip�sample interaction, tip and sample wear can occur through gradual atomic scale

processes that can significantly accumulate due to the high frequency of the tip�sample

interaction and through high intermittent contact stresses. Starting from existing

analytical formulations, we introduce a method for selecting an appropriate probe and

free oscillation amplitude that avoids exceeding a critical contact stress to minimize tip/

sample damage. The approach is presented for the case of both a Hertzian- and a Derjaguin�Müller�Toporov-like tip�sample contact. Stress maps and

related simplified formulas are provided that enable one to determine allowable free oscillation amplitudes to stay below a target contact stress for given

cantilever and sample parameters (combined into a single “cantilever�sample constant” that we introduce). Experimental results show how sharp silicon

tips, either uncoated or coated with diamond-like carbon and silicon nitride, interacting with a hard and wear-resistant sample (ultrananocrystalline

diamond) can be preserved while attaining high-quality AM-AFM images by using our proposed scheme. We also show that using our analysis to select

parameters that exceed the target contact stress indeed leads to significant tip wear. This method provides AM-AFM users with a better understanding of

contact stresses and enables selection of AM-AFM cantilevers and experimental parameters that preserve the tip for long periods of use and prevents the

sample from damage.

KEYWORDS: atomic-scale wear . AM-AFM . amplitude modulation . tapping mode . peak repulsive force . contact stress .
contact mechanics
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are sufficiently low to prevent failure of the tip or
undesirable wear of the sample.
At the nanoscale, there are three primary wear

mechanisms that have been identified: fracture,9,10

plastic deformation,11 and atom-by-atom removal.12�14

All of these mechanisms could occur in both contact
mode and AM-AFM. However, how these mechanisms
occur and which one dominates strongly depend on
the stress state and the nature of the tip�sample
interactions at the contact. In contact mode, tip wear
occurs during sliding and is influenced by the magni-
tude of the stresses in the contact, potentially by shear
stresses. The causes of wear in AM-AFM can be quite
different. While interfacial shear stresses are signifi-
cantly reduced, the effects of cyclic loading and impact,
uniquely related to repeated contact formation and
breakage of AM-AFM, and the potential for excursions
to high compressive stresses may lead to distinct
types of wear processes compared with contact mode
AFM.
There have been numerous analytical and numerical

studies on the dynamics of AM-AFMand the forces that
act on the tip and sample.2,15�21 There are few studies
that propose particular experimental settings to re-
duce or prevent damage to the tip and sample while
operating in AM-AFM mode; however, most of them
are limited to a particular tip and sample material or
imaging conditions.22�25

In a study by Tello et al.,22 it was demonstrated that
during repeated imaging of cobalt nanoparticles in
attractivemode/soft tapping, in which attractive forces
are dominant,2,16 the apparent height and width of
the nanoparticles were constant. However, imaging in
repulsivemode/hard tapping, inwhich repulsive forces
are dominant, permanently changed their height.
Although in this study the contact forces and stresses
in the repulsive regime were not specifically controlled
to avoid sample damage, it confirms that forces in
attractive regime are not significant enough to cause
permanent deformation. San Paulo et al.23 made simi-
lar conclusions through imaging antibodies.
However, there are several issues thatmake imaging

in attractive regime either impossible or undesirable. In
a lot of cases, depending on the tip and sample elastic
properties, the cantilever's physical properties, and the
AM-AFMexperimental settings, the range of amplitude
ratios where stable attractivemode imaging is possible
(where attractive forces dominate repulsive forces) is
very limited. Sometimes a stable attractive regime
does not exist at all, and the tip�sample interaction
jumps into the repulsive mode as soon as the interac-
tion begins. This short-range of amplitude ratiosmakes
stable imaging (i.e., effectively tracking the sample
features and avoiding bistability2) very difficult. In
cases where there is a wide range of amplitude ratios
available in the attractive regime, tip broadening26 (i.e.,
showing features wider than their real size because of

the fact that attractive forces are long-range) or loss of
tracking of the surface can make attractive imaging
undesirable or challenging. Loss of tracking of the
surface can cause image artifacts and uncontrolled
impact of the tip with the surface, resulting in tip or
surface damage.25 This problem arises from the fact
that the transient time for the amplitude error to reach
equilibrium exponentially increases as the amplitude
ratio approaches 1, which is the range where attrac-
tive-mode imaging needs to be performed. Whenever
there is a transient component in the amplitude error,
it can be falsely interpreted as sample features, result-
ing in the feedback system losing track of the surface.25

Su et al.25 showed that imaging in repulsive mode
with a relatively low amplitude ratio has the advantage
of reducing tip wear and allowing the scanning speed
to be increased, in contrast to operating with a high
amplitude ratio. They also found that by decreasing the
amplitude ratio, the interaction force goes through a
maximum and then decreases as the low amplitude
ratio is approached. This implies that an amplitude
ratio of 0.4 to 0.5 is the most damaging condition, and
they calculate that at this point the tapping velocity is
at a maximum value. This work sheds light on some of
the experimental parameters affecting tip wear. How-
ever, a general quantitative analysis that takes into
account all the experimental parameters as well as the
cantilever properties and the tip's and sample's physi-
cal andmaterial properties has not yet been presented.
Here, we introduce analytical expressions for deter-

mining the tip�sample forces and stresses over a wide
range of AM-AFM experimental parameters and tip
and sample materials, in ambient condition. We then
combine and simplify these expressions for two pur-
poses. First, the simpler closed-form equation allows
one to easily choose a safe free oscillation amplitude,
which is the most critical parameter controlling tip/
sample wear. Second, this simplification is used to plot
stress maps. These maps reveal the expected range of
contact stresses for a given cantilever and sample,
guiding one in choosing the appropriate probe for a
particular AM-AFM experiment (based on assumptions
of continuum contact mechanics). The approach is
examined experimentally by scanning a stiff and
wear-resistant sample, ultrananocrystalline diamond
(UNCD), using a bare silicon probe and silicon probes
coated with diamond-like carbon (DLC) and silicon
nitride (SiNx), two common materials used to coat
AFM probes to increase their wear resistance.

RESULTS AND DISCUSSION

Mapping Stress. There are several important assump-
tions used to develop the analytical expressions that
will be presented in the next section. First, we assume
that the tip�sample contact is either Hertzian-27 or
Derjaguin�Müller�Toporov (DMT)28-like. In a DMT-
like contact, the normal contact stress distribution is
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identical to that of theHertz theory but at a higher load,
due to adhesion. Thus, adhesion between the tip and
sample increases the stresses and the contact area
beyond the Hertz prediction. Also, in a DMT-like con-
tact, the contact area and stresses are nonzero at zero
applied load. The reason for considering Hertzian and
DMT-like contact here is the availability of closed-form
equations to estimate peak repulsive force (the max-
imum repulsive force in an oscillation cycle) that is
presented later.

If the contact cannot be described by the Hertz or
DMT contactmechanicsmodel, the results herewill not
be accurate and one should seek other means such as
the virtual environment for dynamic AFM (VEDA)29

provided by http://nanohub.org to calculate relevant
forces. Determination of which contact mechanics
model suits a particular tip�sample ensemble is de-
scribed in detail in the literature.21,30,31

Second, we choose the failure criterion in AM-AFM
to correspond to the case where the maximum com-
pressive contact stress experienced during AM-AFM
cyclic operation is equal to the yield stress (which could
also be chosen to be any other desired failure stress) of
the tip or sample material, whichever is smaller. The
motivation for selecting this criterion in a Hertzian or
DMT contact is discussed in detail in the Methods
section.

Another important assumption is the absence of
any capillary formation between the tip and sample.
Capillary formation alters the value of the peak repul-
sive force from what is calculated here. There are
multiple studies discussing the effect of capillary for-
mation in AM-AFM that can be used to account for
the additional stresses caused by the formation of a
capillary. Through friction force microscopy, it has
been shown that the time required for capillary
meniscus nucleation between the tip and sample
at 40% relative humidity (RH) can be on the order
of a few milliseconds.32 However, in typical AM-
AFM experiments, the contact time is on the order
of a few microseconds; in the experiments per-
formed here, contact time ranges from 0.1 to
0.5 μs. Because of the short contact times and the
strong dependence of water condensation on
RH,33 Sahag�un et al.34 concluded that in AM-AFM
capillary bridges form only when the RH exceeds
50%.

In another study, Zitzler et al.35 did not observe any
significant change in the transition from attractive to
repulsive regimes across a wide range of RH, from 3%
to 96%, when using AM-AFM on a hydrophobic sam-
ple. This finding implies that, in the case of hydropho-
bic samples, capillary formation does not influence
AM-AFM operation. However, Zitzler et al. observed a
moderate change in the transition from attractive to
repulsive regimes between 30% and 70% RH and a
significant change above ∼70% RH, where the tip

and sample were both hydrophilic. To summarize the
conclusions of these two studies, capillary forces can
be ignored when determining tip�sample forces if the
RH is below 40% or the sample is hydrophobic. In other
cases where capillary formation is significant, onemust
use VEDA to include capillary formation in the calcula-
tion of the peak repulsive force. All the experiments in
this work are performed in a mixture of humid air and
dry nitrogen gas with 15% RH. Therefore, the capillary
forces are not considered in our estimation of forces
and stresses.

It is important to note that the effect of adsorbates
(including a thin water layer in the case of hydrophilic
tip or sample materials and/or other contaminants) on
the tip�sample contact and the ensuing wear pro-
cesses is not accounted for here. Despite this, our
approach to reduce/eliminate wear through limiting
the contact stress works rather well for the cases
tested, as seen in the Experimental Results section.
The influence of such adsorbates should be assessed in
future studies.

Finally, the analysis and methods presented here
apply to AM-AFM imaging with scanning velocities
less than 100 μm/s. Under these conditions, the
amount of lateral sliding that takes place while the
tip is in contact with the sample due to scanning is
negligible, less than an atomic bond length. As a
consequence, abrasive wear is unlikely to contribute
to wear in typical AM-AFM. In contrast, for scanning
velocities greater than 100 μm/s, which fall into the
category of high-speed AM-AFM imaging, the rela-
tive lateral tip�sample displacement during the
contact time and the corresponding shear stresses
may be significant, resulting in different wear mech-
anisms. Under these assumptions, we consider the
Hertzian- and DMT-like contacts separately in the
following sections.

Peak Repulsive Force: Assumptions and Dependence on
Amplitude Ratio. An AM-AFM experiment involves two
distinctive steps: approaching the sample and then
scanning it. Before approaching the sample, the pri-
mary flexural resonance frequency of the cantilever is
determined. The cantilever is then excited at a fixed
drive frequency at or near this measured resonance
frequency. Subsequently, the sample is brought closer
to the tip, through moving either the sample up or the
probe chip down. As the approach continues, the
oscillation amplitude decreases as a consequence of
the shift in resonance frequency and increased damp-
ing. Both the shift in the cantilever resonant frequency
and increased damping result from the tip�sample
interaction. This reduction continues until the oscilla-
tion amplitude reaches a predetermined value, usually
referred to as the set point amplitude/tapping ampli-
tude, defined by the user. After reaching the target
amplitude, in the second step of the AM-AFM experi-
ment, the raster scanning of the sample begins. While
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scanning a surface, the oscillation amplitude tends to
change as a result of interacting with topographic
features. The AFM feedback loop monitors the oscilla-
tion amplitude and keeps it constant by adjusting the
height of the sample continuously. The quality of the
image, as well as the precision with which the ampli-
tude set point is maintained, is therefore determined
by the feedback loop.

During an oscillation cycle, as the tip approaches
and then retracts from a surface, it experiences two
different force regimes: when far from the sample's
surface, the tip experiences long-range attractive
forces, mainly as a result of the van der Waals interac-
tion with the sample; when close to the sample's
surface, the tip experiences short-range repulsive
forces as a result of Pauli and electrostatic repulsion,
and strong short-range attractive forces as a result
of metallic, covalent, ionic, or hydrogen-bonding
interactions, for example. Capillary interactions can
also contribute to attractive forces over interme-
diate separation ranges. The maximum repulsive
(i.e., normal) force is experienced by the tip during
contact when it reaches its farthest distance away
from its equilibrium position (i.e., cantilever rest
position), which corresponds to the closest tip�sam-
ple distance in a tapping cycle. This peak repulsive
force is denoted by Fpeak

rep . Finally, the cantilever
begins to pull the tip away from the sample. Then,
the same sequence of the tip�sample force regimes
are passed through in reverse.

Through applying a nonlinear dynamics method to
the point-mass spring model of a driven AFM cantile-
ver interacting with sample and some mathematical
approximations, Hu et al.36 proposed the following
expression, which is accurate over a wide range of
experimental settings and physical parameters under
ambient conditions, to calculate peak repulsive force in
the case of DMT-like contact:

Freppeak � 21=83�1=4π3=4(E� ffiffiffi
R

p
)1=4

k

Q

� �3=4

A
9=8
0 A

9=8
ratio

� (�1þΩ2)Qþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

A2
ratio

[Ω2 þ (1 �Ω2)2Q2] �Ω2

s( )3=4

� Fadhesion=2 where
1
E� ¼ (1 � νt2)

Et
þ (1 � νs2)

Es

and Fadhesion ¼ �2πwR (1)

where E* is the reduced Young's modulus, R is the tip
radius, k is the cantilever spring constant, Q is the
cantilever's quality factor for the primary flexural
mode,Ω is drive frequency divided by the resonance
frequency of the cantilever's primary flexural mode,
Fadhesion is the adhesion force, Et and Es are Young's
moduli for the tip and sample, νt and νs are Poisson's
ratios for the tip and sample, and w is the work
of adhesion. Equation 1 is valid for both attrac-
tive and repulsive mode imaging. Therefore, the

methods presented in the following sections to
control contact stress and prevent wear are valid
for both imaging modes. As a consequence, users
do not need to aim for imaging in the attractive
or repulsive regime, as proposed by other inves-
tigators, to prevent tip wear25 or sample defor-
mation.22,23

If one plots the peak repulsive force as a function of
the amplitude ratio using eq 1, it can be seen that as
the cantilever carrier chip approaches the sample and
consequently the amplitude ratio decreases, the peak
repulsive force increases until it reaches a maximum
value. If the approach continues beyond this point,
the tip�sample repulsive force is reduced, despite a
common misconception among users who general-
ize that a further reduction in oscillation amplitude
suggests increased repulsive forces. To illustrate this,
an example is shown in Figure 1, where experimen-
tally reasonable values are chosen for the various
parameters. The approximate amplitude ratio, where
the peak repulsive force reaches its maximum value,
is an important parameter to take into account in
the following calculations to estimate the maximum
possible compressive stress.

Hertzian Contact: In this section, we simplify the
analytical expressions governing the tip�sample inter-
action by combining and nondimensionalizing them
and plotting them in a manner useful to choose
appropriate cantilever and experimental settings to
control maximum compressive stress.

Nondimensionalization of the Maximum Compres-

sive Stress: If the contact follows Hertzian behavior, the
adhesion force is ignored. Therefore, we just use the
first term of eq 1 to calculate the peak repulsive force.
In a Hertzian contact, the maximum normal stress is
located at the center of contact and can be calculated
through

σmax ¼ 3
2π

4E�
3R

� �2=3

Ftotal
1=3 (2)

Figure 1. Peak repulsive force as a function of amplitude
ratio for a cantilever with a spring constant of 40 N/m,
quality factor of 400, tip radius of 10 nm, free oscillation
amplitude of 50 nm, reduced Young's modulus of 70 GPa,
and work of adhesion of 30 mJ/m2.
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where Ftotal = Fpeak
rep . By plugging eq 1 with Fadhesion = 0

into eq 2 and rearranging the parameters, we obtain

σ~ � 0:723
A0Aratio

Ccs

� �3=8

� (�1þΩ2)Qþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

A2
ratio

[Ω2 þ (�1þΩ2)2Q2] �Ω2

s( )1=4

where σ~ ¼ σmax

E� and Ccs ¼ E�Q
k

� �2=3

R5=3 ð3Þ

Equation 3 is in nondimensionalized format. The
parameter Ccs, which we call the “cantilever�sample
constant”, is critical for minimizing tip/sample damage
by choosing the correct cantilever properties and
experimental settings for AM-AFM experiments. It
should be mentioned that Ccs is not dimensionless,
having units of nm, as k is in N/m, E* is in GPa, and R is
in nm. Also, Ccs is primarily defined by the physical
properties of the cantilever (k, Q, R), although it in-
cludes information regarding the tip and sample ma-
terial's Young's modulus and Poisson's ratio through
the parameter E*.

As mentioned previously, there is a particular Aratio
at which the peak repulsive force reaches its maximum
value as the tip approaches the sample. This situation
can be avoided by operating with larger Aratio values;
otherwise, if the cantilever is operated below this
critical Aratio (which corresponds to a smaller peak
force), the tip still has to pass through this ratio during
the approach process. In other words, the tip will
(briefly) experience the highest peak force and max-
imum stress transiently during approach and retrac-
tion, and this can exceed the tip's failure stress.
Therefore, we consider the worst-case scenario, which
is operating at this maximum peak force and contact
stress for avoiding tip wear. This further simplifies the
above nondimensionalized expression. From differen-
tiating eq 1, the critical Aratio is going to be equal to
1/
√
3. By inserting this value into eq 3 and rearranging

the equation, we obtain a maximum allowable value
for the free oscillation amplitude:

A0 � 4:109Ccsσ~
8=3�f(�1þΩ2)Q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ω2 þ 3(�1þΩ2)2Q2

p
g�2=3 ð4Þ

If we set Ω to 1, which applies when the drive
frequency is equal to the resonance frequency, we can
write

A0 � 3:261Ccsσ~
8=3 (5)

Equation 4 or 5 can be used to quickly and accu-
rately choose a free oscillation amplitude such that
contact stresses are low enough to prevent tip/sample
damage. To accomplish this, onewould first choose the
maximum compressive stress σmax that is lower than
the yield/failure stress of the tip or sample material,
whichever is smaller. Second, the cantilever�sample

constant, Ccs, is calculated after determining the canti-
lever's resonance frequency, quality factor, spring con-
stant, and tip radius through measurement or, if not
possible, acquiring them from the manufacturer's spe-
cifications. The Young's modulus and Poisson's ratio of
thematerial comprising the sample and the tip are also
required in the determination of the Ccs, as stated
before. Given the difficulty of measuring the tip radius,
to maximize accuracy in determining Ccs, at least one
should obtain measurements of the cantilever's reso-
nance curve and spring constant.37,38 This is important
since themeasured values for the cantilever resonance
frequency and spring constant often deviate signifi-
cantly from the manufacturer's specifications. The
value of the tip radius is the most important among
all the other parameters of Ccs, as it has the strongest
dependence (R5/3). As with the other specifications
mentioned, the value of the tip radius provided by the
manufacturer is not necessarily accurate. On the other
hand, measuring the tip radius is very difficult and the
instrumentation required to perform this measurement
is not readily available to all users. Blind tip reconstruction
(BTR), scanning electron microscopy, and transmission
electron microscopy (TEM) are the methods that can be
used to estimate the tip radius. Utilizing BTR and TEM to
accurately estimate the tip radius of probes operating in
AM-AFM is explained in detail by Vahdat et al.21

Stress Map for Hertzian Contact: We have created a
map based on the above analysis that relates the
maximum compressive stress, free oscillation ampli-
tude, and Ccs using eq 5. This map can be easily
consulted for determining the maximum allowable
free oscillation amplitude for given cantilever proper-
ties and given tip and sample materials. The map is
shown in Figure 2, where the variation of the free
oscillation amplitudeA0 is plotted against the log of the
maximum compressive stress normalized by the re-
duced Young's modulus (σ~ = σmax/E*) for various
curves of constant Ccs values, which are written on
their respective curves. To create a map with reason-
able ranges, a variety of commercially available AFM
probes that can be operated in AM-AFM mode are
considered. Based on the cantilever specifications
provided by several manufacturers and typical ranges
of the elastic constants of various materials of interest,
we determine two extreme limits for the calculated Ccs:
one extreme dominates when tapping against a com-
pliant sample, such as polystyrene (E= 3GPa39), setting
an approximate lower bound on the cantilever�sam-
ple constant; a second extreme occurs when tapping
against a stiff sample, in this case diamond (E = 1143
GPa40), setting an upper bound. On the basis of these
calculations, Ccs varies from 15 nm (corresponding
to a silicon probe coated with chromium�gold from
MikroMasch (HI'RES-C15/Cr�Au) tapping against poly-
styrene) to 3.6 � 106 nm (corresponding to a silicon
probe coated with UNCD from Nanosensors (DT-FMR)
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tapping against diamond). As can be seen, Figure 2
covers a wider range including values of the cantilever�
sample constant ranging from 2 to 5� 106 nm, beyond
the values typical of commercially available probes, to
demonstrate the stresses incurred at the extremes. The
vertical axis, A0, is chosen to range from 2 to 100 nm,
which encompasses the most common values used in
AM-AFM. In this map, the spring constant is in N/m, the
tip radius and free oscillation amplitude are in nm, and
themaximumcompressive stress and reduced Young's
modulus are in GPa.

Selection of the Cantilever and Free Oscillation

Amplitude: As an example, Figure 2 is used here to
determine safe free oscillation amplitudeswhen imaging
a silicon sample with a DLC-coated probe from Mikro-
Masch (HQ:XSC11/HARD, Lever D). The failure stress
of silicon at compression varies from 5.0 to 9.0 GPa.41

In this paper, we assume the midrange value of 7.0 GPa
to be the failure stress of silicon at compression. The
yield strength of DLC varies significantly depending on
the deposition technique and composition. Gan et al.42

reported a yield strength of 15 to 30 GPa for a DLC
thin film deposited by filtered cathodic vacuum arc
for example. These and other values for other desirable
DLC coatings always exceed the failure stress of
silicon. Therefore, the maximum stress, σmax, should
be chosen to be less than 7.0 GPa to avoid any damage
to the silicon sample. The reduced Young's modulus
of DLC against silicon (assuming Esi = 130 GPa, νsi = 0.28,

EDLC = 150 GPa,43 and νDLC = 0.344) is 76 GPa. Choosing
σ~ = σmax/E* = 0.07 results in a σmax = 5.3 GPa, which
is less than the silicon yield strength and is safe to
avoid sample and tip wear. The vertical arrow (red dash-
dotted line) in Figure 2 corresponds to σ~ = 0.07. The
cantilever�sample constant Ccs was then determined
for the selected probe, which corresponds to approxi-
mately 1.5 � 104 nm. Given these two parameters, the
free oscillation amplitude must be set equal to or less
than 40 nm for imaging this particular sample with the
selected tip. The horizontal arrow in Figure 2 indicates
the location of the largest preferred amplitude.

From Figure 2, one can determine that any Ccs,
which corresponds to a specific cantilever and sample,
is effectively confined to a particular range of max-
imum compressive stresses. This is because of the
instrumental limitations in achieving very small ampli-
tudes, typically less than 2 to 3 nm, which sets a lower
bound to the achievablemaximum compressive stress.
For example, if Ccs is approximately equal to 100 nm,
corresponding to a particular experiment where a
MikroMasch's HI'RES-C15 silicon cantilever coated with
chromium�gold is used in an AM-AFM experiment
examining a silicon sample, the lower bound for σ~ is
approximately 0.15 if the free oscillation amplitude is
chosen to be 2 nm (green arrows with diamond-
shaped head in Figure 2). This means the smallest
possible σmax is approximately 10.0 GPa. Given that
gold is the outermost material on this particular

Figure 2. AM-AFM Hertzian contact stress map. The free oscillation amplitude A0 is plotted against the log of the maximum
compressive stress normalized by the reduced Young's modulus σ~ = σmax/E* for a variety of cantilever�sample constants Ccs
(values written on their respective curves) ranging from 2 to 5 � 106 nm. The vertical red dash-dotted arrow denotes the
normalized maximum compressive stress used when imaging a silicon sample with a DLC-coated tip. The corresponding
intersection point with the selected cantilever�sample constant curve (Ccs = 1.5 � 104 nm) gives the maximum appropriate
free oscillation amplitude permitted to avoid damaging the sample/tip during imaging, based on continuum mechanics.
Green arrowswith a diamond-shaped head indicate that theminimumachievableσ~ using a cantilever with Ccs = 100 nmand a
2 nm free oscillation amplitude is 0.15.Magenta arrowswith a triangular head indicate that theminimumachievableσ~using a
cantilever with Ccs = 2 � 104 nm and a 2 nm free oscillation amplitude is 0.02.
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cantilever, we will assume its material properties
in determining the reduced Young's modulus and
whether or not the tipgetsdamaged. Theultimate tensile
strength of the gold thin film at room temperature varies
from 0.7 to 1.45 GPa.45 Even though a very small free
oscillation amplitude is chosen, the maximum compres-
sive stress is larger than the ultimate tensile strength of
the gold, predicting that tip wear will occur.

If instead one chooses MikroMasch's HQ:NSC19
silicon cantilever with no coating, it yields a corre-
sponding Ccs of 2� 104 nm, and consequently the σ~ is
then calculated to be 0.02 if the free oscillation ampli-
tude is set at 2 nm (magenta arrows with triangular
head in Figure 2). This means that the minimum
achievable σmax will be approximately 1.4 GPa, well
below the silicon yield strength, and neither the tip nor
the sample should be damaged. In fact, using this
cantilever to examine the silicon sample, one can
increase the free oscillation amplitudewithout predict-
ing damage to the tip or sample to approximately
56 nm, which results in σmax ≈ 5 GPa.

Care should be taken, as all the calculations in this
section are based on the assumption of Hertzian
contact with no adhesion force. Tip�sample adhesion
can significantly alter these results.

DMT-like Contact. Nondimensionalization of the Max-

imum Compressive Stress: The Hertzian approach dis-
cussed in the previous section does not include the
effects of adhesion, which are often significant in
nanoscale contacts. This section applies DMT contact
mechanics to the calculations of the peak repulsive
force and maximum compressive stress. Thus, the
results account for the adhesive interactions in the
limit of stiff, small-radii materials interacting via weak,
long-range forces. Therefore, the second term in the
expression for the peak repulsive force, eq 1, is not
eliminated as it was in the case of Hertzian contact.
Furthermore, the adhesion force must be added to the
calculation of the maximum compressive stress in eq 2
and in the subsequent calculations. The maximum
compressive stress then becomes

σmax ¼ 3
2π

4E�
3R

� �2=3

(Freppeak � Fadhesion)
1=3 (6)

By plugging eq 1 into 6 and rearranging the para-
meters, we can write

σ~0 � 0:723
A0Aratio

Ccs

� �3=8

(�1þΩ2)Q

(

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

A2
ratio

[Ω2 þ (�1þΩ2)2Q2] �Ω2

s )1=4

where σ~0 ¼ σmax

E�
� �3

� 18
π2

w

E�R
� � !1=3

(7)

As with eq 3, eq 7 is in a nondimensionalized for-
mat. Similar to the Hertzian contact model discussed

earlier, the maximum possible compressive stress en-
countered during an AM-AFM experiment needs to be
considered. This situation occurs when Aratio = 1/

√
3. At

this point, this amplitude ratio can be used to simplify
and rearrange eq 7, so that we can write

A0 � 4:109Ccsσ~08=3�f(�1þΩ2)Q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ω2 þ 3(�1þΩ2)2Q2

p
g�2=3 ð8Þ

If we set Ω to 1, which applies when the drive
frequency is equal to the resonance frequency, we
have

A0 � 3:261Ccsσ~08=3 (9)

It is interesting to notice that eqs 8 and 9, including
their respective prefactors, are similar to eqs 4 and 5 in
the case of the Hertzian contact. The only difference is
the replacement of σ~ in eqs 4 and 5with σ~0 in eqs 8 and
9, which includes the tip�sample work of adhesion. As
with eqs 4 and 5 for nonadhesive contacts, eq 8 or 9
can be used to quickly and accurately choose a free
oscillation amplitude such that tip/sample damage is
prevented in the case of adhesive contacts. Similar to
the procedure described before, the first step is to
choose a maximum compressive stress that is lower
than the yield/failure stress of the tip or sample
material, whichever is smaller. Second, the tip�sample
work of adhesion should be determined, e.g., through
pull-off force measurements or by estimation or refer-
ence to literature; one should err on the high side for
the work of adhesion value in order to estimate the
allowable amplitude, conservatively. It is then possible
to determine the dimensionless parameter σ~0 by com-
bining the desired maximum compressive stress,
tip�sample reduced Young's modulus, and work of
adhesion via eq 7. Finally, the cantilever�sample con-
stant Ccs should be calculated as before to be plugged
into eq 8 or 9.

Stress Map for DMT-like Contact: Similar to Figure 2
in the case of Hertzian contact, Figure 3 shows themap
that can be constructed to relate the σ~0 value, free
oscillation amplitude, and cantilever�sample constant
using eq 9. The same range for Ccs (values ranging from
2 to 5 � 106 nm) is displayed in Figure 3, as was done
in Figure 2. The range of Ccs corresponds to 2 orders of
magnitude variation inσ~0. The vertical axis,A0, varies from
2 to 100 nm, again typical of most AM-AFM measure-
ments. The spring constant is in N/m, the tip radius
and free oscillation amplitude are in nm, the maximum
normal compressive stress and reduced Young's mod-
ulus are in GPa, and the work of adhesion is in J/m2.

Applying Figure 3 to select an appropriate cantile-
ver and free oscillation amplitude can be performed in
a similar way to that described for the Hertzian contact.
Also, similar observations made from Figure 2 on the
minimumachievable σmax can bemade here. Although
Hertzian contact can be safely used for selection of an
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appropriate cantilever and free oscillation amplitude if
one chooses the maximum compressive stress con-
servatively such that it is well below the yield/fracture
strength of the tip/sample, it is recommended to use
the DMT-like approach, as adhesion can have consid-
erable impact on the tip�sample forces and stresses.

As mentioned before, the appropriate contact
mechanics model for a given tip and sample should
bedeterminedbefore using Figure 2 and Figure 3. In the
following section, we approximate which regions of the
Figure 3 might fall into the Maugis�Dugdale (M-D)46 or
Johnson�Kendall�Roberts (JKR)47 contact regimes.

Determining the Limits of the DMT Contact Regime:

To select the proper contact mechanics model, one
needs to calculate the Maugis parameter λ and the
nondimensional load P and then use the adhesionmap
proposed by Johnson and Greenwood.31 The Maugis
parameter λ and the nondimensional load P are calcu-
lated as follows:31

λ ¼ 1:16
Rw2

E�2z03
 !1=3

(10)

P ¼ P

πwR
(11)

where z0 is the equilibrium separation and P is the
total normal load, which here should be taken as

Fpeak
rep � Fadhesion (note that in ref 21 Fpeak

rep was used
instead; in fact this is not correct; the adhesion force
should be included as well). Expressing the dimension-
less parameter σ~0 as a function of λ and P can help to
determine which parts of the DMT-like contact stress
map (Figure 3) might actually correspond to non-DMT
contact regimes. By inserting eq 6 into the definition of
σ~0 in eq 7 and combining the resultant equation with
eqs 10 and 11, σ~0 can be rewritten as follows:

σ~
0 ¼ 6

π2 (P � 3)

� �1=3 z0
R

� �1=2 λ

1:16

� �1=2

(12)

In this analysis, we are going to assume that the net
contact force at the bottom of the oscillation cycle is
positive (repulsive). While it is possible to have a
negative net force, wear is much less of a concern in
this case. Therefore, we will only consider values of P
greater than 3. This also ensures that the equations are
used in a valid regime. Specifically, the smallest peak
repulsive force allowed from eq 1 is πwR (this corre-
sponds to Aratio = 1). Inserting Fpeak

rep = πwR into eq 11, P
becomes equal to 3. Note that smaller values of P are
achievable in actual AM-AFM operation, but eq 1 is not
valid in this case. Such a case corresponds to the peak
repulsive forcebeing less thanπwR.Wechoose theupper
limit of P to be 104 (note that in the adhesion map of
Johnson and Greenwood,31 P varies from 0.01 to 104).

Figure 3. AM-AFM DMT-like contact stress map. The free oscillation amplitude is plotted against the dimensionless
parameter σ~0 for a variety of cantilever�sample constants ranging from 2 to 5 � 106 nm. The map can be used to choose
appropriate cantilever and free oscillation amplitudes in a particular AM-AFM experiment to avoid tip/sample damage. The
shaded area on the right corresponds toσ~0 values greater than 0.5, where theDMT contactmodel does not hold and the use of
this mapwill not be accurate. This is discussed in detail in the next section. The two red circles correspond to the initial σ~0, Ccs,
and A0 values of the test sets 1 and 2 performed on the silicon probe. The two green squares correspond to the initial σ~0, Ccs,
and A0 values of the DLC-coated tips 1 and 2. The two magenta stars correspond to that of the SiNx-coated tips 1 and 2
discussed in the Experimental Results section.
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The term z0/R in eq 12 can vary from 0.004 to 0.5
given the typical values reported in the literature for z0
(0.2�0.5 nm48) and typical AFM tip radii (1 to 50 nm).
Here, we consider both extreme values to learn about
the range of the σ~0 values in which the tip�sample
contact cannot be described by the DMT model.

Using eq 12 and the above-mentioned limits, one
can superimpose constantσ~0 lines to the adhesionmap
proposed by Johnson and Greenwood31 (Figure 4).
Figure 4a and b correspond to z0/R equal to
0.004 and 0.5, respectively. As it can be seen, a wider
range of σ~0 values fall into the M-D and JKR regimes
in Figure 4a in compare to Figure 4b. By inspect-
ing Figure 4a, it can be concluded that tip�sample

contacts with σ~0 values less than or equal to 0.02 are
safely in the DMT or Hertz regime, and the use of
Figure 3 or 4 is justified. On the other hand, Figure 4b
shows that tip�sample contacts with σ~0 values
greater than 0.5 cannot be described by the DMT
contact model. The shaded area in Figure 3 corre-
sponds to σ~0 values greater than 0.5, for which the
stress map is not accurate and should not be used for
selecting a proper cantilever or choosing a safe free
oscillation amplitude, as the contact stress will be
underestimated. Using the adhesion map to deter-
mine appropriate contact mechanics model is re-
quired for any σ~0 value between approximately 0.02
and 0.5.

EXPERIMENTAL RESULTS
To demonstrate the applicability of themethod introduced in

the previous section to choose appropriate probe and control
the contact stress, several experiments are performed involving
three different AFM tipmaterials or coatings that are commonly
used: silicon, DLC, and SiNx. UNCD

9,49,50 is chosen as the counter
surface, as it is hard and wear resistant; consequently, its
features do not change significantly during the test. Also,
UNCD's sharp and random features can be used for BTR. Table 1
lists the AFM probes used in these experiments, their corre-
sponding location on the DMT-like contact stress map in
Figure 3, measured cantilever properties (k, Q, R), the resulting
Ccs with UNCD as the sample, measured work of adhesion,

desired initial σmax, initial σ
~0 and its corresponding estimated A0,

determined from Figure 3, and finally the imaging Aratio. The
material properties used to calculate Ccs and choose a desired
initial σmax are listed in Table 2. All the experiments are per-
formed in 15% RH in a mixture of humid air and dry N2 gas.
One uncoated silicon probe (HQ:NSC19 from MikroMasch) is

used to perform four sequential sets of experiments. Each set
consisted of 10 AM-AFM scans (1� 1 μm2, 512� 512 pixels, 1 Hz
scan rate). The first three sets have three different and sequen-
tially increasing initial σmax values. The final set has the same
initial maximum compressive stress as the third set, to reeval-
uate that the required A0 after the tip radius and Ccs have both
increased due to wear (see Table 1). Two DLC-coated silicon

Figure 4. Lines corresponding to constant σ~0 values are plotted over the adhesionmap depicted from Figure 5 in the work of
Johnson and Greenwood31 where (a) corresponds to z0/R = 0.004 and (b) to z0/R = 0.5. P varies from 3 to 104 as P cannot be
equal or smaller than 3 (see the details in the text). (a) shows that if σ~0 e 0.02, the DMT contactmodel holds in all situations. (b)
shows that if σ~0 > 0.5, the tip�sample contact cannot be described by the DMT model.

A
RTIC

LE



VAHDAT AND CARPICK VOL. 7 ’ NO. 11 ’ 9836–9850 ’ 2013

www.acsnano.org

9845

probes (PPP_NCHR from Nanosensors) and two SiNx-coated
probes (NSC15 from MikroMasch) are also tested with different
initial σmax. Each test consisted of 10 AM-AFM scans (1� 1 μm2,
512 � 512 pixels, 2 Hz scan rate).
All the probes tested here have an initial σ~0 between 0.02 and

0.5 (see Table 1); therefore, using the adhesion map and the
procedure described in ref 21, the applicability of the DMT
contact model can be determined. All cases here are well inside
the DMT regime, and Figure 3 and eqs 8 and 9 can be safely
used.
By considering the spring constants listed in Table 1, it can be

seen that the spring constant of the silicon probe is very small
(∼0.23 N/m). This is in the range of the spring constant of the
probes used typically for contact mode AFM. This soft cantilever
is chosen to have a large enough Ccs so that its minimum
achievable σmax is well below the silicon yield strength, as
described before for the selection of appropriate cantilever.
Ccs values of silicon cantilevers are usually small when used to
image a stiff sample such as UNCD because of the sharpness of
the tips. The reduced Young's modulus of silicon against UNCD
is∼120 GPa, and the nominal tip radius of the silicon tips here is
8 nm.
Figure 5a�d demonstrate the tip radius evolution of the

silicon probe imaging a UNCD sample during four consecutive
sets of tests. The cumulative number of taps at the end of each
set is also noted. Figure 5e�g shows selected topographic
images of the UNCD sample obtained with this probe corre-
sponding to the first scan of set 1, the 10th scan of set 2, and the
10th scan of set 4. The initial Ccs of set 1 is calculated using a tip
radius estimated from BTR of an initial topography image
acquired before the first scan. The quality factor and spring
constant were also measured experimentally. The initial Ccs of
sets 2, 3, and 4 are calculated using the tip radius estimated from
the BTR of the last topography image of the previous set.

In sets 1 and 2, the initial σmax is 5 and 7 GPa, respectively,
which is less than or equal to the silicon failure strength at
compression (7.0 GPa, the midrange of 5.0�9.0 GPa). Corre-
spondingly, there is no significant change in the tip radius and
quality and spatial resolution of the topographic image. This is
impressive considering the 480 million taps (contact formation
and breaking) that had occurred by the end of set 2. Increasing
the initial σmax to 9 GPa for the test sets 3 and 4, well beyond the
yield stress of silicon, resulted in tip wear. This is clearly evident
from the increased tip radius (Figure 5c and d) and loss of
topography image resolution (Figure 5g). The latter is clearly
evident from both the loss of sharpness of the lateral features
and reduction of vertical contrast, which can be quantified by
comparing the rms roughness in set 1, scan 1 (10.7 nm) and set
4, scan 10 (9.6 nm).
Two different wear regimes can be seen in set 3. During the

first five scans the rate of change of the tip radius is small, while
the tip radius increases rapidly after the sixth scan and con-
tinues to have a high rate of change through the first seven
scans of the test set 4. We hypothesize that the top few atomic
layers of silicon oxide present on the tip are initially saturated.
Then, as wear initiates, surface sites become more reactive as
covalent bonds are broken due to wear, leaving behind un-
saturated atomic sites on the tip, which can initiate bond
formation between the tip and sample atoms. This may corre-
spond to completely removing the oxide14 or may just involve
rendering sites within the oxide more reactive. The presence of
water molecules in the environment and the high stress state
can also result in a water�silica reaction through water dis-
sociation and chemisorption to the tip surface as described by
Zhu et al.59 and consequently initiation of the wear process.
One other observation that can be made from the change of

the tip radius from sixth to 10th scan of set 3 and all of set 4 is the
rapid blunting of the tip at the beginning that gradually sub-
sides toward the end. Particularly, in the case of set 4, the tip
radius reaches a plateau and does not change any further. This is
because of the fact that as the tip radius increases, the contact
stresses decrease, resulting in less or no tip wear.21 A plateau in
the wear behavior may also be just beginning to show up at
scan 8 of set 3 as well.
Figure 6 shows the tip radius evolution of the DLC- and SiNx-

coated tips with different initial σmax. The cumulative number of
taps at the end of test is also noted. The insets are TEM 2D
images of each tip's apex before the first and 10th scans. A
contamination particle becomes attached to DLC-coated tip 1
sometime between the third (TEM image after the third scan is
not shown) and ninth scans. The contaminant is not within or
close to the region of the tip apex that interacts with the sample.
Therefore, it should not introduce any error in the estimation of
the tip radius. The initial Ccs of all four cases is calculated using a
tip radius estimated from BTR of an initial topography image
acquired before the first scan. The quality factor and spring

TABLE 2. Material Properties Used in the Calculations of

Ccs and Selecting Desired Initial σmax
a

Young's modulus (GPa) Poisson's ratio yield/failure strength (GPa)

UNCD 790 ( 3051 0.057 ( 0.03851 28�5152

Si 130 0.28 5.0 �9.041

DLC 150 ( 3043 0.3 ( 0.0544 7.3�1042,43

SiNx 230 ( 5053�56 0.23 ( 0.0553�56 8�10,57 1358

a The yield strengths of the DLC coating of the tips here (7.3�10 GPa) are
approximated from the hardness of typically 13 GPa reported by K. Sridharan43 and
the empirical equation proposed by Gan et al.42 for the relationship between the
hardness H, Young's modulus E, and yield strength Y of thin film DLC as H/Y =
�0.36 þ 0.67 ln(E/Y).

TABLE 1. AFMProbes, Their Corresponding Location on theDMT-like StressMap (Figure 3),MeasuredCantilever Physical

Properties, Initial Ccs with UNCD as the Sample, Measured Work of Adhesion, Desired Initial σmax, Initial σ
~ and Its

Corresponding Estimated A0, and Aratio during Imaging

AFM probe
location on the DMT-like
stress map (Figure 3)

spring
constant
(N/m)

res. freq.
(=drive

freq.) (kHz)
quality
factor

initial tip
radius (nm)

initial Ccs
(104 nm)

work of
adhesion
w (J/m2)

targeted
initial

σmax (GPa)
initial
σ~

A0
(nm)

imaging
Aratio

MikroMasch, HQ:NSC19, set 1 red circle #1 0.23 ( 0.01 46.9 74 ( 3 7.8 ( 1.1 3.5 ( 0.9 0.030 ( 0.017 5 0.03 11 0.3
MikroMasch, HQ:NSC19, set 2 red circle #2 0.23 ( 0.01 46.9 74 ( 3 7.3 ( 0.5 3.2 ( 0.5 0.030 ( 0.017 7 0.06 46 0.3
MikroMasch, HQ:NSC19, set 3 out of A0 range 0.23 ( 0.01 46.9 74 ( 3 7.7 ( 1.3 3.5 ( 1.1 0.030 ( 0.017 9 0.07 109 0.3
MikroMasch, HQ:NSC19, set 4 out of A0 range 0.23 ( 0.01 46.9 74 ( 3 14 ( 0.5 9.4 ( 1.2 0.030 ( 0.017 9 0.08 317 0.3
nanosensors, PPP-NCHR,
20 nm DLC coating, tip 1

green square #1 42 ( 2 308.6 479 ( 10 21 ( 0.5 2.2 ( 0.3 0.031 ( 0.012 7 0.05 23 0.4

nanosensors, PPP-NCHR,
20 nm DLC coating, tip 2

green square #2 43 ( 2 303.4 498 ( 10 15 ( 1.5 1.3 ( 0.3 11 0.08 50 0.5

MikroMasch, NSC15, 10 nm
SiNx coating, tip 1

magenta star #1 50 ( 2 337.6 663 ( 10 20 ( 2 2.7 ( 0.6 0.036 ( 0.019 9 0.05 23 0.4

MikroMasch, NSC15, 10 nm
SiNx coating, tip 2

magenta star #2 49 ( 2 339.0 648 ( 10 18 ( 0.5 2.3 ( 0.3 12 0.06 50 0.5
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constant are also measured experimentally (Table 1). Similar to
the silicon probe, if the initial σmax is below the yield strength of

the tip's material (Figure 6a and c), the tip radius does not
change significantly; however, tip blunting happens when the

Figure 5. (a�d) Tip radius evolution of a silicon probe (HQ:NSC19 fromMikroMasch) imaging a UNCD sample during sets 1�4
using AM-AFMwith different initial σmax and the cumulative number of taps at the end of each set. (e) Topographic images of the
UNCDsample corresponding to thefirst scanof set 1; (f) the 10th scanof set 2; and (g) the10th scanof set 4. Thepreservationof the
tip radius and image resolution is apparent up to the endof test set 2, as theσmax is less than or equal to the silicon failure strength
at compression (7.0GPa). The tipbluntingand the loss of image resolution canbe seenduring the test set 3and4, as the initialσmax

is 9 GPa, above the silicon yield strength. All relevant parameters for these tests are provided in Tables 1 and 2.

Figure 6. Tip radius evolution of (a) DLC-coated silicon tip 1 with initial σmax of 7 GPa; (b) DLC-coated silicon tip 2 with initial
σmax of 11 GPa; (c) SiNx-coated silicon tip 1with initial σmax of 9 GPa; and (d) SiNx-coated silicon tip 2with initial σmax of 12GPa.
The cumulative number of taps at the end of each test is also noted. The insets are 2D TEM images of each tip before the first
and 10th scans. For both tipmaterials, the tip radius does not significantly changewhen the initial σmax is less than or equal to
the tip material's yield strength (7.3�10 GPa for DLC, 8�10 for SiNx). When σmax exceeds the tip material's yield strength, tip
wear and blunting are significant.
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initial σmax is larger than the yield strength (Figure 6b and d).
Differences in the wear behavior of these two materials
were reported previously and discussed in more detail by
our previous publication.21

Note that different values for the yield strength of the SiNx

are provided in Table 2 (8�10 and 13 GPa). The range 8�10 GPa
is from a measurement of a powdered R-Si3N4 sample under
9 GPa pressure through the analysis of peak broadening
of energy-dispersive diffraction lines.57 The value of 13 GPa
is estimated using Tabor's relationship (H = CY where C is
a constraint factor60) where the hardness H of an amorphous
low-pressure chemical vapor deposited silicon nitride thin
film sample was measured using nanoindentation with a
cube-corner indenter.58 The experiments here indicate that
the critical failure stress of the SiNx coating of these tips
under these AM-AFM operations is somewhere between 9
and 12 GPa, assuming validity of the continuum DMT model.
The values estimated for the failure strength of DLC films
also vary significantly in the literature. Depending on the
deposition techniques and composition of the tip materials,
the failure strength of the AFM tip material and its coating
could have significant uncertainty. A series of experiments
where the initial σmax is systematically varied, similar to what
is done here for the silicon tip (Figure 5), could be performed
to estimate a threshold critical stress value for tip failure
in AM-AFM operation. This is particularly important when
AM-AFM is used for the metrology purposes.

CONCLUSION

We considered the mechanics of tip�sample inter-
actions in AM-AFM. The available techniques and
equations to calculate peak repulsive force and contact
stress were then presented. Analytical equations applic-
able for Hertzian- and DMT-like contacts are provided and
used to form AM-AFM stress maps. These maps can be
used to easily choose an appropriate AM-AFM cantilever
and to determine the experimental parameters necessary
in AM-AFM to prevent tip/sample wear. The applicability
of the method to control the contact stress is examined
through a series of AM-AFM experiments with differ-
ent tip materials and initial maximum compressive
stresses imaging a UNCD sample. In all cases, operat-
ing with a maximum compressive stress below the
yield/failure strength of the tip material prevents tip
blunting and preserves the topographic image resolu-
tion, while operating with a maximum compressive
stress above the yield/failure strength of the tip ma-
terial leads to significant tip wear.

METHODS
The experiments performed in this study involved the follow-

ing procedures: (1) pull-off force measurements to determine
the work of adhesion between the tip and sample materials; (2)
initial assessment of the cantilever physical properties required
to calculate the cantilever�sample constant Ccs such as quality
factor and spring constant using Sader's method38 and the tip
radius using BTR; (3) determination of the inverse optical lever
sensitivity (InvOLS) of the cantilever's normal deflection signal
to convert the amplitude from measured volts to nanometers
using the thermal noise spectrum of the cantilever's flexural
vibrations; and (4) keeping the relative humidity of the AFM
chamber at 15% through administration of dry N2 gas to the
humid air of the chamber. Pull-off force measurements, BTR
methodology, and determination of the cantilever's InvOLS are
described in detail by Vahdat et al.21

The 20 nm DLC coating of the DLC-coated silicon probes
was deposited using the plasma immersion ion implantation
and deposition process43 by Dr. K. Sridharan (University of
Wisconsin�Madison, Center for Plasma-Aided Manufacturing).
The hydrogen content of the DLC film is 41 ( 2 at. % based on
prior hydrogen forward recoil spectroscopy measurements on
samples grown using the same method, and approximately
50% to 70% of the carbon structure is in the sp3 state. Thus, this
particular DLC is considered to be an amorphous hydrogenated
carbon film (a-C:H).61 The UNCD film used in these experiments
as the sample is deposited on a Si substrate by Advanced
Diamond Technologies, Inc. (Aqua 25; Romeoville, IL, USA).

Failure in a Hertzian- or DMT-like Contact. In contact mode AFM,
tip wear can be significantly reduced by limiting tip�sample
contact stresses.62,63 Tayebi et al.62 achieved a low stress state at
the tip�sample contact by introducing a thin water layer at the
interface and modulating the applied force to have the water
layer act as a viscoelastic material reducing the contact stress.
The write-read resolution of a platinum�iridium tip in the
probe-based memory device did not change after 5 km of
sliding on a smooth ferroelectric film. Also, Lantz et al.63

achieved low wear by modulating electrostatic forces between
the tip and sample (by applying sinusoidal voltage to the tip and
sample), resulting in a very low friction. They showed experi-
mentally that this technique could almost eliminate wear of a

silicon tip sliding over a polymer film over a distance of 750 m.
An approach to prevent tip/sample wear by controlling the
contact stress in AM-AFM is presented here.

We choose the failure criterion in AM-AFM to correspond to
the case where the maximum compressive contact stress
experienced during AM-AFM cyclic operation is equal to the
yield stress (or other chosen failure stress) of the tip or sample
material, whichever is smaller. Here, we discuss the motivation
for selecting this criterion in a Hertzian or DMT contact. To
prevent tip/sample wear, we consider the locations in the tip
and sample, or at the interface between them, that correspond
to the maximum stress components. Figure 7 shows the stress
distributions in a Hertzian contact normalized to the mean
contact stress. In the top graph, the normalized principal
stresses at the interface, inside and outside of the contact, are
plotted as a function of the radial coordinate r normalized by
the contact radius a. In the bottom graph, the normalized
principal stresses and the absolutemaximum shear stress along
the central axis of symmetry (r = 0) below the interface are
plotted as a function of the vertical coordinate z normalized by
a. The locations of the maximum values of the tensile, com-
pressive, and shear stress components are indicated with
arrows. The maximum compressive stress is at the interface at
the center of the contact, the maximum tensile stress is at the
interface at the periphery of the contact, and the maximum
shear stress is below the interface along the central axis of the
contact (the exact location depends on Poisson's ratios of the tip
and sample).27

Any of these stress components could be the critical ones
that lead to failure initiating at their respective locations;
however, different materials have different strength limits for
each of these stress components. For example, brittle materials
have much lower tensile strengths than compressive strengths,
and so the largest tensile stress may determine failure, while
ductile materials usually fail when one exceeds a critical shear
stress. As seen in Figure 7, the magnitude of the maximum
compressive stress significantly exceeds that of the maximum
tensile and shear stress components. Therefore, we can design
the failure criterion conservatively by defining it to be that
failure occurs when the maximum compressive stress in the
contact reaches the smallest yield or failure strength of the
material.
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If failure in the tip or sample material occurs by a combina-
tion of stress components, one needs to consider an appro-
priate yield criterion for a given material. There are multiple
yield criteria; these are in fact all empirically based, and con-
sidering them all comprehensively is beyond the scope of this
work. Here, we consider a simple and popular failure criterion,
the von Mises yield criterion, which applies to ductile materials
that fail primarily through shear stress-induced plastic flow of
dislocations; such materials show similar behavior in both
tension and compression. Then, we discuss how this criterion
can be related to themaximumcompressive stress andwhether
or not our criterion still acts as an upper bound. As mentioned
above, in a Hertzian contact, the maximum shear stress occurs
below the surface at the center of the contact. If we assume a
Poisson's ratio of 0.3, which is equal or close to most of the
materials' Poisson's ratio, this location is at z = 0.48a along the
z-axis below the interface at the center of contact, where a is the
contact radius.27 If we express the von Mises yield criterion64

based on the principal stresses of the Hertzian contact, yield
happens when the following is satisfied:

(σr � σθ)
2 þ (σθ � σz)

2 þ (σz � σr)
2 ¼ 2Y2 (13)

where σr, σθ, and σz are principal radial, tangential, and normal
Hertzian stresses along the z-axis of the contact, and Y is the
yield strength of the tip or sample material. By inserting the
expressions for the Hertzian principal stresses at z = 0.48a into
eq 13, the von Mises criterion reduces to

σmax ¼ 1:613Y (14)

where σmax is themaximumcompressive stress. Thismeans that
if the maximum compressive stress exceeds 1.613 times yield

stress of a material, it should fail at a distance equal to 0.48a
below the surface. If we assume a more conservative yield
criterion such as Tresca,64 we get similar results for the Hertzian
contact. This is because in the Hertzian contact σr � σθ = 0 and
(σθ - σz)

2 = (σz� σr)
2; therefore, the von Mises reduces to Tresca

criterion. Again, if σmax is chosen to be less than the tip or
sample yield/failure strength, a conservative upper-bound limit
is set, which in turn should be safe for the materials for which
their failure cannot be accurately determined through von
Mises criterion.

Because of the high frequency of the cantilever oscillation
and consequently the tip�sample interaction, which can be on
the order of hundreds of thousands of tip�sample contacts
per second, the effect of any gradual process such as atom-by-
atom removal, dislocation movement, or fatigue can accumu-
late substantially. The rate of atom loss in an atom-by-atom
removal process can be exponentially dependent on the con-
tact stresses.12,14,65 However, this dependence can vary for
different tip and sample material pairs and environmental
conditions, which can alter the nature of the chemical reactions
at the contact. Therefore, proposing a specific criterion to
prevent atom-by-atom removal is not possible at this time.
Rather, the best available approach is simply to reduce the tip
sample contact stress beyond a safe target value. As well, there
is insufficient knowledge regarding nanoscale fatigue as a result
of cyclic loading to establish a reliable criterion to prevent or
reduce its consequences. Again, using a lower stress value as
the critical stress for the failure is a reasonable prescription.
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