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ABSTRACT

This dissertation focuses on two theoretical research topics: Multiscale Simulations of
Single-Walled Carbon Nanotube Atomic Force Microscopy (AFM, chapters 1 through 3)
and Density Functional Theory Characterization of Functionalized and  non-
functionalized Silicon Surfaces (chapters 4 through 8). The first topic presents the
development of an AFM simulation methodology, based on first principles, which
incorporates the atomistic details of probe, sample, and impurities in the construction of
the images. It also includes studies of the influence of common artifacts (such as elastic
deformations and imaging multistability) and probe structure (tilt angle and number of
walls in the carbon nanotube probe) on image quality. The second topic concerns the
structure and energetics of reconstructed and unreconstructed silicon (111) surfaces
(either functionalized with groups such as methoxy and methyl or without
functionalization) and non-functionalized copper-silicon surfaces and crystals. These
studies lead to novel findings such as the formation of a full stacking fault on the
methylated Si(111) surface in the presence of large etch pits and the quantification of the
surface energy path of the Si(111) 1x1 A DAS 7x7 reconstruction. Most of this work
was done in collaboration with experimental groups and is in agreement with the most

current experimental results.
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Chapter 1: Influence of Elastic Deformation on Single-Walled Carbon

Nanotube AFM Probe Resolution”

ABSTRACT. We have previously reported that 4-6 nm diameter single wall carbon
nanotube (SWNT) probes used for tapping-mode atomic force microscopy (AFM) can
exhibit lateral resolution that is significantly better than probe diameter when imaging
prone nanotubes on a flat SiO, surface. To further investigate this phenomenon, accurate
models for use in atomistic molecular dynamics simulations were constructed based on
transmission electron microscopy (TEM) and atomic force microscopy (AFM) data.
Probe-sample interaction potentials were generated utilizing force fields derived from ab
initio quantum mechanics calculations and material bulk and surface properties, and the
resulting force curves were integrated numerically with the AFM cantilever equation of
motion. The simulations demonstrate that under the AFM imaging conditions employed
elastic deformations of both the probe and sample nanotubes result in a decrease of the
apparent width of the sample. This behavior provides an explanation for the unexpected
resolution increase and illustrates some of the subtleties involved when imaging with

SWNT probes in place of conventional silicon probes. However, the generality of this

“ Reproduced with permission from Shapiro, I.R.; Solares S.D.; Esplandiu, M.J.; Wade, L.A.; Goddard
W.A. IlI; and Collier C.P.; J. Phys. Chem. B 2004, 108, 13613. Copyright 2004 American Chemical
Society.
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phenomenon for other AFM imaging applications employing SWNT probes remains to

be explored.

1. Introduction

To date, numerous papers have described the preparation of both multi-wall and single-
wall carbon nanotube AFM probes.'®> SWNT probes offer topographic imaging
resolution superior to that of conventional silicon AFM tips due to their unique chemical
and mechanical properties, high aspect ratios, and molecular-scale dimensions.®*° In a
recent publication we described an efficient SWNT probe fabrication methodology and
correlated the structures (acquired by TEM) of 14 probes with the quality of AFM images
they produced when imaging a prone SWNT sample.!’ By comparing the observed
AFM resolution with the diameter of the probe nanotube measured from the TEM image,
we found that the lateral resolution is on average 1.2 times the nanotube probe diameter.
This value approaches the expected ideal ratio of unity in the absence of thermal
vibrations and bending effects of the probe.*?

Surprisingly, we have found that in approximately one third of the cases, the apparent
lateral resolution of the probe nanotube was actually better than expected based on its
diameter. In one case (shown in Figure 6 of reference 11) , which forms the basis for the
computational work presented here, we found that the lateral resolution from a 5.5 nm
diameter SWNT probe was 1.2 nm, just 22% of the probe diameter. Here and in previous
investigations we define the lateral resolution of a SWNT probe as the difference
between the measured height of a sample, which can be determined to high precision

with AFM, and the measured diameter (full width at the noise-floor), as outlined in
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Figure 1. In an ideal case, the limiting resolution equals the diameter of the probe. This
simplified model, in which the probe and sample are considered to be incompressible

objects, has commonly been used to describe AFM resolution.>**

However, simple
geometrical arguments alone cannot explain the sub-diameter resolution we reported.
The potential for SWNT AFM probes to be used as common research tools requires a

more thorough understanding of how the physical, chemical, and mechanical properties

of SWNT probes affect image resolution.

v

Path of
probe tip

Measurey

Figure 1: Schematic illustration of the relationship between probe diameter and lateral
resolution. The left panel shows a model for a SWNT probe imaging a prone nanotube
on a flat surface. The right panel shows the resulting cross sectional profile, from which
the width and height of the imaged nanotube are measured. In this simple geometric
model, the full width is equal to the sum of the diameters of the probe and sample

nanotubes.

To this end, we present here a quantitative atomistic molecular dynamics investigation

of SWNT AFM probe behavior in the context of tapping-mode topographic imaging.
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The dimensions of the probes and samples are on the order of 1-50 nm, placing them
within the range of atomistic simulations. To elucidate the actual tip-sample interactions
that give rise to the observed phenomena, we have used TEM - AFM correlation data'* to
construct realistic molecular models of an open-ended SWNT probe interacting with a
prone SWNT sample on a flat hydroxyl-terminated silicon surface. These models were
used to generate accurate potential curves at different positions of the probe relative to
the sample. Integration of the resulting forces into the equation of motion for an
oscillating cantilever yielded simulated topographic cross-section profiles that
corroborate the experimental results. These simulations indicate that under the AFM
conditions employed, both probe bending and localized deformations of the probe and
sample SWNTs strongly influence the topographic profile measured with AFM. The
reversible elastic nature of these deformations is demonstrated both experimentally and

in simulations.

2. Methods

Fabrication, characterization, and imaging with SWNT AFM probes has been
described previously.™ The effective lateral resolution of each probe was obtained by
imaging, under ambient conditions in air, a carbon nanotube lying prone on a flat native-
oxide silicon surface. To acquire accurate sample height and width measurements using
amplitude-modulated AFM it was necessary to first carefully calibrate the response of the
system over a wide range of operational parameters, most importantly the oscillation
amplitude of the SWNT probe. For example, to understand the effects that vertical

compression of a sample nanotube by the AFM probe had on the lateral resolution,
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repeated measurements of the sample nanotube height as a function of probe oscillation
amplitude were performed for both conventional silicon and SWNT AFM tips. In all
cases, the driving amplitudes employed were kept below the limit corresponding to a
10% reduction in the apparent height of the sample nanotube due to compression. In
addition, we measured force calibration curves, which consist of scans of the damped
oscillation amplitude as a function of the average tip-sample separation for a given
cantilever driving force. The force calibration curves revealed the presence of coexisting

attractive and repulsive tip-sample interaction regimes.*>**

Bistable switching of the
cantilever oscillation between the two regimes manifests itself as sudden changes in the
observed sample height and width." In general, we avoided these amplitude instabilities
and the concomitant experimental artifacts by operating the AFM cantilever with a
driving force sufficient to give a free-air oscillation amplitude greater than 20 nm.
Consequently, all AFM data presented here can be considered in the repulsive regime or
“intermittent contact” mode.

The simulation of the AFM tip motion was carried out by integrating the equation of

motion for a damped harmonic oscillator at each AFM scan point on the sample using the

experimental parameter values contained in Table 1:

2
m d°z(Z,,t) _
dt?

w, dz(Z,1)

-kz(Z .,t)-m
(Z..1) ot

+ F () + F, cos(at), 1)

where z(Z.,t) is the instantaneous tip position with respect to its average position (Z;), k is

the harmonic force constant for the displacement of the tip with respect to its equilibrium
rest position, m is the effective mass, w, =+k/m is the free resonant frequency, Q is

the quality factor, zs is the instantaneous tip position with respect to the sample, Fig(zts)
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is the calculated tip-sample interaction force, and Fycos(wt) is the oscillating driving

force applied to the cantilever.

Table 1: Tapping-mode AFM parameters used for numerical simulations.

Cantilever spring constant k=4.8 N/m
Cantilever quality factor Q=150
Cantilever resonant frequency w/2n= 47.48 kHz
Free air oscillation amplitude A, =39 nm
Amplitude set-point Asp=15.4nm
Excitation force Fo=1.25nN

The use of this equation to describe tip motion approximates the SWNT tip-cantilever
ensemble as a point-mass harmonic oscillator. Nevertheless, this model has been used
extensively for numerical treatment of tapping-mode AFM with conventional
probes.**017"2% Although the actual dynamics of the oscillating cantilever in the presence
of the probe-sample interactions are nonlinear, the validity of the harmonic
approximation for modeling conventional tapping mode AFM imaging in air has been
demonstrated with both theory and experiment for the range of parameters used here. We
tested the validity of this approximation for the case where an individual SWNT is
attached to the end of the silicon AFM tip by plotting the cantilever trajectory as a
function of time from Equation (1) and found that over 99% of the excitation energy

resides in the fundamental frequency.
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Prior to integrating Equation (1) we obtained the required tip-sample interaction forces
using atomistic models, as explained in detail below. All molecular dynamics (MD)
simulations were carried out using Cerius2 molecular simulations software (Accelrys,
San Diego, CA). The MD force field parameters were optimized by fitting the material
bulk and surface properties such as elasticity moduli, vibrational frequencies, and surface
geometry both to experimental data and to rigorous quantum mechanics calculations on
clusters representative of the silicon and graphene systems under study. Equation (1) was
integrated using the Verlet algorithm to fourth-order accuracy for the tip position and
second-order accuracy for the tip velocity.™

Realistic atomistic models were constructed for the SWNT probe used for tapping
mode AFM imaging. Every effort was made to match the model structures and
simulation conditions as closely as possible to corresponding experimental values,
including the nanotube probe diameter, length, angle relative to the substrate normal, and
the fine structure at the probe end. All silicon surfaces were (100) and were terminated
with hydroxyl groups. The probe was a (40,40)*° armchair SWNT (5.4 nm diameter, 45
nm length, with 5 nm of fixed atoms at one end of the probe to simulate its attachment
site at the AFM tip) constructed from approximately 25,000 carbon atoms. The sample
was a (16,16) armchair SWNT (2.2 nm diameter, 10 nm length) constructed from
approximately 2600 carbon atoms. The sample SWNT was kept fixed at both ends during
the calculations to simulate a very long nanotube, which is unlikely to displace laterally
during AFM tapping. Similar models were generated for a conventional silicon tip
interacting with the sample nanotube. Several of these models are shown in Figure 2.

The tip-sample interaction potentials were constructed by vertically approaching the

sample with the probe nanotube at 0.05 nm intervals, at each point optimizing the system
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geometry by minimization of the potential energy (additional calculations performed at
300 K showed that the potentials did not significantly change with inclusion of thermal
vibrations at room temperature. See supporting information). The gradient of this
energy-position function with respect to the vertical tip position is the tip-sample
interaction force.

In order to reduce the computational cost of the molecular simulations, each model of a
nanotube on the surface included only a small section of the silicon surface, sufficient to
obtain an accurate description of the SWNT probe interactions with the sample. This
does not give an accurate description of the interaction of the tip with the silicon surface
for the cases in which the SWNT tip deforms and slips against one side of the sample
nanotube and makes contact with the underlying substrate. To correct this, another model
was constructed without a sample nanotube on the substrate to obtain the interaction
forces between the tip and the bare silicon surface. The deformation of the tip was
considered in all cases when calculating the relative position of the surface and the end of
the tip for each scan point.

This procedure provides a discrete set of points, and so regression analysis with simple
functional forms (e.g., polynomials or functions of the form 1/r") was performed in order
to obtain continuous force-position curves, which can be programmed easily into the
AFM dynamics integration code. The forces for a given vertical position of the tip may
have different values, depending on whether the tip has slipped relative to the sample
SWNT. This was accounted for during the construction of the force-position curves and

incorporated into the integration of the cantilever equation of motion.
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Figure 2: Hllustration of the models used to construct the tip-sample interaction profile.
The models were constructed based on experimental TEM and AFM data. The final tip

position during the AFM scan is shown for four of these points. The corresponding force

curves are shown in Figure 3.

3. Results and Discussion

A series of eleven curves showing probe-sample force versus height were generated at
evenly-spaced points along the line perpendicular to the axis of the sample nanotube
The separation between adjacent points was 1 nm. Figure 2 shows the location of the

eleven scan points relative to the sample nanotube, and four of the corresponding tip-
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sample force curves are shown in Figure 3 (all 11 energy-position curves, from which
these force curves were obtained by differentiation, are provided in the supporting
information). The abscissa on all graphs in Figure 3 corresponds to the distance between
the lowest atom on the SWNT tip and the highest atom of the Si(100)-OH surface.
Negative values on this axis correspond to elastic deformations in nanotube and surface
geometry, including local deformation of the probe as well as slight deformation of the

Si-OH surface.
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Figure 3: Tip-sample force curves calculated for four of the eleven scan points shown
in Figure 2. The abscissa on all graphs corresponds to the distance between the lowest
atom on the SWNT tip and the highest atom of the Si(100)-OH surface. The small blue
circle in each plot indicates the lowest position that the probe tip reached during the

subsequent AFM imaging simulation.
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Each of the eleven probe-sample force curves generated along the scan line was then
inserted into Equation (1) and integrated for the average tip positions relative to the
substrate (Z.) ranging from 50 to zero nm using actual imaging parameter values'. For
each scan point and tip position, Equation (1) was integrated numerically for 0.02
seconds with a 0.1 ns integration step (to fourth order accuracy with respect to the time
step-size) to determine the oscillation amplitude of the cantilever as a function of its
vertical position (the initial tip position was set equal to its equilibrium position, i.e.,
z(Z.,0) = 0, and the initial velocity was set to zero in all cases). This numerical procedure
is analogous to acquiring a “force calibration curve” for each scan point in Figure 2.

The result of these calculations was a curve showing the cantilever equilibrium
oscillation amplitude as a function of the average vertical position of the tip for each
point along the scan direction. Two of these curves are shown as insets in Figure 5. The
simulated cross-section trace in Figure 5 was then constructed by plotting the locus of tip
position values, which maintained the oscillation amplitude at the set-point value of 15.4
nm. Note that the average tip-sample separation for each scan point is given relative to
the bare silicon oxide substrate.

The construction of tip-sample interaction force curves through molecular simulations
of large finite systems underestimates the long-range attractive forces present in the
system. This is because the calculation of non-bonded interaction energies between pairs
of atoms is generally limited to a cutoff radius on the order of 1 nm or less to reduce the
cost of the computation (the number of non-bonded interactions, which scales with the
square of the number of atoms in the simulation, can account for over 90% of the
computation costs of a typical system). Underestimating the long-range attractive forces,

and hence the region of positive force gradient, can alter the predicted regions of



12
amplitude bistability.** However, at the free oscillation amplitude employed here, Aq= 39
nm, the average force will be determined almost exclusively by the repulsive part of the

I,16 and thus the underestimation of the attractive

tip-sample interaction potentia
contribution will have negligible influence on the simulated topographic profile.

Under ambient conditions, a thin film of water is adsorbed on hydrophilic surfaces such
as Si0O,. The formation of a meniscus, or liquid bridge between the surface and the probe,
will result in an additional attractive capillary force that depends on probe-sample
distance.?* We did not include the effects of adsorbed water in our model. We do not
expect that inclusion of these effects will significantly change the nanoscopic interactions
between the probe and sample nanotubes predicted by the simulations. Future work will
address this issue.

Simple models of AFM resolution assume that the probe is a rigid, incompressible
cylinder with a flat or hemispherical end. In practice this is not the case. High
magnification TEM images show that the ends of the probe nanotubes are generally open
due to ablation from an electrical etching procedure used to shorten the nanotube probes
to useful lengths.>* Purely geometric arguments suggest that an open-ended tube with
protruding asperities could, for extremely low-relief samples, provide resolution
comparable to the asperity diameter rather than the full diameter of the probe, in direct
analogy to results published using silicon probes.”” However, probe asperities are
unlikely to be important when imaging a sample nanotube that has a diameter (height
above the surface) comparable to that of the probe.

The Young’s modulus of SWNTs is approximately 1.25 TPa along the tube axis.?
Because of this very high stiffness only a small amount of longitudinal compression of

the tube occurs during AFM imaging. However, Snow and coworkers have shown that
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SWNT probes are susceptible to bending due to their high aspect ratio if not oriented
vertically relative to a surface.’” This bending can be minimized by shortening the
nanotube probe so that it protrudes less than 100 nm beyond the supporting silicon tip.

While SWNTs have exceptional longitudinal stiffness, radially they are far more
compliant,®* a characteristic which permits localized deformation of the nanotube walls
in addition to large-scale bending along the tube axis. The susceptibility of nanotubes to
radial deformation is predicated upon two competing effects: the energy cost associated
with strain of the nanotube as it is deformed from its equilibrium cylindrical geometry
and the stabilization that a compressed nanotube gains due to increased interlayer van der
Waals attractions. These two competing effects scale in opposite directions with
increased nanotube diameter, such that larger SWNTSs are easier to deform radially than
smaller diameter tubes.”® We have previously observed that SWNTSs attached to silicon
AFM tips via the pick-up method tend to be 4-6 nm, which is larger than the tubes
observed lying prone upon the pick-up substrate (1-3 nm).** We postulated that the
increase in net binding energy with larger diameter nanotubes stems from the interplay
between van der Waals forces and the geometric stiffness of a nanotube. The resulting
radial “softness” of these larger nanotubes not only increases the energy with which they
bind to a silicon probe during pick-up, but also has significant implications when they are
subsequently used for AFM imaging.

Our molecular dynamics simulations show lateral slipping of the probe nanotube
relative to the sample nanotube due to both bending along the length of the probe and
localized radial deformation of the probe and sample at the point of contact (illustrated in
Figure 4 and the supporting information). This behavior is a function of the structures

and relative orientations of the probe and sample nanotubes, the applied tip-sample force,
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and the position (in the x-y plane) of the probe nanotube relative to the sample nanotube.
The smaller the x-y distance between the center of the probe tube and the axis of the
sample tube, the larger the force required to deform the nanotubes and cause them to slip
past one another. That is, when the probe presses on the edge of the sample nanotube, a
smaller amount of force is required to cause it to slip laterally than when it presses on the
crown of the sample nanotube. The simulations show this deformation behavior to be
completely reversible and elastic (images illustrating reversibility are provided in the
supporting information). Experimentally, the elasticity is demonstrated by the fact that
we have not observed the topographic cross sections to change significantly during
imaging at a given amplitude set-point, and the TEM images taken of each probe
subsequent to AFM imaging show no alterations of the nanotube structure, such as kinks

or buckles.

Figure 4: Illustration of the slipping phenomenon of the SWNT probe past the SWNT
sample for scan point 3. Both bending along the length of the probe and local
deformation contribute to slipping. The picture shows that the simulated probe is more

susceptible to deformation, although the sample nanotube does deform slightly. This is
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due to the larger diameter of the probe (5.4 vs. 2.2 nm), which decreases its radial

rigidity.

This lateral slipping and deformation of the probe nanotube explains the observation of
sub-probe-diameter effective resolution. In amplitude-feedback tapping mode AFM,
modulation of the cantilever oscillation amplitude depends on the average strength of the
tip-sample forces.®® The AFM controller adjusts the extension of the z-piezoelectric
element in order to hold the amplitude of the cantilever oscillation at the fixed value
designated by the amplitude set-point (an independent variable set by the user). The
resulting z-piezo voltage corrections are converted to units of length and output as the
topographic height data. If the probe and sample deform negligibly under the associated
tapping forces, the sample height can be measured accurately to within the precision of
the piezoelectric element, typically < 1A. However, if either material is significantly
deformable, the resultant z-piezo data represents a more complex convolution of probe
and sample structure.

The simulations conducted here indicate that when the probe SWNT is tapping on an
edge of the sample SWNT, the subsequent repulsive forces deform both nanotubes
sufficiently to allow them to slip past one another without significantly influencing the
cantilever oscillation amplitude. In fact, when the very edges of the probe and sample
tubes come into contact, the net tip-sample force is actually attractive rather than
repulsive due to the large area of favorable contact between the graphitic surfaces. This
is illustrated in the force curves for scan points 2 and 10 by the fact that the net force is
negative between the two local minima, corresponding to the region in which the probe
and the sample are slipping past one another. Once lateral slipping takes place, the

resulting tip-sample interaction is dominated by the repulsive forces between the probe
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SWNT and the Si/SiO, surface. Thus, for that particular x-y position, the AFM
controller does not “see” the sample nanotube. Only when the probe SWNT is positioned
closer to the crown of the prone sample SWNT are the interaction forces between the
probe and sample nanotubes high enough to cause sufficient damping of the cantilever
oscillation amplitude. At scan point 7, which corresponds to the probe tapping on the
crown of the sample nanotube, no slipping can take place under the imaging conditions
given in Table 1 because the maximum tip-sample repulsive force does not exceed the
necessary threshold: ~30 nN. Here, the cantilever amplitude is damped by the sample
nanotube, and the AFM records the interaction. The net result is that the topographic
data indicates an apparent nanotube width which is smaller than the sum of the probe and
sample SWNT diameters.

A quantitative representation of this phenomenon is illustrated in Figure 5. The lower
half of the Figure shows the effective cross section of a sample nanotube calculated from
the MD and AFM dynamics simulations, obtained when using a SWNT probe under the
repulsive tapping conditions given in Table 1. This scan shows two important features
that are also observed experimentally. First, the apparent probe resolution for this
simulation is 2.0 nm, 37% of the probe diameter. Additionally, the simulated cross
section is asymmetric, which is a direct consequence of the specific SWNT probe
geometry, particularly the tilt-angle, that favors probe-sample slipping more on one side

of the sample than on the other.
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Figure 5: Schematic depiction of the construction of an AFM scan from molecular and
AFM dynamics simulations. The two inset amplitude-distance curves illustrate how the
measured height is obtained for each scan point at an amplitude set-point of 15.4 nm.
The resulting AFM cross sectional height is given relative to the average tip separation
from the bare SiO, surface. The horizontal axis corresponds to the scan points shown in
Figure 2. For comparison, the cross section from experimental data has been overlaid on
the same scale with its center point arbitrarily positioned to match up with the center of

the simulated cross section.

In contrast, MD simulations have shown that a conventional silicon probe does not slip
under the same imaging conditions. This is because the rigidity of the silicon probe
requires higher forces to induce deformation, while the larger radius of curvature of the
probe tip actually generates smaller lateral forces compared to a SWNT probe. The

different behavior is also due to the chemical properties of crystalline silicon, which

strongly influence the surface-surface interactions with the SWNT sample, as well as the
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attractive van der Waals forces between the larger silicon tip and the silicon surface.
These two parameters in particular, probe compressibility and adhesion forces, are
transformed in a highly nonlinear way by the response of the oscillating tip.?” Thus,
SWNT probes perform in a fundamentally different manner than silicon probes, not
merely when imaging prone carbon nanotubes, but for a variety of samples.

We have also simulated a smaller diameter SWNT probe since previous reports have
described nanotube probes in the 1-3 nm diameter range.»**” Smaller diameter nanotube
probes should be far less susceptible to localized radial deformation due to their
increased geometric stiffness against compression (as seen with the sample nanotube,
Figure 4). However, the bending mode along the length of a thinner probe should actually
be softer since the flexural rigidity scales as r*.*® The probe was a (16,16) armchair
SWNT (2.2 nm diameter, 20 nm length) which had approximately the same aspect ratio
as the larger 5.4 nm probe used in this study. As before, the probe nanotube was oriented
at 15° relative to the surface normal, and the sample nanotube was 2.2 nm in diameter
and 10 nm in length. Images from the simulation are incorporated in the supporting
information and show that slipping also occurs for the thinner probe when tapping on the
edge of the sample nanotube. For this probe, the slipping is almost entirely due to
bending and not to local deformation. The corresponding tip-sample force curve indicates
that the force opposing the slipping motion of the probe was negligible.

Dekker and coworkers have reported previously that as a function of driving amplitude
in tapping mode imaging, a conventional silicon AFM probe can vertically compress a
1.4 nm single-wall nanotube lying on a flat surface, resulting in a decreased apparent
height.®®  This experimental observation is consistent with previously reported

experimental measurements and molecular dynamics simulations, which described radial
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deformation of 1-3 nm single-wall carbon nanotubes by both van der Waals forces and
external static loads.®*3* Here we show that in tapping-mode AFM, the associated forces
deform the probe nanotube in addition to the sample, strongly influencing the
subsequently measured effective lateral resolution.

Our molecular dynamics simulations confirm that some vertical compression of a prone
sample nanotube occurs under standard tapping-mode AFM conditions for both
conventional silicon AFM probes and SWNT probes. However, the simulations predict
that this effect is, at most, 10% of the sample tube diameter for 1-3 nm SWNTs and
occurs primarily when the probe nanotube is tapping on the crown of the sample
nanotube (see for example, point 7 in Figure 2). This corresponds well with our
experimental calibration of sample tube compression under the tapping mode operating
parameters employed. The increase in lateral resolution, on the other hand, is due to the
highly localized deformation and bending of the probe nanotube along the edges of the

sample nanotube and is therefore not affected significantly by vertical compression.

4. Conclusions

By correlating experimental data with atomistic molecular dynamics simulations, we
have characterized how the unique properties of SWNT AFM probes can strongly
influence topographic imaging fidelity. Probe bending and mutual local deformation of
both the probe and sample nanotubes under typical tapping-mode AFM forces can result
in a reduction of the measured width of the sample tube and, consequently, an ostensive
improvement of the lateral resolution to the extent that the resolution can appear to be

better than expected from the measured diameter of the nanotube probe. We are
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interested in determining whether a similar increase of apparent resolution is observed
when imaging less compliant samples, such as metallic or semiconducting nanoparticles.

Given the interest in nanoscale physical and biological phenomena, SWNT probes are
likely to evolve into a more common research tool. A complete understanding of probe
behavior in the context of atomic force microscopy is therefore critical. It is important to
note that the lateral resolution reported here is an apparent value, arising from the
simplified definition set forth in the introduction, and was studied for the specific case of
4-6 nm diameter SWNT probes imaging 2-3 nm diameter SWNTs adsorbed on a flat
surface. In practice, the resolving power of an AFM probe is dependent upon the
experimental context. It is of particular importance to determine whether the observed
deformation phenomenon results in a net gain or loss of structural information when
SWNT probes are used to image soft nanoscale samples such as biological
macromolecules. The improvement in the apparent resolution due to radial deformation
of the probe nanotube in this study was a consequence of the relatively high driving
forces applied to the AFM cantilever. Tapping mode AFM imaging performed in this
repulsive regime with conventional probes has been shown to damage biomolecules.** In
addition, resolution less than the probe diameter could complicate interpreting AFM
images quantitatively.

The combination of probe structure determination, characterization of imaging
resolution, and simulated dynamic behavior described here has highlighted practical
differences between carbon nanotube probes and conventional silicon probes. This work
also underscores the usefulness of atomistic simulations in describing the dynamic

nanoscale interactions involved in scanning probe microscopy.
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SUPPORTING INFORMATION

1. Tables of force field parameters:

TABLE S-1: Force Field Energy Expression

Total Energy E = Ebond stretch T Eangle bend + Etorsion + Estretch-bend-stretch +
Estretch-stretch + Evan der Waals *

Bond Stretch Energy _1 K (R-R )
- 2 b 0

Type Harmonic

Bond Stretch Energy

E=D, (e "™ -1)*> where a= K,
Type Morse 2D,
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Angle Bend Energy 1 )
Theta Harmonic E= 2 Ko(6-06,)

Angle Bend Energy E- 1

_ 2
Cosine Harmonic 25in%8 K, (Coséd - Cosé,)

Torsion Ener 1
Dinedral E =2 Ki1~dCos(ng)]

Stretch-Bend-Stretch Energy E = (Cosé - Cos,)[C; (Rij - Rij,) + C; (Rjk = Rjk,)]
R-Cosine

Stretch-Stretch Energy E = K (Rij - Rij,)(Rjk — Rjk,)
R-R

Van der Waals Energy YR
Morse E=D,(x*-2x) where y=e? R

Van der Waals Energy

—_ Ro 12 _ Ro 6
Lennard-Jones 6-12 E=D, ((E) 2(3) )

* The present study did not consider charged samples or probes; hence the energy
expression does not include electrostatic energy terms.

TABLE S-2: Force Field Atom Types

H_ Non-acid hydrogen

H A Acid hydrogen

C3 SP° carbon

C 2G SP graphite carbon

0_3 SP* oxygen

Si0 Bulk silicon

SiS Surface silicon

SiOH Surface silicon connected to OH group
SiH Surface silicon connected to H_




TABLE S-3: Harmonic Bond Stretch Parameters
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Atom 1 Atom 2 Kb Ro
SiOH 0.3 700.0000 1.5870
0_3 H__ A 500.0000 1.0000
C3 H_ 662.6080 1.1094
C3 C3 699.5920 1.5140
C_2G H_ 700.0000 1.0200
C_2G C.3 739.8881 1.4860

H_ H_ 700.0000 0.7500

TABLE S-4: Morse Bond Stretch Parameters

Atom 1 Atom 2 Kb Ro Do
SiOH H_ 382.3870 1.4830 92.6000
SiH H_ 382.3870 1.4830 92.6000
Si0 Si0 193.0936 2.3810 73.7000
SiOH Si0 193.0936 2.3810 73.7000
SiH Si0 240.0660 2.3810 73.7000
SiOH SiOH 193.0936 2.3810 73.7000
SiH SiH 193.0936 2.3810 73.7000
C_2G C_2G 720.0000 1.4114 133.0000
SiS Si0 193.0936 2.3810 73.7000
SiS SiS 193.0936 2.3810 73.7000




TABLE S-5: Angle Bend Parameters
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Atom1l | Atom2 Atom 3 Type K, o,
C 2G C 2G C 2G Cosine harmonic 196.1300 | 120.0000
C 2G C 2G C3 Cosine harmonic 196.1300 | 120.0000
C3 C 2G C3 Cosine harmonic 188.4421 | 120.0000
C 2G C3 C 2G Cosine harmonic 220.2246 | 109.4710
C3 C3 C3 Cosine harmonic 214.2065 | 109.4710
C3 C 2G H_ Cosine harmonic 98.7841 120.0000
Si0 SiH H_ Cosine harmonic 42.2500 115.1400
Si0 Si0 Si0 Cosine harmonic 31.2682 105.0467
C3 C3 H_ Cosine harmonic 117.2321 | 109.4710
C 2G C3 H_ Cosine harmonic 121.6821 | 109.4710
C 2G C3 C3 Cosine harmonic 220.2246 | 109.4710
C 2G C 2G H_ Cosine harmonic 103.1658 | 120.0000
Any 0.3 Any Theta harmonic 100.0000 | 104.5100
H_ SiOH H_ Cosine harmonic 58.2560 110.9530
Si0 SiOH 03 Cosine harmonic 102.7429 | 109.4710
SiOH SiOH Sio Cosine harmonic 31.2682 105.0467
SiOH Si0 Si0 Cosine harmonic 31.2682 105.0467
SiOH Si0 SiOH Cosine harmonic 31.2682 105.0467
SiH SiH Si0 Cosine harmonic 31.2682 105.0467
Si0 SiH Si0 Cosine harmonic 31.2682 105.0467
SiH Si0 SiH Cosine harmonic 31.2682 105.0467
SiS Si0 Si0 Cosine harmonic 31.2682 105.0467
SiS Si0 SiS Cosine harmonic 31.2682 105.0467
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Si0 SiOH Si0 Cosine harmonic 31.2682 105.0467
SiOH SiOH 03 Cosine harmonic 102.7429 | 109.4710
SiH SiH H_ Cosine harmonic 42.2500 115.1400
Si0 SiS Si0 Cosine harmonic 31.2682 105.0467
SiS SiS Si0 Cosine harmonic 31.2682 105.0467
03 SiOH H_ Cosine harmonic 57.6239 109.4710
TABLE S-6: Torsion Parameters
Atom 1 Atom 2 Atom 3 Atom 4 Kt Nt d;

C 2G C 2G C 2G C 2G 85.1200 2.0000 1.0000
Any C 2G C 2G Any 100.0000 2.0000 1.0000
Any C 2G C3 Any 2.0000 3.0000 -1.0000
Any C3 C3 Any 2.0000 3.0000 -1.0000
Any SiOH 0_3 Any 2.0000 3.0000 -1.0000

TABLE S-7: Stretch-Bend-Stretch Parameters
Atom1 | Atom2 [ Atom 3 Rij Rjk 9, Cij Cik
Si0 Si0 Si0 2.3810 2.3810 | 109.4712 | -14.8184 | -14.8184
TABLE S-8: Stretch-Stretch Parameters
Atom 1 Atom 2 Atom 3 Kss Rijo Rjko
Si0 Si0 Si0 3.6001 2.3810 2.3810
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TABLE S-9: van der Waals Parameters
Atom 1 Atom 2 Type Do Ro y
H_ H_ Morse 0.018145 3.56979 10.70940
H A H A LJ 6-12 0.000099 3.19499 N/A
C.3 C.3 LJ 6-12 0.146699 3.98300 N/A
C_2G C_2G Morse 0.098999 3.993999 10.96300
0_3 0_3 LJ 6-12 0.095700 3.404599 N/A
Si0 Si0 LJ 6-12 0.310000 4.269999 N/A
SiS SiS LJ 6-12 0.310000 4.269999 N/A
SiOH SiOH LJ 6-12 0.310000 4.269999 N/A
SiH SiH LJ 6-12 0.310000 4.269999 N/A
C 2G H_ Morse 0.034710 3.744610 12.25614
SiOH C 2G LJ6-12 0.175186 4.132000 N/A
Si0 C 2G LJ6-12 0.175186 4.132000 N/A
SiH C 2G LJ6-12 0.175186 4.132000 N/A
SiS C 2G LJ6-12 0.175186 4.132000 N/A
0_3 C_2G LJ 6-12 0.097336 3.699299 N/A

The original parameters used to create these force fields were developed in the

Materials and Process Simulation Center (California Institute of Technology).

33,34,35

Additional parameters were added to study mixed systems (containing silicon, graphitic

systems, oxygen, and hydrogen) by applying arithmetic and/or geometric combination

rules to existing parameters, by quantum mechanics calculations conducted by Weigiao

Deng, Richard Muller, and William A. Goddard Il or by using generic terms from the

Dreiding Force Field.®




2. Energy-position and force-position curves from MD simulations:
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Figure S-1: Energy-distance and force-distance profiles generated for various probe

positions, corresponding to the scan points in Figure 2 of the manuscript.

3. Effect of thermal vibrations

The tip-sample potentials and the corresponding force curves were constructed at zero

kelvin to minimize the cost of the simulations. However, thermal vibration calculations

at 300 K show that the potentials would not be significantly different at room

temperature. The additional thermal energy would have the effect of lowering the energy

barriers that the system needs to overcome in order for the probe to slip off the sample.

This is only relevant for scan points 6, 7, and 8 for which the probe did not slip at the tip-

sample forces present during tapping mode imaging. Only at much higher forces (~30
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nN) did the probe “snap” off the sample nanotube at these points. The force and energy
curves presented here show that the energy requirement to cause these points to snap is
the same as that required to longitudinally compress the probe by one full nm, which is
much greater than the available thermal energy. Our calculations show that the
maximum horizontal displacement of any atom on the tip of the probe at 300 K is below
0.095 nm (less than 1.8% of the probe width), which would not significantly change the
relative position of probe and sample. The amplitude of the vertical vibrations is less

than 0.055 nm.

4. Characterization of SWNT deformation modes

Figure S-2: Degree of probe bending shown for two
extreme cases: scan point 2, the point on the scan
where the 5.4 nm diameter probe nanotube first
comes into contact with the sample nanotube, and
scan point 5, the last point for which slipping
occurred during the imaging simulation. The local
deformation of the tip is also shown in the bottom
pictures (the probe images have been rotated from
their original tilted position to illustrate the amount of

bending that they undergo). The images show that

SCALEOMES ScanPomtS  poth pending and local deformation contributes

significantly to the reduction in the probe’s effective resolution for this SWNT diameter.



31

5. Slipping of smaller SWNT probes: 2.2 nm diameter, 20 nm in length

&&u

Figure S-3: The images from the simulation with the 2.2 nm diameter probe show that
slipping also occurs for smaller probes, although it is primarily due to bending and not to
local deformation due to the higher radial stiffness for the thinner SWNT probes. In
order to slip, the probe needed to displace laterally a distance of approximately 0.5 nm

(22% of the sample diameter).
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Figure S-4: Force curve for the 2.2 nm SNWT probe.
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The dashed circle shows the

region where slipping occurs. As the graph shows, there is no significant force opposing

the snapping motion of the probe. The negative peak in the force is due to snap-to-

contact as the probe first approaches the sample.
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6. lllustration of reversibility in SWNT probe-sample interaction

XIS ELLEL

ot LT

Figure S-5:  Sequential images illustrating the reversible elastic nature of the
deformation phenomenon. The top image on the left corresponds to the SWNT tip and
sample before contact for scan point 6. The second image corresponds to the tip
compressing the SWNT with a force of 33 nN (approximately twice the maximum tip-
sample force observed during imaging). Images 3-6 correspond to intermediate geometry

relaxation steps of the probe and sample after the probe has retracted. Note that the time
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required for geometry relaxation is on the order of 20 ps, one order of magnitude smaller
than the integration time step used for AFM dynamics simulations (0.1 ns). This
guarantees that the probe and sample are able to relax before the tip impacts the sample a

second time.
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Chapter 2: Mechanisms of Single-Walled Carbon Nanotube Probe-

Sample Multistability in Tapping Mode AFM Imaging”

ABSTRACT. When using single-walled carbon nanotube (SWNT) probes to create
AFM images of SWNT samples in tapping mode, elastic deformations of the probe and
sample result in a decrease in the apparent width of the sample. Here we show that there
are two major mechanisms for this effect, smooth gliding and snapping, and compare
their dynamics to the case when a conventional silicon tip is used to image a bare silicon
surface. Using atomistic and continuum simulations, we analyze in detail the shape of
the tip-sample interaction potential for three model cases and show that in the absence of
adhesion and friction forces, more than two discrete, physically meaningful solutions of
the oscillation amplitude are possible when snapping occurs (in contrast to the existence
of one attractive and one repulsive solution for conventional silicon AFM tips). We
present experimental results indicating that a continuum of amplitude solutions is
possible when using SWNT tips and explain this phenomenon with dynamic simulations
that explicitly include tip-sample adhesion and friction forces. We also provide

simulation results of SWNT tips imaging Si(111)-CHj; surface step edges and Au

“ Reproduced with permission from Solares, S.D.; Esplandiu, M.J.; Goddard, W.A. I1I; and Collier, C.P.; J.
Phys. Chem. B 2005, 109, 11493. Copyright 2005, American Chemical Society.
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nanocrystals, which indicate that SWNT probe multistability may be a general

phenomenon not limited to SWNT samples.

1. Introduction

Carbon nanotubes have been used successfully as AFM tips to image a variety of
samples, including surfaces, biomolecules, and other types of nanoscale samples in both
contact and non-contact mode. *"°*° These scanning probes have shown significant
potential for numerous applications due to their robustness, flexibility, small dimensions,
and chemical stability, which can lead to reduced sample damage and finer resolution
imaging than can be obtained with conventional silicon tips. 2*%*° SWNTs are of
particular interest due to their macromolecular-scale dimensions.

Theoretical and experimental studies of AFM tapping-mode imaging have shown that
this process is subject to bistability, i.e., it is possible to obtain two solutions of the AFM
cantilever oscillation amplitude for a given set of imaging parameters. It has also been
shown that there are cases where more than two solutions are mathematically possible but
for which only two of them are physically meaningful. ** Since the AFM imaging
process in tapping mode depends on the oscillation amplitude of the cantilever, good
images require that the regions where bistability occurs be avoided. Often there is no
systematic procedure to do this, and AFM operators have to rely on their intuition and
previous experience.

It is known that the two solutions of the oscillation amplitude of the cantilever occur

depending on whether the average gradient of the tip-sample interaction force is positive
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or negative. 2

In general, a typical tip-sample interaction potential contains a long-
range attractive region and a short-range repulsive region, as do the well-known Morse
and Lennard-Jones potentials, for example. The gradient of the tip-sample interaction
force (negative of the second derivative of the potential with respect to the tip position) is
positive in most of the attractive region and is negative in most of the repulsive region.
If the region of positive force gradient dominates the tip-sample interaction for a given
set of imaging parameters (attractive regime) the resulting phase shift of the AFM tip
oscillation relative to the excitation force will be greater than 90°, and if the region of
negative force gradient dominates (repulsive regime) the phase shift will be below 90°.
1112 Note that throughout this paper we use the terms “phase” and “phase shift”
interchangeably.

This study uses a previously reported simulation methodology (Chapter 1) based on
molecular dynamics (MD) and classical AFM dynamics (AFMD)™ to show that the tip-
sample interaction between SWNT AFM tips and samples does not always correspond to
a simple potential like the one described above and that the interaction between the tip
and the sample can give rise to potentials of different shapes, which may give more than
two physically meaningful solutions for the oscillation amplitude during tapping-mode
AFM imaging. We also show that if tip-sample adhesion and friction forces are
significant, it is possible to obtain a continuum of amplitude solutions, all of which are
physically meaningful. In such cases it is more appropriate to speak of imaging

multistability rather than bistability (we note that this type of effective multistability due

to the combination of sample and substrate interaction potentials with non-conservative
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forces is different than the one described in references 11 and 12, where a single
interaction potential gives rise to two different oscillation states).

Specifically, we analyze the tip-sample interaction potential of a SWNT AFM tip
imaging a prone SWNT on a flat substrate. We have previously reported that for these
systems it is possible to obtain a measured sample width that is smaller than the true
sample width due to the elastic deformation of the tip and sample, which slide past one
another. Here we show that this sliding phenomenon can occur in two different modes,
one where the tip and sample glide smoothly past one another, and a second mode in
which the tip initially compresses the sample and then snaps off, involving a sudden
lateral “jump” to the side of the sample. In the absence of tip-sample adhesion and
friction forces, the first mode gives rise to two amplitude solutions (as is typical with
conventional silicon tips), and the second mode gives rise to four solutions due to the
existence of two regions where the gradient of the tip-sample interaction force is positive
and two regions where it is negative. In the presence of tip-sample adhesion and friction
forces, these sliding phenomena can give rise to a continuum of amplitude solutions
which exhibit smooth, continuous transitions between the attractive and repulsive
regimes, in contrast to the discontinuities observed when using conventional silicon tips.

Finally, we describe theoretical simulations of Si(111)-CHj3 surface step edges and Au
nanocrystals, which show that SWNT probe multistability is a general phenomenon that
can occur for a wide variety of samples, whenever snapping of the nanotube probe takes

place.
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2. Methods

2.1 Experimental

The fabrication, characterization and imaging process employed using SWNT tips has
been previously described. ® A Digital Instruments® (Santa Barbara, CA) Multimode
atomic force microscope with a Nanoscope 1V controller was used for this work. As-
grown SWNTs were mounted onto silicon AFM tips (FESP, NanoWorld) using the pick-
up technique developed by Lieber and coworkers.** The experimental results presented
here correspond to a SWNT AFM tip with diameter and length of approximately 5.5 and
40 nm, respectively, tilted 15 degrees with respect to the vertical direction (a transmission

electron microscopy image of this probe®*?

is provided in the supporting information),
mounted on a silicon tip with dimensions given in Table 1. These experimental results
correspond to tapping-mode measurements for which the AFM tip was oscillating
directly above the SWNT sample (a detailed procedure is provided in the supporting
information). The relevant imaging and geometry parameters are listed in Table 1 and

are the same as those used in the theoretical simulations. The cantilever driving

frequency was the same as the resonance frequency in all cases.

S http://www.elecdir.com/site/store/10602/index.html
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2.2 Theoretical

The MD/AFMD simulation methodology has also been previously described (Chapter
1). ¥ 1t consists of modeling the AFM cantilever tip as a point mass using the damped
harmonic oscillator equation of motion with the introduction of tip-sample interaction
forces obtained through atomistic simulations of tip and sample. Our tip-sample
interaction potentials include both short- and long-range van der Waals interactions
between each atom in the tip (both the SWNT and the supporting silicon tip) and the
sample and substrate. The long-range interactions are introduced as a correction to the
molecular simulation result via the Hamaker equation for an atom (for each atom in the
SWNT tip) or a sphere (for the Si tip) interacting with the surface of a semi-infinite solid
(MD calculations usually neglect long-range attractive interactions since they use cutoffs
on the order of 1 nm in the calculation of van der Waals interactions).

The equation of motion for a damped harmonic oscillator is the following:

2
md 2(Z,,1) _
dt?

w, d2(Z,,1)

—kz(Z;,)-m o da Fis (z,) + F, cos(at), @

where z(Z.t) is the instantaneous tip position with respect to its equilibrium rest

position (Z¢), k is the harmonic force constant for the displacement of the tip with respect
to its equilibrium rest position, m is the AFM cantilever’s effective mass, w, = vk/m is

the free resonant frequency, Q is the quality factor, z is the instantaneous tip position

with respect to the sample, Fig(zts) is the calculated tip-sample interaction force, and
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F,cos(wt) is the oscillating driving force applied to the cantilever (we used w = w, as in
our experiments). The oscillation amplitude is obtained directly from the tip trajectory.
The phase is obtained from its Fourier transform. Our previous publication describes in
detail the software and MD parameters used in the calculations. ** The references for the
MD parameters for Au nanocrystals and Si(111)-CHjs surfaces are provided in supporting

information.

In this study we analyze three model cases in detail:

1) 17-nm-radius conventional silicon tip tapping on a bare silicon surface.

2) 40,40 SWNT tip tapping on the edge of a 16,16 SWNT sample, such that smooth
gliding occurs when the probe descends on the sample as shown at the top of Figure
1.

3) 40,40 SWNT tip tapping on a 16,16 SWNT sample, such that the probe first
compresses the sample and then snaps past it as shown at the bottom of Figure 1.
Our analysis includes more than one variation of this case, depending on the

magnitude of the force required for snapping to occur.

For each of these tip-sample potentials, Equation 1 was solved numerically for eight
different values of the excitation force amplitude (F,) corresponding to free oscillation
amplitudes (A,) ranging from 5 to 40 nm in increments of 5 nm, and for cantilever rest
positions (Z¢) ranging from 5 to 40 nm above the surface in increments of 0.5 nm. This
provided the oscillation amplitude as a function of A, and Z; for a given initial velocity

(Vo) and position of the tip. This procedure was repeated for three different values of V,:
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0.0025 nm/s, 0 nm/s, and -0.0025 nm/s. In all cases, the initial tip position was set equal
to its equilibrium position, i.e., z(Z¢,0)=0. These sets of data for each potential were used
to construct the “phase space” representations of the oscillation amplitude solutions as a

function of the variables A,, Z¢, and V,.

SWNT TIP SLIDING

Figure 1. 40,40 SWNT tip imaging a sample 16,16 SWNT in smooth gliding mode (top)
and snapping mode (bottom). In the first case the deformation of the sample is negligible
and the tip and sample are able to slide past one another primarily due to tip bending and
local deformation. In the second case the sample nanotube is initially compressed against

the substrate, undergoing elastic deformation until the tip snaps off the sample.

We then constructed amplitude and phase curves (vs. Z¢) for tip-sample interaction
potentials that exhibited snapping, both with and without the inclusion of adhesive and
frictional forces. Adhesive forces were added at the point where the tip first contacts the
sample and at the point where the tip first contacts the substrate surface (after sliding past

the sample), acting only during the upward motion of the tip as it was traveling away
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from the sample. The magnitude of this adhesive force was selected to be within the

range given in the work of other authors.

15-17

Table 1: Geometry and AFM simulation parameters

Geometry parameters:

Silicon tip radius, imaging end 17 nm
Silicon tip, base of pyramid 6800 nm
Silicon tip length 17500 nm

SWNT tip diameter

5.5 nm (simulated as a 40,40 SWNT)

SWNT tip length

40 nm

SWNT tip tilt angle

15 degrees

Sample SWNT diameter

2.1 nm (simulated as a 16,16 SWNT)

Imaging parameters:

AFM cantilever force constant 4.8 N/m
AFM cantilever resonant frequency 47.48 kHz
AFM cantilever quality factor 150
Integration time step 0.1ns
Integration time 0.02s

Calculated cantilever effective mass

5.3933 x 10 kg

The added tip-sample frictional dissipation force was proportional to the negative of the

tip velocity and acted only when tip and sample were in direct physical contact. This

friction force was introduced through the use of two different values of the quality factor

in the integration of Equation 1: the free oscillation quality factor, Qr, when tip and

sample were not in contact, and a (significantly lower) contact quality factor, Q., when
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they were in contact and sliding past one another. The effective quality factor, Q, was
thus varied between these two values in the integration of Equation 1. There is no
information available on the magnitude of these tip-sample friction forces during
imaging, so we varied the contact quality factor between 0.005 and 0.05 times the free
oscillation quality factor until we were able to reproduce the features observed in the
experimental results (this is equivalent to assuming that for a given tip velocity, the tip-
sample friction forces are between 20 and 200 times greater than the air damping forces
experienced by the free oscillating cantilever). Our introduction of a tip-sample
dissipation force proportional to the velocity is an approximation similar to that used in
describing Newton’s law of viscosity for the case of two parallel plates sliding with
respect to one another while a Newtonian fluid is being sheared between them. % The
true nature of the tip-sample interaction forces between SWNT AFM tips and samples
depends on atomistic phenomena that are different than those present in a continuum
description of a Newtonian fluid and is expected to exhibit complex, non-monotonic
behavior,>** but the results presented in the next section show that this model is able to
reproduce the experimental results qualitatively.

Finally, in order to generalize our observations to other common geometries, we
constructed the tip-sample interaction force curves for a 30,30 SWNT tip imaging a
Si(111)-CHjs surface step edge and a 4.7 nm Au nanoparticle on a Si(100)-OH surface,
respectively, which we then used to construct the corresponding amplitude and phase
curves (vs. Z) for A, = 20 nm and for A, = 10 nm, respectively, in the absence of tip-

sample adhesion and friction forces.
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3. Results

Figure 2 shows the tip-sample interaction force as a function of the tip position above
the surface for the three model cases under study, in the absence of tip-sample adhesion
and friction forces. Figure 2 (a) is the tip-sample interaction force curve for a
conventional 17-nm-radius silicon tip imaging a bare silicon surface. It shows a well-
defined long-range attractive region and a short-range repulsive region. Figure 2 (b),
which corresponds to the SWNT smooth gliding mode, shows that the tip-sample
interaction force exhibits a local (attractive) minimum just below 2.5 nm as the probe
first approaches the sample. It remains slightly negative (attractive) as tip and sample
slide past one another until a second minimum at approximately 0 nm is reached, after
which it becomes repulsive and continues to increase monotonically with further
downward displacement of the probe. Negative values of the tip position correspond to
elastic deformations in the SWNT tip and the sample nanotube upon contact. Note that
the tip-sample force remains slightly attractive as the probe and sample glide past one
another even though they are both undergoing elastic deformation. MD simulations
indicate that this is due to the favorable van der Waals interactions between their
graphitic surfaces.

Figure 2 (c) corresponds to the SWNT snapping mode. As the graph shows, the force
initially exhibits a local (attractive) minimum when the probe first approaches the sample
and then starts increasing as the sample is compressed (black line). If the probe retracts
before reaching a vertical separation of approximately 1.5 nm from the substrate surface

(at a force of approximately 15 nN), it will return to its initial position along the same
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path it followed to compress the sample. However, if the probe compresses the sample
with a force that exceeds 15 nN, it will snap off as shown at the bottom of Figure 1, and
the force will immediately decrease to a value close to zero. The probe will continue its
downward trajectory until it reaches the substrate surface, where it will initially
experience a small attractive force and then an increasingly repulsive force. When the
probe retracts it will follow a different trajectory than when it initially approached the
sample (red line) because snapping only occurs when the probe is moving downward.
Note that the magnitude of the attractive force at the force curve minimum is several
times greater for a conventional tip (Figure 2 (a)) than a SWNT tip (Figures 2 (b) and (c),
and Figure 2-S of the supporting information). This is due to the greater number of
atoms in the solid silicon tip, which experience strong van der Waals attractions with the
substrate surface at short range. Even for the same tip radius, SWNTSs have significantly
fewer atoms in close proximity to the surface due to their hollow geometries, resulting in

much smaller attractive forces.

Silicon Tip SWNT Tip SWNT Tip
Sliding Snapping

207, 0 20 pred

I N

1 | A 2 3 £- 1 Vl 1 2 3
20 20 20

Tip position, nm Tip position, nm Tip position, nm
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-
N
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Figure 2. Tip-sample interaction force vs. tip position above the surface for a 17-nm-
diameter silicon tip imaging a bare silicon surface (a) and for the SWNT tip imaging a

prone SWNT in sliding (b) and shapping (c) modes. The tip sample interaction force
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curve for the SWNT tip imaging a bare silicon surface is similar to curve (b) and is

shown in Figure 2-S of the supporting information.

Numerical integration of Equation 1 shows that in the absence of tip-sample
adhesion and friction forces, four solutions of the oscillation amplitude are possible for
the snapping mode. Two of them —one in the attractive regime and one in the repulsive
regime— correspond to the cases when the probe does not snap off the sample during the
oscillation. If the probe snaps during the oscillation, then two more distinct solutions
become available, one of them in the attractive regime and another one in the repulsive
regime. Figure 3 shows the A,-Z. “phase space” representation of these four solutions for
Vo = 0 in the absence of tip-sample adhesion and friction forces. The “phase space”
representations for the conventional silicon tip and for the SWNT tip in smooth sliding
mode, on the other hand, only show two solutions which correspond to the well-known
attractive and repulsive regimes described previously by other authors (supporting
information).’*™? The phase space diagram in Figure 3 shows four distinct amplitude
solutions. The white region corresponds to an attractive solution where the probe does
not snap during the oscillation, the black regions correspond to a repulsive solution where
the probe does not snap during the oscillation, the gray regions correspond to a repulsive
solution where the probe snaps for every oscillation, and the small red region on the top
right hand side of the diagram correspond to an attractive solution where the probe snaps
for every oscillation. The red region is the smallest of all and corresponds to the cases
where the probe has just enough energy to snap off the sample during each oscillation but
is unable to reach the substrate surface. This diagram was constructed using the force

curve of Figure 2 (c).
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The AFM tapping mode phase and amplitude curves for the conventional silicon tip
and for the SWNT smooth gliding mode as functions of tip-substrate separation distance
(Zc) clearly show the existence of only one attractive and one repulsive solution
(supporting information).***2 The snapping mode amplitude and phase curves, on the
other hand, show more diverse behavior. In order to visualize all the features of this
process, we identified the points in the simulated amplitude and phase curves where the
probe had snapped off the sample nanotube (Figure 4) with a different color (blue for the
cantilever equilibrium positions for which the probe does not snap during the oscillation
and red for the points for which it does snap during the oscillation). These curves
correspond to a free oscillation amplitude (Ao) of 40 nm and an initial tip velocity (Vo) of
zero. We note that the amplitude curve does not directly reveal transitions involving the
long-range attractive (white areas in Figure 3), long-range repulsive (black areas in
Figure 3) and short-range attractive solutions (red areas in Figure 3) to Equation 1. The
only distinct jumps in the amplitude curve are those between the two repulsive solutions,
one of which corresponds to the probe snapping every oscillation period of the tip (gray
areas in Figure 3), and the other one to oscillations where snapping does not occur (black
areas in Figure 3). The phase curve, however, does show all four solutions clearly, as
well as the points where the system jumps between them. Most of the jumps correspond
to jumps between the repulsive solutions (the phase is below 90° before and after the
jump). This is consistent with the phase space diagram of Figure 3, which shows large

borders between adjacent regions corresponding to repulsive solutions.
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Figure 3. A,-Z; phase space representation of the oscillation amplitude solutions for
SWNT tip-sample interactions corresponding to Figure 2 (c) for Vo = 0, in the absence of
tip-sample adhesion and friction forces. The corresponding phase space representations

for Vo = -0.0025 nm/s and V, = 0.0025 nm/s are qualitatively similar.

In the supporting information we provide phase and amplitude curves for the case when
a 25 nN tip-sample adhesion force is added to force curve (c) of Figure 2. In this case,
both attractive solutions and one repulsive solution are clearly discernible from the
amplitude and the phase curves. The long-range repulsive solution does not occur due to
the large adhesion (attractive) force, which dominates the interactions when the probe
does not snap. These results suggest that adhesion forces can magnify the difference

between the different solutions.
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Figure 4. Amplitude and phase vs. cantilever position for the SWNT tip-sample
interaction in snapping mode in the absence of tip-sample adhesion and friction forces.
The free oscillation amplitude A was 40 nm, and the initial tip velocity was set to zero in
the simulation. The points where the tip snaps during every oscillation are shown in red,
and those for which it does not snap are shown in blue. These curves were constructed

using force curve (c) of Figure 2.

Figures 5 (a), 5 (b), and 5 (c) contain experimental results for a SWNT tip imaging a
SWNT sample on a silicon oxide substrate for low, intermediate, and high values of A,,
respectively. In all three cases the SWNT tip was tapping directly on the crown of the
sample SWNT. The phase curve of Figure 5 (a) exhibits a predominantly attractive
regime, in disagreement with the theoretical simulation of Figure 4, which does not
consider tip-sample adhesion and friction forces. Figures 5 (b) and 5 (¢) show smooth
variations of the phase and amplitude as the cantilever approaches the sample, including

phase transitions between attractive and repulsive regimes without a discontinuity.
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Figure 5 (c) shows that it is also possible to have smooth variations between the attractive
and repulsive regimes and discontinuities on the same curve. The discontinuity of this
curve, where the phase jumps from a value below 90° to a lower value, is similar to the
jumps observed in Figure 4, indicating a transition between a regime where the probe
snaps during each oscillation (henceforth referred to as a snapped oscillation) to a regime
where the probe does not snap during the oscillation (henceforth referred to as an
unsnapped oscillation) as the cantilever equilibrium position, Z, is lowered. The relative
magnitude of the phase between the snapped and unsnapped oscillations is consistent
with Figure 4, which shows that the phase is higher for snapped oscillations than for
unsnapped oscillations. This is also consistent with the magnitude of the oscillation
amplitude before and after the jump, which indicates that the oscillation amplitude is
greater when snapping occurs. The amplitude curve shows two transitions, one from an
unsnapped oscillation to a snapped oscillation and one from a snapped oscillation back to
an unsnapped oscillation. Although the first transition is not as evident in the phase
curve, this curve has an inflection point which indicates a change in the nature of the tip-
sample interaction.

We also observed curves with similar behavior to that of a conventional silicon tip,
although the range of Z. corresponding to the attractive region was generally much larger.
In general, the experimental measurements show significantly greater attractive regions
than those calculated based on van der Waals interactions alone, suggesting the presence
of other attractive interactions such as capillary or electrostatic forces.

Figure 6 shows three theoretical simulations using different snapping potentials where

we have explicitly included tip-sample adhesion and frictional forces, as described above
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in the theoretical methods section. All three simulated phase curves in Figure 6 are in
close qualitative agreement with their experimental counterparts in Figure 5, although the
transitions in the experimental amplitude curves in Figure 5 are more pronounced than in
the corresponding simulations (see discussion below Figure 6). The curves in Figure 6
(@), which were constructed using the force curve of Figure 2 (c), indicate that the tip did
not snap during the oscillation until the separation distance to the surface was nearly zero
(indicated by the sharp minimum in the phase curve when Z. approaches zero) and that
the predominantly attractive region is a consequence of the large tip-sample adhesion and
frictional components that were included in the tip-sample interaction.

Curves 5 (b) and 6 (b) correspond to cases where the force barrier is too high or the
excitation force is too low for snapping to occur, and both attractive regions are a
consequence of the adhesion force at the point of tip-sample contact, magnified by the
friction force. As Z. decreases in curve 6 (b), the phase initially increases due to the
adhesion force. It gradually shows a decrease, becoming smaller than 90° as the probe
begins to experience a repulsive force, and then increases when the adhesion force once
again becomes dominant at even lower values of Z.. The amplitude curve shows a
smooth gradual increase and decrease indicating the transitions from attractive to

repulsive and from repulsive back to attractive regimes.
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Figure 5. Experimental amplitude and phase vs. Z; for a SWNT tip tapping directly on
top of a sample SWNT on a silicon oxide substrate for different values of the free

oscillation amplitude (Ao): (a) A;=33 nm, (b) A;=50 nm, (c) A;=75 nm,

The simulations show that as the tip-sample friction forces increase (i.e. as Q. is
lowered), the transitions between attractive and repulsive regimes become smoother
because the larger friction forces allow the probe to more gradually approach and move
away from the sample during every oscillation, which causes the average tip-sample
interaction force to vary smoothly from positive to negative and vice-versa.

The phase curve of Figure 6 (c) is similar to that of Figure 5 (c) except that it shows
both snapping transitions clearly. This simulation was performed using different values
of the friction and adhesion forces for snapped and unsnapped oscillations. The

maximum of the adhesion force was set to 20 nN for unsnapped oscillations and to 5 nN
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for snapped oscillations (this is reasonable since MD simulations show that the tip-
sample contact area is significantly smaller after the tip snaps). The contact quality factor

for snapped oscillations was set to 90% of the value for unsnapped oscillations.
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Figure 6. Simulated amplitude and phase vs. Z. for snapping potentials with the inclusion
of adhesion and friction forces for different values of the free oscillation amplitude (Ao):
(@) Ao=33 nm, (b) A;=50 nm, and (c) Ao=75 nm. We have included straight dotted lines
for easier visualization of the curvature of the amplitude curves. The adhesion and

friction force parameters are provided in the supporting information.

The probe was unable to reach the surface in any of the simulations corresponding to
Figure 6, and thus the tip-substrate surface adhesion force did not play a role. The
simulated amplitude curves in Figure 6 do not show the sharp transitions observed
experimentally in Figure 5, although they do show smooth changes in slope that indicate

gradual transitions from one regime to another. Within our model, these transitions in the
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amplitude curves are more pronounced for small values of the friction force (i.e., for
large values of Qc, such as in Figure 4), but gradually disappear as the friction force
increases (i.e., as Q. is lowered), which reduces the distance that the probe is able to
travel freely after snapping off the sample. The simulations corresponding to Figure 6
were performed using relatively low values of Q. (increased friction) in order to match
the experimental phase curves as closely as possible, which we found to be more useful
in our discussion of tapping-mode AFM multistability.

In the supporting information section we provide the tip-sample energy and force
curves and the amplitude and phase curves for the SWNT tips imaging a Si(111)-CHs;
surface step edge and a Au nanoparticle. These curves exhibit similar features to those of
Figure 2 (c) and Figure 4, respectively, indicating that snapping can occur with these
samples, and hence multiple solutions to the oscillation amplitude are also possible for

these types of samples.

4. Discussion:

4.1 Silicon Tips vs. SWNT Tips

It is commonly accepted that the oscillation amplitude of an AFM cantilever, which can
be closely modeled using the damped harmonic oscillator approximation (Equation 1),
has only two solutions that are physically meaningful. However, this knowledge is based
on the assumption that the tip-sample interaction potential has the general shape of a
Morse or Lennard-Jones curve, where the potential is monotonically attractive at long

ranges and monotonically repulsive at short ranges. Two of the model cases analyzed in



59

this study, the SWNT smooth gliding mode and the conventional silicon tip, correspond
approximately to potentials of this type and, when integrated into Equation 1, do yield
two solutions for the amplitude in the absence of tip-sample adhesion and friction forces.

Although the results for these two cases are qualitatively similar, there are some
differences that are worth discussing. First, we note that the damping of the oscillation
amplitude of the SWNT tip, due to interactions with the sample, is less than that of a
conventional silicon tip for given values of Z; and F,, indicating greater penetration into
the sample and surface as well as greater local elastic deformation of the nanotube, as
confirmed through molecular simulations. This is an important consideration regarding
the use of SWNTSs for topographical imaging because it indicates that while SWNT tips
are able to image high aspect features such as trenches and crevices in finer detail than
silicon tips, as one would expect from their dimensions, they may not always provide an
accurate representation of the sample due to local deformation, especially in highly
repulsive regimes where the tip-sample interaction forces can be significant.

Another important difference between SWNT tips and conventional tips is that changes
in both the attractive and repulsive forces are steeper functions of tip position for silicon
tips than for SWNT tips (as shown in Figure 2). Silicon tips experience greater van der
Waals attractive forces when close to the surface due to the larger number of atoms in the
tip. The range of cantilever rest positions resulting in a long-range attractive solution
should be significantly smaller for a nanotube probe compared to a conventional silicon
tip because the attractive forces are smaller and operate over a shorter range. This means
that for clean SWNTs, for which dispersion forces are the main interactions, most of the

imaging is expected to take place in the repulsive regime. ® Our calculated tip-sample van
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der Waals forces are in agreement with the tight-binding calculations of Tagami et al. on
clean tips and surfaces, which show maximum values of 1-1.5 nN for a fullerene tip on a
silicon surface. 2% On the other hand, our calculated forces are significantly lower than
those obtained from treating the SWNT tip as a sphere using the Hamaker equation;
however, we feel this treatment is not adequate for a SWNT tip because such a tip is not a
solid continuum sphere® and also because such an approximation neglects the local
structural changes as well as the bending and sliding phenomena that can take place when
SWNT tips are used. Although the use of the Hamaker equation of a sphere may in some
cases give qualitatively satisfying results, these should be interpreted with caution,
because this agreement may be a mathematical artifact and not necessarily an accurate

description of the dynamics of the system.

4.2 Snapping

Understanding the snapping phenomenon of SWNT tips is fundamental to the
development of SWNT AFM techniques. We have previously shown that snapping and
sliding effects have direct influence on the probe resolution and measured sample
width.”®* The results presented here show that snapping can also give rise to multiple
solutions of the oscillating amplitude, including a continuum of solutions when large
adhesion and friction forces are present.

A quick glance at the amplitude curve in figure 4 might suggest that it describes an
imaging process with the usual bistability. *** However, a closer analysis of the

snapping potential (figure 2 (c)) and the phase curve (figure 4) reveals that the long-range
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portion of the potential gives rise to two imaging solutions when the excitation force is
small (too small to overcome the snapping barrier) or the probe is sufficiently far away
from the sample. Two more solutions appear when the probe is able to snap off the
sample due to a second overall attractive regime and a second overall repulsive regime.
The phase space diagram of figure 3 shows that the repulsive solutions dominate the
attractive solutions in the region where the probe and the sample are in contact (Z; < Ao)
in the absence of tip-sample adhesion and friction forces. The relative dominance of the
repulsive solutions is a consequence of the particular tip-sample interaction potentials
analyzed here and can be different for different tips and samples, but the existence of
multiple solutions should be common to all tip-sample interaction potentials that exhibit
snapping. This is confirmed by our simulations of SWNT tips imaging Si(111)-CHs

surface step edges and Au nanocrystals (supporting information).

4.3 Importance of Adhesion and Friction

The experimental results for imaging with SWNT tips in Figure 5 show that the process
takes place primarily in an attractive regime, in disagreement with the theoretical
simulations of clean surfaces and samples. This indicates that either there is a
significantly stronger attraction or adhesion of the SWNT tips to the surface than that
corresponding to the van der Waals interactions alone, or that there are other important
effects that have not been included in the equation of motion which magnify the effect of

the small van der Waals attractive forces.
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Jang et al. and Stifter et al."”>*’ have shown that the adhesive force of the AFM tip to
the surface mediated by a water meniscus can be significant and in some cases dominant
over the van der Waals forces (on the order of tens of nN). Lee et al. measured the
adhesive force of a 10 nm multiwall nanotube tip to the surface and also showed that it is
on the order of tens of nN'®. Although clean SWNT tips are hydrophobic, it is possible
that the ends are open and oxidized to form hydrophilic functional groups (such as
carboxylate groups), especially when the fabrication procedures include severe treatments
such as shortening through electric discharges between the tip and surface. ® In this case
it is likely that capillary forces play an important role in the imaging process.

As described in the methods section, we modeled the adhesion forces using values up
to 21.5 nN with various decaying functional dependences on the tip position (see
supporting information). Additionally, we find that the dissipation term in the cantilever
equation of motion is not sufficient to account for the tip-sample friction forces since it
only includes the friction of air acting on the oscillating cantilever. These friction forces
can be modeled with a dissipation term that is proportional to tip velocity in a manner
similar to Newton’s law of viscosity,° with adjustment of an effective quality factor to
achieve the correct order of magnitude agreement with experimental data. There is no
easy way to determine this magnitude, and very little is known about these friction forces,
but we can imagine that if frictional forces significantly affect the cantilever oscillation,
they should be able to dissipate similar amounts of energy as the air damping forces, and
since they act over much smaller distances, their effective quality factor should be much
smaller than the free air quality factor (the coefficient of the dissipation term is inversely

proportional to the quality factor in Equation 1). We used contact quality factor values
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between 0.005 and 0.05 times the free oscillation value, which allowed us to obtain
results similar to those obtained experimentally (compare Figures 5 and 6).

In our previous report™ we presented a simulation of the cross-sectional scan of a prone
SWNT, which shows “negative” height readings in the regions where the probe snapped
or slid past the sample, in disagreement with the experimental result. These negative
readings in the simulated scan were due to the probe bending around the sample before
reaching the surface, which increased the distance the probe had to descend in order to
reach the surface. The results presented here show that friction forces can prevent the tip
from reaching the surface, thus reconciling our simulations with our experimental
observations.

The experimental results of Figure 5 and the theoretical simulations of Figure 6 show
that dissipation effects can also give rise to a continuum of amplitude solutions in
addition to (or instead of) the usual discontinuous jumps between attractive and repulsive
regimes. We can visualize this continuum of amplitude solutions as a collection of
amplitude curves of the same slope, each corresponding to a different amplitude solution
(as in the case of bistability, but with a greater number of solutions), which allow the
amplitude to vary with arbitrary slope between smaller and larger values. Our results
show that as the tip-sample friction increases, the separation between the different
regimes becomes smaller, indicating that the number of possible solutions increases and
the separation between them decreases. In the limit of large friction, the number of
solutions should be infinite.

Lee and coworkers®® reported that their experimental measurements with a multi-wall

carbon nanotube tip did not show evidence of two coexisting regimes as is the case with
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regular tips, and although the dimensions of their tip and the geometry of their sample are
significantly different than ours, it is possible that their results can also be explained
through the introduction of dissipation and adhesion effects that are present when
nanotube tips are used. We point out that in this study we have assumed that all sliding
phenomena whose friction forces significantly affect the tip oscillation occur between the
tip and the sample, but it is also possible that slipping occurs at the attachment between
the SWNT tip and the supporting silicon tip, which are kept in place primarily through

van der Waals forces (significantly weaker than those due to covalent bonds).

4.4 Practical implications of multistability

1112 myst be avoided

It is well known that imaging parameters which lead to bistability
in order to obtain good AFM images, so it is logical to expect the SWNT multistability
phenomena described here to also affect image quality significantly. We have shown that
these effects are different from bistability in that they include a combination of more than
one single interaction potential (between the tip, the sample, and the substrate) with
dissipative forces (adhesion and friction) and that they can be explained in terms of
individual components related to each type of interaction. Below we discuss the practical
implications of each effect separately.

The interaction of the SWNT probe with the substrate is responsible for the existence

of one attractive and one repulsive amplitude solution, which emerges as a result of the

coexistence of an attractive and a repulsive regime in the same tip-sample interaction
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1112 and our work

potential. This has been extensively discussed by numerous authors,
reveals no additional knowledge.

Snapping and sliding phenomena and the existence of additional attractive and
repulsive amplitude solutions as depicted in Figure 4 result from the interactions between
the probe and the sample. These effects are not desired because they can distort the
dimensions of the image,™ but can be minimized by selecting the appropriate probe
geometry, as discussed extensively in reference 6. In general, snapping and sliding are
most likely to occur for probes that are highly tilted (> 30° with respect to the vertical
axis), too long (> 55 nm for SWNT probes 5.5 nm in diameter), or with too high an
aspect ratio (> 10). Irregular probe geometries on the imaging end can also be a
contributing factor to these artifacts. Probes of lower aspect ratio, which are less likely to
bend, can be advantageous, but using them requires caution, since extremely short probes
(< 20 nm long) can also cause shadowing due to the long range interaction forces
between the sample and the supporting silicon tip. ° Local tip deformation can be
reduced by using SWNTs of smaller diameters, but this requires using shorter probes due
to the softer bending modes of thinner SWNTs. Finally, snapping can be minimized by
imaging at lower oscillation amplitudes and higher amplitude setpoints corresponding to
less repulsive regimes, which prevent the tip-sample interaction force from reaching the
snapping point (see Figure 2 (c)).

The third and last aspect of multistability concerns the gradual transitions between
attractive and repulsive regimes, described in Figures 5 and 6. The high quality images®

obtained with the probe used to obtain our experimental results suggest that this effect
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does not significantly affect image quality as long as the sharp transitions between
attractive and repulsive imaging regimes are avoided.

Thus, the practical considerations for avoiding the deterioration of image quality due to
multistability are the same as those used for selecting high quality SWNT probes® and

11,12

avoiding bistability™>"* in addition to evading the highly repulsive regimes that favor the

occurrence of snapping.

5. Conclusions

We have highlighted fundamental differences in the tip-sample interactions between
conventional silicon tips and SWNT tips used in tapping-mode AFM imaging and
explained the effects of explicit tip-sample adhesion and friction forces. We have also
shown that these interactions can be modeled through the individual inclusion of each
effect into the equation of motion of a damped harmonic oscillator, thus providing
insightful analytical connections between theory and experiment.

There are many sources of uncertainty which could explain the quantitative differences
between our experimental and theoretical results, such as the knowledge of the exact
relative position of tip and sample in the experiment, the exact tip and sample geometry,
the nonlinearity of the tip position with respect to the supporting silicon tip position when
the probe deforms, the presence of moisture and impurities on the surface, the exact
behavior of adhesion forces, the true nature of the tip-sample friction forces, etc., but
nevertheless, the agreement between theory and experiment is remarkable with this

simple model. More detailed theoretical and experimental research is required with more
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sophisticated assumptions of the tip-sample interaction, which we plan to address in

greater detail in a future publication.
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SUPPORTING INFORMATION

1. SWNT probe TEM image

Figure S-1 shows the TEM image of the SWNT probe used for the experimental
measurements. As the picture shows, the probe has diameter and length of approximately
5.5 and 40 nm, respectively, and is tilted 15° with respect to the axis normal to the

surface.
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sy “.}159 > 1
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Figure S-1. TEM images of the SWNT probe used for the experimental measurements
mounted on a conventional silicon tip. The picture on the left (a) shows that the SWNT
probe is tilted 15° with respect to the axis normal to the substrate surface (dashed line).
Picture (b) shows the SWNT probe dimensions. Reprinted from (Nano Letters 2004, 4,

725-731). Copyright (2004) American Chemical Society.

2. Experimental procedure to image directly above the sample SWNT

To ensure that the experimental amplitude and force curves (Figure 5 of the paper)
were acquired with the SWNT tip tapping directly on the crown of the sample SWNT, we
performed the following procedure. Prior to conducting any measurements, we waited
several minutes to minimize any drift. Then, under very low drift conditions, we reduced
the scan size to have the sample SWNT in the middle and almost occupying the entire
field of view. We again zoomed into the middle of the window (i.e., to the sample
SWNT axis), reduced the scan size to zero, and acquired the amplitude and phase curves.
Finally, we zoomed out back to the scan size corresponding to the width of the SWNT in
order to verify that the sample was still at the same position (i.e., at the center of the scan

window as before the measurement). We only kept and evaluated the measurements
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from cases in which the sample SWNT position did not change. In such cases, the

acquired curves were reproducible.

3. Tip sample force curve of SWNT probe with silicon surface

Figure S-2 shows the tip-sample interaction force curve of the SWNT probe interacting
with a bare silicon surface. This curve is similar to that of Figure 2 (b) of the paper,
which corresponds to the same tip imaging a prone SWNT in sliding mode. The shifting
of the force minimum is due to the presence of the sample, which requires that the probe
bend around it before reaching the surface. The magnitude of the attractive force at the
minimum is significantly smaller than for a conventional silicon tip (Figure 2 (a) of the

paper).
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Figure S-2. Simulated tip-sample interaction force curve vs. tip position above the

surface for the SWNT probe shown in Figure S-1 imaging a bare silicon surface.
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4. Phase space representations

Figure S-3 shows the Ao-Z; “phase space” representation of the oscillation amplitude
solutions for the SWNT tip smooth gliding mode and for a silicon tip in the absence of
tip-sample adhesion and friction forces. The initial tip velocity, Vo, was set to zero. In
both cases there are two distinct solutions to the amplitude, one corresponding to the
attractive regime (phase > 90°) and one corresponding to the repulsive regime (phase <
90°). Qualitatively similar results were obtained for Vo = -0.0025 nm/s and for Vo =

0.0025 nm/s. This is consistent with the previous work of other authors. **

o SWNT
Sitip gliding mode
40 40
e =
[ c
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O Attractive
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Figure S-3. Ao-Z; phase space representation of the two amplitude solutions for the

conventional silicon tip and for the SWNT tip in smooth gliding mode for Vo = 0 in the

absence of tip-sample adhesion and friction forces.
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5. Phase and amplitude curves (vs. cantilever position)

Figure S-4 shows the upper portion of the amplitude- and phase-position curves (vs. Z)
for the SWNT smooth gliding mode and for the conventional silicon tip on the same
coordinate system for Ag = 40 nm and for Vo = 0 in the absence of tip-sample adhesion
and friction forces. These curves show typical behavior, in agreement with the diagrams
of Figure S-3, with two amplitude solutions and a discontinuity between them. ***? As
the probe approaches the sample, the first solution occurs in the long-range attractive
regime, and the second solution occurs in the short-range repulsive regime. The
amplitude in the attractive regime is lower than the amplitude in the repulsive regime for
given values of Z; and Fy (excitation force). The amplitude for the SWNT tip is larger
than that of the conventional silicon tip for given values of Z; and Fo, indicating greater
probe penetration (as confirmed through MD simulations).

Figure S-5 shows a tip-sample interaction force curve, the amplitude curve and the
phase curve for the snapping case of Figure 2 (c) of the paper with the inclusion of a 25
nN tip-sample adhesion force at the points of initial tip-sample and tip-surface contact.
The two attractive solutions (a snapped and an unsnapped oscillation) and one repulsive
solution (snapped oscillation) are clearly discernible from both the amplitude and the
phase curves. The other repulsive solution (unsnapped oscillation) does not occur due to
the large adhesion force (attractive), which dominates the repulsive interactions in the
region where snapping does not occur. The tip-sample interaction force curve illustrates
the different behavior of the force in the upward and downward trajectories of the tip due

to snapping, which takes place only during the downward motion of the probe, and due to
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the adhesion force, which acts only during the upward motion of the probe (the

parameters and explicit functional forms used to model adhesion forces are given in
tables S-1 and S-2).
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Figure S-4. Oscillation amplitude and phase vs. cantilever position for the Si tip (blue
curves) and for the SWNT tip in smooth gliding mode (red curves) for Ao =40 nm and V,

= 0 in the absence of tip-sample adhesion and friction forces.
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Figure S-5. Tip-sample force (a), amplitude (b), and phase (c) curves for the snapping

case of Figure 2 (c) of the paper, with the inclusion of an adhesion force at the point
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where tip-sample contact first occurs and at the point where tip-substrate contact first
occurs. Three solutions of the amplitude are discernible in the amplitude and phase
curves: the snapped and unsnapped attractive solutions (SA and UA) and the snapped
repulsive solution (SR). Note that the abscissa corresponds to the instantaneous tip
position (z;s) in curve (a) and to the cantilever rest position (Z¢) in curves (b) and (¢). Ao

= 40 nm for curves (b) and (c).

6. Adhesion and friction force parameters and functional forms

Table S-1 provides the magnitude of the adhesion forces and contact quality factors
used to construct the results presented in Figure 6 of the paper. Different values were
used depending on the magnitude of the free oscillation amplitude and on whether or not
the probe was able to snap during the oscillation. Table S-2 contains the functional
forms used to simulate the adhesion forces. z; represents the distance from the tip to the
substrate surface. The value of zis for which tip-sample contact first occurs is 2.54 nm in
all cases. In all cases the magnitude of the adhesion force has a maximum at a tip
position slightly lower than the point of initial tip-sample contact and decreases in both
directions, as illustrated in Figure S-5 (a). These functional forms, determined through
trial and error, were the ones that allowed us to most closely reproduce the experimental

results.
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Table S-1: Magnitude of the contact quality factor and of the maximum adhesion force

for the simulation results of Figure 6.*

Figure 6 Figure 6 Figure 6

(@) (b) (c)
Contact quality factor, unsnapped oscillations 0.005 0.008 0.005
Contact quality factor, snapped oscillations N/A N/A 0.0045
Maximum adhesion force, unsnapped
oscillations, nN 21.5 21.5 20
Maximum adhesion force, snapped oscillations,
nN N/A N/A 5

*Note that snapping did not occur for the results shown in Figures 6 (a) and 6 (b), so no

parameters are provided for snapped oscillations for those cases.
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Table S-2: Functional forms used to simulate the adhesion forces (F;) in the construction
of the phase and amplitude curves shown in Figure 6 of the paper (zs is the tip-surface

distance in nm).*

Simulation Functional form of the adhesion force

Figure 6 (a) F = -215
® 1+25(z, -1.86)*"’

for z,x > 1.86

F, =1000|z, -1.86|° -21.5, for z;s < 1.86 and z; > 1.58

Figure 6 (b) -215

F. .= , for 2> 1.86
* 7 1+2.5(z, -1.86)%" ©

F, =1000|z, -1.86[° —21.5, for z;s < 1.86 and zs > 1.58

Figure 6 (c), F - 20

=—,f0l’Z >2
*T1+2(z, -2 "

unsnapped oscillations

-20

a = 1+ 275(2 _ 2)4 ' for Zis < 2 and Zis > 1.5
ts

Figure 6 (c), snapped -5

F,=—————> forzx>2
*T1+75(z,-2)2  °

oscillations
-5

F, = ; forzx<2andzs> 1.5
1+275(z, - 2)

*Recall that the adhesion force acts only during the upward motion of the probe after it
has contacted the sample. Different functions were used for snapped and unsnapped
oscillations in the construction of Figure 6 (c).
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7. Simulation results for other sample geometries

7.1 Si(111)-CHg step edges

Figure S-6 contains the energy™ and force curves for a 30,30 SWNT probe (4.1 nm
diameter) approaching the step edge of a Si(111)-CHjs surface (Figure S-7). The results
indicate that snapping can occur for this type of geometry and dimensions. The labels on
the curves of figure S-6 correspond to the MD snapshots of figure S-7 and show the
behavior of the probe as it approaches the sample. The phase and amplitude curves are
shown in figure S-8 (Ao = 20 nm). Both the amplitude and the phase curves exhibit

multistability, similar to the curves of Figure 4 of the paper.
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Figure S-6. Energy and force vs. tip position for a 30,30 SWNT tip approaching the step
edge of a Si(111)-CHj; surface. The labels A, B, C, and D correspond to the MD

snapshots of Figure S-7.
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Figure S-7. MD snapshots of a 30,30 SWNT approaching the step edge of a Si(111)-

CHgj surface illustrating the snapping mechanism for this geometry. The labels

correspond to those shown on the energy and force curves of Figure S-6.
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Figure S-8. Phase and amplitude curves constructed using the force curve of Figure S-6.

Three amplitude solutions are clearly discernible in both curves (A, = 20 nm).
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7.2 Gold nanoparticles

Figures S-9, S-10, and S-11 show the results for the simulation of a 30,30 SWNT probe
(4.1 nm diameter) imaging a 4.7 nm Au nanoparticle in the absence of adhesion and
friction forces. These results confirm that snapping can also occur for this system. The
amplitude curve shows well defined regions corresponding to the type of oscillation that
took place (Figure S-11): region A is the free oscillating amplitude, regions B and E
correspond to the range of cantilever positions for which the probe did not snap off the
Au nanoparticle, region C corresponds to the range of cantilever positions for which the
probe snapped off the Au nanoparticle every oscillation but did not reach the surface, and
region D corresponds to the range of cantilever positions for which the probe snapped off
the Au nanoparticle and reached the surface during every oscillation. The phase curve

clearly shows the transitions between the different attractive and repulsive solutions.
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Figure S-9. Energy and force vs. tip position for a 30,30 SWNT tip imaging a 4.7 nm Au

nanoparticle. The labels A, B, C, and D correspond to the MD snapshots of Figure S-10.
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A B C D

Figure S-10. MD snapshots of a 30,30 SWNT approaching a 4.7 nm Au nanoparticle,

indicating that snapping can also occur for this system. The labels correspond to those

shown on the energy and force curves of figure S-9.
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Figure S-11. Phase and amplitude curves constructed using the force curve of Figure S-9.
Multiple regimes are clearly discernible in both curves: free oscillation (A), unshapped

oscillations (B and E), snapped oscillations without reaching the substrate surface (C),

and snapped oscillations reaching the surface (D). Ao =10 nm.
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8. Additional MD parameters

We have provided the MD parameters for SWNTs and Si systems in our previous
publication. ** The additional parameters, required for the simulation of the Si(111)-CHs;
surface step edge and for the Au nanoparticle, were taken from the Dreiding Force Field
27 (with the H-C-Si-Si torsion barrier adjusted to 2.945 kcal/mol based on ab initio QM

l. 8 on Au

calculations on the Si(111)-CHj; surface) and from the work of Jang et a
surfaces (using a 6-12 Lennard-Jones function for the Au — C interaction, with R, = 4.5

Angstroms, and D, = 0.175 kcal/mol).
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Chapter 3: Influence of Carbon Nanotube Probe Tilt Angle on
Effective Probe Stiffness and Image Quality in Tapping-Mode Atomic

Force Microscopy”

ABSTRACT. Previous studies have shown that when using carbon nanotubes (CNT) as
tapping-mode AFM probes, their tilt angle with respect to vertical (denoted @) must be
close to 0° to obtain high quality images and very poor images are obtained for ¢ > 30°.
Here we present a quantitative theoretical investigation of the effect of ¢ on tapping-
mode AFM imaging for single- and multi-wall nanotube (SWNT and MWNT,
respectively) probes of diameters 3.4 to 5.5 nm and aspect ratio 7.5, which have been
found ideal for imaging via TEM. Using molecular and classical dynamics we
investigate the effect of @ on CNT probe stiffness (quantified through the maximum
gradient of the tip-sample interaction force) and show that it decreases linearly with
increasing @, becoming negligible at around ¢ ~ 40°, thus confirming the conclusions of
previous studies. We find that MWNT probe stiffness is proportional to the number of
walls, but that the difference in stiffness between SWNTs and MWNTS also decreases

linearly with increasing ¢ and becomes negligible at around ¢ ~ 40° The simulated

“ Reproduced with permission from Solares, S.D.; Matsuda, Y.; and Goddard W.A. 111; J. Phys. Chem. B
2005, 109, 16658. Copyright 2005, American Chemical Society.
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cross-sectional scans of a sample SWNT using two different values of ¢ show that the
image can be distorted and shifted laterally when ¢ is large, in some cases giving
measured heights appreciably greater than the sample dimensions. We show analytically
that the tip-sample forces that occur during imaging can be significantly lower when
CNT probes are used instead of conventional probes, even in the absence of buckling,
and that they can be further reduced by increasing ¢. Based on this result we propose the
design of free-standing kinked probes for the characterization of sensitive samples
whereby the probe approaches the sample at a vertical orientation and possesses a tilted

section that regulates the tip-sample interaction forces.

1. Introduction

Carbon nanotube (CNT) AFM probes have shown a significant potential for high
resolution imaging due to their nanoscale dimensions, high-aspect ratio, stiffness, and
chemical stability. *™* Various fabrication processes are available to manufacture CNTs
and attach them to conventional AFM tips. “#*®12%> Although these methods are reliable
and repeatable, challenges still exist in manufacturing probes that are capable of high
quality imaging. It has been reported that the probe tilt angle with respect to the axis

normal to the substrate, ¢, is one of the most critical parameters affecting probe quality

and that it must be below approximately 30° in order for high-quality imaging to be

1,10,11,15,17,18

possible. In general, probe quality decreases as ¢ increases, and the ideal

probe has @ = 0°. However, there has been little quantitative investigation of the effect of
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@ on image quality for CNT probe diameters greater than 1 nm and on whether or not
modulation this parameter can be advantageous.

We have previously described a methodology that combines molecular dynamics (MD)
and classical dynamics (CD) to simulate tapping-mode AFM imaging (chapter 1). *°
With this method, one first calculates the forces and geometry changes experienced by
the probe and the sample during imaging using MD. The tip-sample interaction forces
are then integrated into the equation of motion of the oscillating cantilever to simulate the
AFM operation and the construction of the image. This analysis treats the cantilever-tip
ensemble as a point mass using the equation of motion of a damped harmonic oscillator,

which has been used extensively to study these systems:*°

W, dz(Z,,1)

2
nd2(Z.t) _ —kz(Z,,t)-m
Q dt

e + F(z,) + F, cos(at), 1)

where z(Z,t) is the instantaneous tip position with respect to the AFM cantilever rest
position (Z¢), k is the harmonic force constant for the displacement of the tip with respect
to Zc, m is the cantilever’s effective mass, w, = Jk/m is the free resonant frequency, Q
is the quality factor, zs is the instantaneous tip vertical position with respect to the
sample, F(zs) is the vertical component of the tip-sample interaction force (calculated
using MD), and Focos(wt) is the oscillating driving force applied to the cantilever. We
used Q = 150, k = 4.8 N/m, and w, = 47.48 kHz for all calculations described here,

corresponding to previously reported experimental and theoretical results. *°



86

Using a 40,40 single wall carbon nanotube (SWNT) probe model constructed from the
TEM image of an actual probe™ (diameter 5.5 and aspect ratio 7.5, Figure 1), we first
study the effect of @ on F(zs) and its gradient upon contact with a Si(100)-OH surface.
We show that the vertical probe stiffness, which we quantify as the maximum absolute
value of the gradient of F(zis) with respect to z at the onset of lateral probe slippage,
decreases linearly with increasing ¢ up to approximately ¢ = 40°, beyond which it
becomes negligible. We repeat the analysis for single-, double-, and triple-wall CNT
probe models (multi-wall nanotubes, MWNT), all with an outer diameter of 3.4 nm and
aspect ratio 7.5, and find that MWNT probe stiffness is proportional to the number of
walls but that the difference in stiffness between SWNT and MWNT probes decreases
linearly as @ increases and becomes negligible beyond approximately ¢ = 40°. Using the
40,40 SWNT probe model with ¢ = 40° we simulate the tapping-mode AFM cross-
sectional scan of a 16,16 SWNT (diameter 2.1 nm) lying prone on the surface and
compare it to a previously reported high quality image obtained for ¢ = 15°, which was
shown to be in agreement with the experimental result. ° This comparison illustrates the
lateral image shifting and measured height distortion that takes place as ¢ increases, and
shows that it is primarily the result of simultaneous contact between the probe and the
sample and between the probe and the substrate, which reduces the probe’s ability to
bend. Finally, we describe tapping-mode AFM simulations based on Equation (1) for
SWNT probes with different values of @, which quantify its effect on the cantilever
oscillation dynamics in terms of forces, oscillation amplitudes, and probe deformation,

and compare the results to those obtained with a conventional 15-nm-radius Si tip. We
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find that the tip-sample repulsive forces during imaging can be several times greater for
Si tips than for CNT tips, even in the absence of buckling, and explain this difference in
terms of the area under the tip-sample force curve, which corresponds to work used to
stop the downward motion of the AFM cantilever as it approaches the surface every
oscillation (this comparison focuses primarily on Si tips of conventional dimensions, i.e.,
with radii > 5 nm, which are the most common. However, in the supporting information
we provide calculations, which suggest that if Si tips of dimensions comparable to those
of SWNTs can be manufactured and maintained sharp during imaging, they can also lead
to lower tip-sample interaction forces that are similar to those obtained with vertically

aligned SWNTSs).

Figure 1. 32,000 atom model of a 40,40 SWNT probe, constructed from the TEM image
of an actual probe,’® interacting with a 16,16 SWNT sample on a Si(100)-OH surface.
The probe diameter and length are 5.5 and 40 nm, respectively, and ¢ = 40°. The sample
is a 16,16 SWNT with diameter and length of 2.1 and 10 nm, respectively, whose ends

were held fixed during imaging.
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Our results confirm the general conclusions of previous experimental and theoretical
studies, indicating that the optimum probe orientation is along the axis normal to the
substrate surface, but they also suggest that probe stiffness can be modulated by
controlling the tilt angle, thus enabling the tapping-mode AFM characterization of highly
sensitive samples which are damaged by large tip-sample forces. We propose that the
ideal probe to image such sensitive samples is a free-standing kinked probe (Figure 2)
that approaches the sample at a nearly vertical orientation, thus ensuring high imaging
resolution, and contains a tilted section that modulates the tip-sample interaction forces.
We discuss current alternatives in manufacturing these probes and offer our design as a

challenge to experimental research groups.

«+ Catalyst
Particle

Probe

Figure 2. Illustration of free-standing kinked nanotube AFM probes containing a tilted
section that acts as a spring, which modulates the tip-sample interaction force, and a
vertical section, which ensures high imaging resolution. (a) Probe grown from a catalyst

particle on the supporting tip. (b) Probe adsorbed onto the supporting tip.
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2. Methods

A detailed description of the MD/CD AFM methods, force field functional forms and
parameters, and simulation software is provided in reference 19. All tip-sample
interaction force curves described here were constructed using fully atomistic models
containing up to 32,000 atoms.

Note that throughout this paper “probe stiffness” refers to the effective stiffness of the
probe in the vertical direction. Equation (1) is a one-dimensional equation describing the

AFM cantilever motion only in the vertical direction.

2.1 SWNT and MWNT probe stiffness

To study the effect of @ on SWNT probe stiffness, we calculated the tip-sample
interaction force as a function of the vertical tip position, Fi(zis) in Equation (1), for the

40,40 SWNT probe in Figure 1 (diameter 5.5 nm and length 40 nm) approaching a

Si(100)-OH surface using values of ¢ ranging from 0 to 60° at increments of 10°. We
then calculated the gradient of these functions and determined the “terminal force
gradient” which we define as the steepest value of the tip-sample force gradient observed
when the probe is compressed against the surface (Figure 3 shows that the force curves
for SWNT probes approach straight lines at the points of probe slippage, suggesting that
the terminal force gradient can be used as a quantitative parameter in the description of

CNT probe stiffness).
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To quantify the dependence of probe stiffness on ¢ and the number of walls in MWNT
probes, we constructed the tip-sample force curves for single-, double-, and triple-wall
CNT probes of the same outer diameter and length (3.4 and 25 nm, respectively) imaging
a Si(100)-OH surface for ¢ = 10, 25, and 40° and calculated their terminal force gradient.
In all three cases, the outermost wall was modeled as a 25,25 SWNT (diameter 3.4 nm),
and the inner walls were modeled as 20,20 (diameter 2.7 nm) and 15,15 (diameter 2.0
nm) SWNTSs, as appropriate. The difference in diameters between adjacent probe walls
was selected to fit the known interlayer distance in MWNTS (~0.35 nm).

To provide a comparison between CNT and conventional AFM tips, we also calculated
Fis(zis) for a 15-nm-radius Si tip imaging the same Si(100)-OH surface. We are primarily
interested in providing a general comparison between SWNT tips and Si tips of radii
greater than 5 nm, which are the most common. However we did perform a comparison
between a 30,30 SWNT Tip and a Si tip of the same radius (~1.7 nm) and provide the

results and general conclusions in the supporting information.

2.2 Image distortion for highly tilted probes

To study the distortion of a real image as ¢ increases, we calculated the AFM cross-
sectional scan of a 16,16 SWNT lying prone on a Si(100)-OH surface using the probe
model shown in Figure 1 with ¢ = 40° and plotted it on the same graph with a previously
reported calculation performed on the same model but with ¢ = 15° which gave a high
quality image in agreement with the experimental result. ® These cross-sectional scans

were constructed using a free oscillation amplitude A, = 39 nm and an amplitude setpoint
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of 15.4 nm. Reference 19 provides the details of the theoretical procedure used to

construct the images.

2.3 Cantilever oscillation dynamics

Here we constructed the oscillation amplitude curves (vs. cantilever rest position with
respect to the surface, Z;) for the 40,40 SWNT probe for ¢ = 0, 20, 30, and 40°; and for
free oscillation amplitudes A, = 20, 30, and 40 nm. This was done by inserting the force
curves described in section 2.1 into Equation (1) and solving numerically for the tip
position as a function of time, from which the oscillation amplitude is directly obtained.
Since probe slippage occurred at low tip-sample forces for ¢ = 40°, we extrapolated the
smooth portion of the corresponding force curve beyond the point of slippage using the
terminal force gradient (as illustrated in Figure 3) to be able to compare the results to
those obtained for lower values of ¢, for which slippage did not occur during imaging.
From the tip trajectory and the tip-sample force curves we also calculated the lowest
vertical position of the AFM cantilever tip, Zmin, and the maximum tip-sample force,
Fmax, Observed during one full cantilever oscillation for different values of Z; (for these
systems Fmax OCcurs at Zmin, Where tip and sample experience the greatest deformation).
We also calculated z(Zc,t), Zmin(Zc), Fmax(Zc), and the oscillation amplitude (vs. Z¢) for

the Si tip using the same three values of A,.
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3. Results

3.1 SWNT and MWNT probe stiffness

Figure 3 shows the calculated tip-sample interaction force curves for the 40,40 SWNT
probe (for @ = 0, 20 and 40° and for the 15-nm-radius Si tip imaging a Si(100)-OH
surface. The graph shows that when using the SWNT probe, the tip-sample force
decreases with increasing ¢ for tip positions below the point of initial tip-sample contact
(zero on the horizontal axis). It also shows that the smooth section of the force curve
approaches a straight line as the cantilever descends significantly beyond the contact
point, up to the point of lateral probe slippage (illustrated in Figure 4), beyond which it
oscillates in an unpredictable fashion. As ¢ increases, the terminal force gradient
becomes less steep, indicating a reduction in probe stiffness. The force curve for the Si
tip is the steepest of all due to the significantly more repulsive tip-sample interaction
forces experienced by this solid and less deformable probe. In the supporting information
we provide a comparison between the force curves of a 30,30 SWNT tip and a Si tip of
the same radius (~1.7 nm), which shows that the tip-sample repulsive forces are
comparable in both cases. Since such fine tips are not the most commonly used in AFM,
and since the focus of our study are CNT probes, we restrict our discussion to Si tips with
radii greater than 5 nm. Figure 5 shows the smooth linear behavior of the terminal force
gradient as a function of ¢ for the SWNT probe, suggesting that it is an ideal measure of
CNT probe stiffness. There are two well-defined regions on the graph, in both of which

the terminal force gradient varies approximately linearly with @. In the first region,

where @ < 40°, it varies with a slope of ~ 1.93 N/m/°, and in the region where ¢ > 40°, it
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is negligible. Thus, if @ can be controlled, stiffness modulation is possible for ¢ < 40°
(but not for @ > 40°).

Our calculations also indicate that the maximum force a CNT probe can withstand
without slipping on a clean and dry Si(100)-OH surface rapidly decreases with increasing
tilt angle. For example, Figure 3 shows that this force drops from ~ 68 nN to only ~ 22
nN when ¢ is increased from 0° to 20° for our 40,40 SWNT probe. These values could
change for other surfaces or when moisture and impurities are present on the surface, but

even in those cases we expect the general trend to be similar.
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Figure 3. Tip sample interaction force vs. cantilever tip position for the 40,40 SWNT
probe shown in Figure 1 (for ¢ = 0, 20 and 40°) and for a 15-nm-radius Si tip imaging a
Si(100)-OH surface. The results indicate that for the SWNT probe, the tip-sample force
and its steepness decrease with increasing ¢ in the region of tip-sample contact. The
dotted line on the 0° curve illustrates the extrapolation of the force curve beyond the point

of probe slippage, whose slope we define as the terminal force gradient and use as a
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quantitative measure of probe stiffness. The discontinuities in the SWNT force curves
are due to lateral probe slippage, as illustrated in Figure 4. Negative values of the tip

position indicate tip and sample deformation.

z,=+0.25 z,=-0.25 2,,=-0.75 z,=-1.25 z,=-175

Figure 4. Snapshots of the 40,40 SWNT probe shown in Figure 1 approaching a clean
Si(100)-OH surface for different values of zi. The probe tilt angle is 20°. The pictures
show that significant bending and lateral slipping take place when the probe descends
below zi = -0.75 nm. This causes discontinuities in the tip-sample interaction force

curves, as shown in Figure 3.

Figure 6 shows the terminal force gradient vs. ¢ for single-, double-, and triple-wall
CNT probes with an outer diameter and length of 3.4 and 25 nm, respectively (the
corresponding force curves for MWNTSs are provided in the supporting information).
The results clearly show that MWNT probes with increasing number of walls are stiffer
in the vertical direction when compared to SWNT probes, with the probe stiffness being

proportional to the number of walls. However, the difference in stiffness between SWNT
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and MWNT probes decreases linearly as ¢ increases and becomes negligible at

approximately ¢ = 40°.
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Figure 5. Terminal force gradient vs. ¢ for the 40,40 SWNT probe shown in Figure 1

imaging a Si(100)-OH surface.

Increasingly negative gradients correspond to greater

vertical probe stiffness. The graph has two well-defined regions in which the terminal

force gradient varies approximately linearly with . For ¢ < 40°, it varies with a slope of

~1.93 N/m/°, and for ¢ > 40°, it approaches the horizontal axis.
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Figure 6. Terminal force gradient vs. @ for single-, double-, and triple-wall CNT probes

(SWNT, DWNT, and TWNT, respectively) with an outer diameter and length of 3.4 and
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25 nm, respectively, and inter-wall spacing of 0.35 nm. MWNT probe stiffness is
proportional to the number of walls, but the difference in stiffness between probes

containing a different number of walls decreases as ¢ increases and becomes negligible at

approximately ¢ = 40°.

Our simulations show that the primary modes of tip deformation in our systems (see
supporting information) are macroscopic bending/shearing and local deformation at the
end of the tip (shearing occurs because only one corner of the CNT tip contacts the
surface when the probe is tilted). We found that the proportion of strain energy stored in
the local deformation mode with respect to the macroscopic bending/shearing mode is
greater for tilted probes than for vertical probes. For example, we calculated that for a tip
position of -0.5 nm (measured on the horizontal axis of Figure 3) and when ¢ = Q°,
approximately 20% of the total strain energy of the 40,40 SWNT tip is stored in the 4 nm
at the end of the probe (i.e., in 10% of the total probe length). This proportion increases
to ~26% when ¢ = 10° and to ~64% when ¢ = 20° and then decreases slightly for ¢ > 20°.
This may be counter-intuitive, since one would expect that as the probe tilt increases it
becomes much easier to bend and that this would cause more strain energy to be stored in
the bending mode. However, in the range of tip positions useful for imaging (cantilever
tip positions > -0.75 in Figure 3), the lateral deformation of the wall at the end of the tip
can be significant due to the hollow nature of CNTs. This is more significant for SWNTSs

than MWNTSs.
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3.2 Image distortion for highly tilted probes

Figure 7 shows the simulated AFM cross-sectional scans of a 16,16 SWNT lying prone
on the surface obtained with the 40,40 SWNT probe at ¢ = 15° (previously shown to be in

agreement with experiment®®) and at ¢ = 40°. The result obtained for @ = 40° shows a
distortion in the geometry of the sample with a significant discrepancy between the
calculated and the actual dimensions. MD simulations indicate that the peak in the scan
at a horizontal position of 5 nm (showing a measured height of over twice the actual
sample height) occurs because the probe is able to contact the sample and the substrate
surface simultaneously (Figure 8), which reduces its effective flexibility. The observed
distortion in the sample height is counter-intuitive. Normally one would expect a softer
probe to be less sensitive to the sample details, which would result in reduced measured
height. However, as the probe contacts the surface and the sample simultaneously, the
repulsive interactions with the sample exert vertical (upward) forces on the side of the
probe that reduce its ability to bend downward upon contacting the surface. This results
in a greater effective probe stiffness (analogous to that of a shorter probe), which opposes
the descent of the oscillating cantilever more strongly than if the sample were not present
and the probe were only contacting the surface. The net result is a higher reading in a
region where the end of the SWNT probe is not contacting the sample and should not be
able to detect it. This type of inappropriate tip-sample contact can also shift the image to
the left with respect to the case when a nearly vertical probe is used because the probe
can sense the presence of the sample before its imaging end reaches the same horizontal

position as the edge of the sample (when traveling from left to right). The right side of
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the image is similar for both tilt angles, indicating that for this type of sample the
deterioration of the image for high tilt angles is primarily due to geometric
incompatibility between probe and sample. The results of sections 3.1 and 3.3 show that
the decrease in probe stiffness and the occurrence of lateral slippage are also significant
for @ = 40°. From these results it is evident that modulation of probe stiffness cannot be
successfully accomplished unless the probe approaches the sample at a nearly vertical

orientation.
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Figure 7. Simulated AFM cross-sectional scan (sample height vs. horizontal position) of

a 16,16 SWNT (2.1 nm diameter) lying prone on a Si(100)-OH surface, obtained using
the 40,40 SWNT probe model shown in Figure 1 for ¢ = 15and 40°. A high-quality
image was obtained for ¢ = 15°, in agreement with the experimental result,"® but not for ¢

=40°.
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Figure 8. 40,40 SWNT probe imaging a prone 16,16 SWNT at ¢ = 40° showing that
this tilt angle is inappropriate because it allows the probe to contact the surface and the
sample at different horizontal positions simultaneously. This type of inappropriate
contact causes severe lateral shifting and size distortion of the AFM image, as depicted in

Figure 7.

3.3 Cantilever oscillation dynamics

Figure 9 illustrates the dependence of Znyin, Fmax, and the cantilever oscillation
amplitude on the cantilever rest position for the 40,40 SWNT probe and for the 15-nm-
radius Si tip imaging a Si(100)-OH surface with A, = 40 nm. As ¢ increases for the
SWNT probe, its lower vertical stiffness allows the cantilever to approach the surface
more closely (reaching lower values of Zy,;n) and oscillate with greater amplitude. This
also causes greater probe bending, as verified through MD simulations. Note that the
separation between curves for ¢ = 0° and @ = 20° is much smaller than the separation
between the curves for ¢ = 20° and @ = 40°, indicating that the sensitivity of Zmin, Fmax

and the cantilever oscillation amplitude to changes in ¢ increases as ¢ increases.
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Various authors have pointed out that the degree of sample damage is lower when
using CNT tips vs. conventional Si tips because the maximum tip-sample force is limited
by CNT buckling®®, but our results show that the tip-sample forces for CNT probes are
also lower in the absence of buckling and that this is due to the difference in steepness
between the tip-sample force curves of CNT and Si tips (Figure 3). The results provided
in Section 1 of the supporting information show that lower tip-sample forces can also be
obtained through the use of ultra-fine Si tips. The discussion presented here is limited to
Si tips of radii greater than 5 nm. As the repulsive portion of the force curve becomes
less steep, the area under the curve from the point of initial tip-sample contact up to a
fixed value of Fnax increases. Since this area represents work used to stop the downward
motion of the oscillating cantilever and since the work requirement does not vary
significantly with the shape of the force curve, the necessary work (area) can be obtained
for a lower value of Fnax with a less steep force curve. Figure 3 shows that the force
curve for the Si tip is significantly steeper than any of the force curves for the SWNT tip,
and Figure 9b confirms that during imaging this leads to tip-sample forces several times
greater for the Si tip. As @ increases, the force curves for the SWNT probe become less
steep, which results in lower values of Fnax for greater values of ¢. Thus we expect a
reduction in the degree of sample damage as ¢ increases, even when there is no change in
the imaging parameters.

Note that we did not observe buckling in any of our simulations with 40,40 SWNT
vertical probes experiencing repulsive forces up to ~68 nN, which are over three times
greater than those observed during imaging with A, = 40 nm (Figure 9b). For this value

of A, buckling was not observed for any probe tilted less than 30°, although moderate
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bending did take place for ¢ > 20°. Consider, for example, the 40,40 SWNT probe tilted
20°. Figure 9b shows that when A, = 40 nm, the maximum tip-sample forces are ~16.5
nN. Figure 3 shows that for this tilt angle slippage did not occur below ~23 nN (the force
curve is smooth up to this value), which, according to Figure 4, corresponds to only
minor bending.

The behaviors of Zmin, Fmax, @and the cantilever oscillation amplitude for A, = 20 and 30
nm (supporting information) show a similar dependence on ¢ as for A, = 40 nm (Figure
9), but the observed variations for different values of ¢ are smaller due to the smaller
excitation force required to obtain to smaller values of A,. As expected, the oscillation
amplitude and Fnax increased with increasing A, (due to greater cantilever excitation

force), while Znin decreased (due to increased tip and sample deformation).
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Figure 9. Lowest cantilever position (a) and maximum tip sample force (b) observed
during one full oscillation of the AFM cantilever and oscillation amplitude (c) vs.
cantilever rest position for the 40,40 SWNT probe shown in Figure 1 (for ¢ = 0, 20, and
40°) and for a 15-nm radius Si tip imaging a clean Si(100)-OH surface. A, =40 nm in all

cases. The discontinuities on the curves (such as the jump in the Zn, curve for the Si tip
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—black squares— between cantilever positions of 38 and 39 nm) correspond to the well-
known transitions between the attractive and repulsive imaging regimes of tapping-mode
AFM. % Note that Zmin = 0 corresponds to the AFM cantilever rest position for which

the tip (SWNT or Si) is first able to contact the surface.

4. Discussion

4.1 Shortcomings of highly tilted probes

One of the standard criteria that are used to select AFM CNT probes is that their tilt
angle must be as close as possible to zero with respect to the axis normal to the sample

substrate, 11>1718

Experiments conducted using a wide range of probe sizes and
theoretical simulations of 1-nm-diameter probes indicate that the image can be
significantly distorted when this angle is greater than 30°. '8 Our simulations confirm
this conclusion for a wider range of probe dimensions and provide a quantitative measure
of the decrease in vertical probe stiffness as the tilt angle increases. Note that the
dimensions of the probes used in our analysis were selected to be in the range of high-
quality AFM probes,* thus excluding the most obvious causes of imaging artifacts and
isolating the effect of the probe tilt angle on image quality. However, we do believe that
there are other parameters, such as the probe aspect ratio, which can be tuned/optimized
in order to modulate the tip-sample forces, although with a smaller effect than that of

adjusting the tilt angle. The results show that the distortion of the image for highly tilted

probes is due to the combination of four main factors:
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First, as ¢ increases, the probe stiffness (as defined in section 1.0) decreases linearly
(Figures 3 and 5), making the probe less sensitive to the fine details of the sample. This
is similar to using a sponge probe, whose softness would mask the features of the sample,
causing it to appear flat.

Second, as a result of its lower stiffness, the probe is less capable of limiting the range
of oscillation of the AFM cantilever, which can lead to probe bending, lateral slipping,
and even buckling. Consider, for example, the results of Figure 9a for the 40,40 SWNT
probe. The chart shows that when ¢ = 40° and A, = 40 nm, the cantilever descends below
a position of —0.75 nm during every oscillation for most of the range of cantilever rest
positions shown, but according to Figure 3 this results in slippage.

Third, as ¢ increases, the likelihood that the geometry of the tip and the sample are
incompatible increases. This is the case for SWNT samples, for which a highly tilted
probe is able to contact the sample and the substrate surface simultaneously (Figure 8),
causing significant distortions and lateral shifting of the image (Figure 7).

Finally, at high tilt angles the supporting Si tip approaches the sample more closely for
a given CNT probe length, experiencing greater interactions with the surface and in some

cases causing imaging artifacts such as shadowing. *

This is magnified when severe
probe bending and buckling occur. Consider, for example, a 40,40 SWNT probe
protruding 10 nm from a 15-nm-radius Si tip tapping at the bottom of a narrow, 4-nm-
deep trench. Our calculations show that when A, = 10 nm and ¢ = 40°, the maximum
repulsive force experienced by the SWNT tip will be ~6.5 nN. Under these conditions,

the supporting Si tip can experience attractive forces as large as 2% of this value, which

compares to only 0.3% when ¢ = 0°. These interactions can be quite significant if one
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considers that the repulsive forces between the CNT probe and the surface act over a very
small range (< 0.25 nm) and that the attractive forces between the Si tip and the surface
act over very long ranges (> 1 nm) and are significantly greater than the attractive forces
between the CNT probe and the surface (Figure 3).

Our results show that MWNT probes exhibit greater vertical stiffness than SWNT
probes, making them significantly more robust at nearly vertical orientations. However,
since this advantage vanishes as ¢ increases and since the outer geometry of MWNTS
does not differ from that of SWNTs, MWNTSs cannot overcome the deterioration in

imaging quality associated with highly tilted probes (¢ > 40°).

4.2 Imaging of sensitive samples

We have shown analytically that the tip-sample repulsive forces that take place during
tapping-mode AFM imaging can be significantly lowered when CNT tips are used
instead of conventional AFM tips. However, it is well known that there is a wide range
of organic and biological samples that could be damaged in contact-mode AFM regimes,
even when using CNT tips for which further modulation of the tip-sample forces would
be advantageous. Various authors have successfully imaged sensitive samples in non-
contact mode,>"® but this type of imaging has two very important limitations: first, it
may be subject to tip-induced broadening®'® caused by the long-range van der Waals
forces between the tip and the sample, and second, since there is no tip-sample contact,
one can only obtain information about the bulk geometry of the sample, but not about its

elastic properties.
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Some biological samples have been successfully imaged in contact mode,3#6:1011.14.16

but this is generally difficult to accomplish with conventional CNT probes because the
range of probe sizes (and stiffness) is limited by the type and size of CNTSs that can be
controllably manufactured and attached to AFM tips. Additionally, the softer (smaller)
CNT probes that would be required to image the softest samples may not be suitable for
imaging due to aspect ratio limitations (they would have to be extremely short to reduce
bending and prevent buckling, and this could cause interference by the supporting Si tip).

It has also been reported that imaging in a liquid environment facilitates tapping-mode
AFM imaging,'® but this may change the conformation of the sample and affect the tip-
sample interactions in a way that precludes imaging in the desired state, especially for
non-biological samples. Furthermore, since non-functionalized CNTs are hydrophobic,
imaging in an aqueous environment (the most common environment in biological
applications) isn’t always feasible. #* (The simulated force curve of a 1.7-nm-radius Si
tip, provided in the supporting information, shows that such fine tips could provide an
alternative for imaging sensitive samples in aqueous environments).

Thus, in order to further develop the tapping-mode AFM imaging techniques for soft
samples, it is necessary to explore new designs and manufacturing methods that can

produce softer CNT probes of controlled stiffness.

4.3 Challenges and alternatives

We have shown that CNT probe stiffness can be modulated through adjustments in @,

which presents an opportunity for designing probes of the appropriate stiffness for each
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type of sample. However, in order not to compromise image quality, any new probe
design must meet several important criteria. First, it is necessary that the probe approach
the sample at a nearly vertical orientation so that the artifacts described by Figures 7 and
8 do not take place. Second, it is necessary that imaging take place under conditions that
do not lead to severe bending or buckling (this may require using lower values of A, for
higher values of @). Third, the AFM probe must be long enough so that the supporting
silicon tip does not approach the surface too closely during imaging. Fourth, it is
necessary that the probe stiffness be sufficiently high (as stiff as the sample allows) so
that the topography of the sample does not get absorbed in the compliance of the probe (a
softer probe will cause less damage to the sample, but it will also provide a flatter image
and vice-versa). And finally, it is necessary that the CNT probe be well immobilized on
the supporting Si tip so that its length and orientation do not change during imaging.

The obvious challenge here is the feasibility of manufacturing softer probes that meet
such stringent criteria. Conventional methods to attach straight CNTs to conventional
tips offer some versatility, but do not offer a complete solution. Although controlling the
probe tilt angle during fabrication is possible with the pore-growth® and some of the

manual assembly®*®

methods, straight, tilted probes do not offer the best imaging
resolution because they do not approach the sample at the ideal vertical orientation. In
order to overcome this challenge, we propose the design and manufacturing of free-
standing kinked nanotube® or nanowire probes (Figure 2) containing a tilted section that
modulates stiffness and a vertical section that ensures high imaging resolution. Our

results suggest that probes of this type would enable high-quality imaging of delicate

samples without the limitations of either highly tilted or too stiff probes.
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Manufacturing kinked AFM probes reliably also presents significant challenges, and to
our knowledge this has not yet been accomplished. However, we have found in the
literature two methodologies that can produce probes of controlled orientation and which
could, at least in principle, be modified to grow probes with the desired geometry. Ye et
al.'* have recently reported on an innovative bottom-up approach to manufacturing AFM
probes using plasma assisted chemical vapor deposition, whereby probe growth is
directed by an electric field at locations that have been pre-determined through
nanopatterning of a Si wafer with the catalyst material. After probe growth, the AFM
cantilevers are cut to the desired dimensions using micro-machining procedures. The
smallest probe diameter that has been reported for this procedure is between 40 and 80
nm, but the authors believe that smaller probes could be obtained by utilizing smaller
catalyst particles. ** Tay and coworkers® have also reported on a procedure that allows
the manufacturing of probes of controlled orientation using a field emission method to
grow tungsten and cobalt (and potentially composite material) nanowires of the desired
length and thickness on conventional AFM tips, thus providing an alternative to CNTSs.
We also believe that the probe design shown in Figure 2b could be manufactured by
controllably growing kinked nanotubes on a substrate (using a process similar to that of

Ye et al.®

perhaps with adjustments in the direction of the electrical field or with the
introduction of trace amounts of atoms other than carbon during CNT growth to produce
the kinks) and then attaching them to the supporting Si tip via the pick-up method,*
followed by electrical pulse etching® to shorten them to the desired dimensions. This

method would have the advantage of decoupling nanotube growth from AFM probe

manufacturing.
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We present our design as a challenge to experimental groups and highly encourage
developments in this area, even for samples that are not susceptible to damage by stiff
vertical probes. Tapping-mode AFM imaging with probes of varying stiffness could
provide, for example, information on the maximum force that the sample is able to
withstand without damage and on the difference in stiffness between the sample as a
whole and its features. This type of characterization could also be used to selectively
image internal (sub-surface) features of multi-layered samples. Finally, there may be
other types of probe microscopy, such as chemical force microscopy and scanning
tunneling microscopy, where ultra-soft probes could also be useful in minimizing sample

damage during imaging.

5. Conclusions

We have investigated the quantitative dependence of the tip-sample interaction forces
for single- and multi-wall nanotube AFM probes on their tilt angle with respect to the
axis normal to the sample substrate, describing the cantilever dynamics and image
distortion mechanisms that can occur when this angle is large. We have also shown that
the tip-sample forces that occur during imaging can be significantly lower when using
carbon nanotube probes than when using conventional AFM probes (even in the absence
of nanotube probe buckling) and explained the difference in terms of the area under the
tip-sample interaction force curve. Our results confirm that the ideal probe orientation for
non-sensitive samples is along the axis normal to the sample substrate and provide

relationships between probe stiffness and tilt angle for single- and multi-wall nanotube



