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Chapter 4

NANOTUBES, IMAGING AND PROTEINS

An atomic force microscope can image the height (z) of a surface with extraordinary
resolution. For a smooth surface it is relatively easy to achieve 0.25 Å in height resolution.
However when the topography becomes more convoluted the detected height at any given
point can be strongly influenced by the shape of the AFM probe. This becomes particularly
apparent when determining the width of an object. The surface resolution (x-y) of an
atomic force microscope is limited by the width of its tip (typically 5-10 nm radius).
The advantages of nanotube AFM probes are that they are very small in diameter and that
the sides are vertical. As a result nanotube probes offer the potential for AFM imaging
surface topography with minimal distortion due to the shape and size of the probe.
Therefore we developed, in collaboration with the Pat Collier group, the capability to
fabricate nanotube Atomic Force Microscope (AFM) probes.1 In this paper we present how
to grow nanotube substrates and fabricate nanotube AFM probes. As part of this effort we
characterized the diameter of the nanotubes on the substrate. We also examine the
resolution that nanotube AFM probes could achieve.
To our surprise we found that images taken with nanotube probes frequently demonstrated
resolution better than could be expected given the apparent diameter of the nanotubes that
were grown on the substrates that we used to supply nanotubes for attachment.
Therefore we (in an effort primarily conducted by Santiago Solaris of the Goddard group)
used atomistic modeling to study the balance of forces that enabled nanotube attachment.2
As a result of this effort we gained real insight into the basis for the surprisingly high
imaging resolution we achieved with nanotube AFM probes.
Both of the papers referenced above are included in this chapter, along with their
supporting material, courtesy of the American Chemical Society to whom they are
copyrighted.
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A US patent issued for the methods we invented for nanotube tip attachment to an AFM
probe is included in Appendix G.3 Appendix H is a patent4 that describes a method of
functionalizing nanotube tips. Specifically, it describes methods for coating the nanotube
tipped probe to preclude non-specific binding or other chemical interactions with the probe
and then chemically functionalizing the end of the nanotube tipped probe with a carboxyl
group or amine group so that further chemical modification can be made. This unique
chemical functionalization of the nanotube tip can be used to attach a single protein or a
specific group of proteins. Such a modified tip can then be used for sensing unique
chemical motilities or triggering specific reactions with extraordinary spatial resolution.
Functionalized nanotube tips can be used to pattern a substrate for future sensing or
chemical logic use.
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ABSTRACT
Scanning and transmission electron microscopy were used to image hundreds of single-wall carbon nanotube probes and to correlate probe
morphology with AFM image resolution. Several methods for fabricating such probes were evaluated, resulting in a procedure that produces
image-quality single-wall nanotube probes at a rate compatible with their routine use. Surprisingly, about one-third of the tips image with
resolution better than the nanotube probe diameter and, in exceptional cases, with resolution better than 1 nm. This represents the highest
lateral resolution reported to date for a SWNT probe.

Single-wall carbon nanotubes (SWNTs) have shown great
potential as high-resolution AFM imaging probes.1-3 The
level of resolution possible for both single molecule imaging
and force transduction in AFM is ultimately limited by the
structure of the tip. Commercially available silicon probe
tips have radii of curvature of 5-15 nm. The finest
commercially available Si tips are very delicate, leading to
substantial variation in tip shape and size even between
successive images. SWNTs, on the other hand, have diameters between 1.5 and 6 nm, providing resolution comparable
to molecular scale dimensions. Carbon nanotubes are chemically and mechanically robust, with axial Young’s moduli
of about 1.25 TPa,4,5 resulting in a tip structure that is stable
over prolonged imaging periods.6 Finally, SWNTs can be
chemically functionalized uniquely at their very ends, permitting a broad array of applications in nanotechnology and
biotechnology.7 Nevertheless, it is difficult to reproducibly
assemble large quantities of high-quality single-wall nanotube
AFM tips. To fully realize the promise of these probes for
high-resolution AFM, a better physical understanding is
needed of how the geometry of the mounted SWNT on its
AFM tip support affects image quality.
Successfully fabricating a probe suitable for AFM imaging
in air involves several steps: attaching the nanotube to a
silicon AFM tip, shortening it sufficiently to enable high
resolution imaging, characterizing its quality, and storing it
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for later use. Building upon previously reported techniques,
we have conducted a comparative survey of fabrication methods to produce a protocol that routinely results in high quality
probes. The quality of the AFM images taken with the resultant probes, along with the frequency and ease of success,
was used to distinguish between the several approaches
studied. In addition, SEM and TEM images of hundreds of
nanotube AFM probes were used to evaluate the efficacy of
different probe attachment and shortening techniques and to
improve the accuracy of our interpretation of AFM imaging
and force calibration results. For the first time, the AFM
resolution achieved when imaging with nanotube probes was
directly correlated to TEM images taken of these same
probes. This allowed us to carry out a rigorous examination
of nanotube morphology and its influence on image resolution and quality, by directly correlating nanotube geometry,
as determined with TEM imaging, with their performance
as AFM probes. As a result, we gained significant new
insights that are important for research groups performing
AFM imaging with SWNT tips.
In this paper, we summarize the results of these studies
and describe a procedure that enables consistently successful
nanotube probe fabrication. The lateral resolution of these
probes when used to image 3 nm diameter SWNTs was
typically less than 4 nm, and in one case, 5 Å.8 This is an
improvement by a factor of 4 over the best resolution reported to date using a SWNT probe, which is 2.0 nm.9 The
systematic correlation of TEM images of SWNT probes with
the effective lateral resolution obtained when using these
probes for topographical imaging indicates that approxi-
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mately one-third of the probes demonstrated resolution
smaller than the diameter of the nanotube probe itself when
imaging nanotubes on a smooth substrate. For example, we
have measured 1.2 nm lateral resolution from a SWNT
scanning probe that was 5.5 nm in diameter.
These TEM-AFM correlations provide experimental
evidence consistent with previous mechanical modeling
carried out by Snow, et al.10 Additionally, whereas previous
investigations have shown nanotube buckling to be an elastic
process,2,3,9,11 we have found that under some circumstances,
a SWNT probe can buckle inelastically, resulting in probe
damage and corresponding image artifacts.
Finally, we have found that nanotubes picked up by AFM
tips can have larger diameters (by about a factor of 2) than
the diameters of nanotubes imaged on the surface of the
growth substrate, as determined from height measurements
with a conventional AFM tip. A better understanding of this
discrepancy is needed for optimizing the yield and reproducibility of nanotube probe fabrication. The AFM image
resolution statistics we report here underscore the variability
between probes fabricated by different methods.
Digital Instruments BioScope and Multimode atomic force
microscopes were used with Nanoscope IV controllers for
this work. Transmission electron microscopy was performed
with a Phillips EM430, and scanning electron microscopy
was performed with a Hitachi 4100.
We compared several methods for attaching nanotubes to
silicon AFM tips: manual assembly, direct growth, and
pickup. Smalley’s group reported the first example of the
use of carbon nanotubes as AFM tips in 1996.11 Manual
assembly of AFM probes was found to be relatively simple,
although the nanotubes had to be large enough to be seen
and manipulated under an optical microscope, and thus did
not yield high-resolution probes. While direct growth12-14
offers the potential for parallel fabrication of SWNT AFM
probes, we found that the yield was quite low. We also
determined that the rate-limiting step in probe fabrication
was the nanotube shortening step rather than attachment.
Therefore, we focused our efforts on the pick-up technique
for nanotube attachment, as shown in Figure 1.
The pick-up technique, developed by Lieber et al.,15 is an
efficient and consistent method for mounting SWNTs in the
proper orientation. When SWNTs are grown on a flat substrate, a small percentage of the tubes are oriented vertically,
and can be picked up when the AFM tip scans across the
surface in tapping mode. The nanotube binds to the side of
the pyramidal AFM tip via attractive van der Waals forces,
and usually remains attached firmly enough that it can be
repeatedly pressed into and scanned across the substrate
surface. We found that it was important to reduce the field
of view (e.g., from 10 µm to 10 nm) or retract the tip as
soon as a nanotube was successfully picked up in order to
minimize the probability of picking up additional nanotubes
(see Supporting Information). Multiple attached tubes or
bundles can lead to AFM image artifacts.
It is also important to note that the ambient humidity
appears to affect the efficiency of the pickup method. We
found it nearly impossible to pick up nanotubes from a
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Figure 1. TEM image of a single-wall carbon nanotube picked
up from a silicon substrate.

substrate under high humidity conditions. Enclosing the AFM
in a glovebag under a flow of dry nitrogen for about 30 min
rejuvenated the process. We speculate that an increase in
the relative humidity makes it more difficult to pick up
nanotubes for two main reasons. First, at higher humidity
values, it is harder to overcome capillary forces due to the
build up of a surface layer of water on the growth substrate.
More force is necessary to pry a prone nanotube off the
surface due to increased adhesion. Second, increasing water
build up on the tip decreases the attractive interactions of
the nanotube to the silicon surface of the AFM tip during
pick up. It is known that the van der Waals interactions at
the nanotube-AFM tip interface are not strong enough to
keep the tube attached to the tip in liquid water.9 Nanoscopic
condensation of water between the AFM tip and the growth
substrate at high relative humidity may have an analogous
effect on the success rate for picking up a nanotube.
SWNTs were grown via chemical vapor deposition (CVD)
on 4 mm to 8 mm square, 500 µm thick p-doped Si wafers.
Four different methods were used to coat the substrates with
iron catalyst for growing nanotubes suitable for pickup: spin
coating a solution of Fe(NO3)3‚9H2O in isopropyl alcohol,9
thermal evaporation of iron onto the substrate, electron beam
evaporation of iron onto the substrate,15 and incubation with
ferritin. We achieved the most uniform deposition of small
(1-2 nm) catalytic sites with high spatial density by using
ferritin-derived iron nanoparticles, prepared as described by
Dai and co-workers.16
CVD growth was performed in a 22 mm inner diameter
Lindberg/Blue M quartz tube furnace with a single heating
zone 312 mm long, as shown in Figure 2. Five wafers are
positioned 12.5 mm apart in a specially designed quartz
holder, oriented vertically and with the catalyst-coated side
facing away from the direction of the incoming gas. A
significant advantage of this holder is that it enables up to
three small substrates to be mounted side-by-side in each
slot for parallel comparison of growth results under nearly
identical temperature and gas flow conditions.
Nano Lett., Vol. 4, No. 4, 2004
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Figure 2. Diagram of CVD apparatus for production of nanotube
substrates.

We found that growth was faster (5 µm long nanotubes
within one minute) and the distribution of tube lengths
increased when the catalyst-coated surface was facing away
from the incoming gas flow. We speculate that this is due
to increased turbulence of the gas flow at the catalyst coated
side after passing over the edges of the substrate. Induced
turbulence should minimize the role of diffusion-limited
growth relative to nucleation rate in the growth kinetics, but
at the expense of uniform growth. These growth procedures
generate SWNTs on the substrate with diameters ranging
from 1.6 to 3.0 nm, and lengths between 100 nm and 5 µm,
as imaged with AFM and SEM.
The distribution of tube diameters varied with the size of
the catalytic sites. For example, we found that spin coating
many drops of dilute solution of the iron nitrate catalyst to
give a high density of small catalytic sites gave a slightly
broader tube diameter distribution than did ferritin. In contrast, depositing a few drops of higher density iron solutions
yielded broad size distributions and larger average tube
diameters. Based on AFM analyses of these substrates, it
appears that the larger tube diameters resulted from larger
catalytic sites on the substrate. No MWNTs have been
observed on these substrates.
The long-term stability of pickup substrates appears to vary
depending on how they were prepared. Ferritin and ferric
nitrate substrates appear to be substantially less effective for
pickup attachment after 4 to 6 months. We hypothesize that
this is due to the relatively weak mechanical attachment of
the catalytic site to the substrate. Over time, vertically
oriented tubes that are attached to loosely bound catalytic
sites apparently physisorb onto the substrate. Enclosing the
AFM in a glovebag with a flow of dry nitrogen for about 30
min substantially enhanced pickup with these older substrates. In contrast, substrates that had the catalytic sites
deposited by molecular beam epitaxy (MBE) have demonstrated reliable pickup of nanotubes with an AFM tip over
several years without special care.15
The diameters of the picked up tubes measured with TEM
were typically between 4 and 6 nm. In comparison, the
diameters of nanotubes lying horizontally on the substrate,
determined by AFM height measurements, were only 2-3
nm. We have ruled out TEM and AFM calibration errors as
the cause of this discrepancy. We have also ruled out
compression of the imaged nanotubes by the AFM tip, which
Nano Lett., Vol. 4, No. 4, 2004

would result in a decreased apparent diameter. Deformation
of the horizontal nanotubes due to van der Waals forces has
also been modeled using realistic molecular dynamics
simulations based on quantum mechanical calculations, and
found insufficient to explain this discrepancy.17 It appears
that this disparity is real and not just an artifact due to tube
distortion or measurement error.
This indicates a strong preference for larger diameter tubes
to be picked up by silicon AFM probes. There are two
plausible explanations for this disparity. One possibility is
that larger diameter nanotubes have a higher probability of
remaining vertically oriented on the growth substrate over
time than smaller diameter tubes. Only the population of
smaller diameter nanotubes adsorbed to the growth substrate
can be imaged by AFM. Hence, AFM images will be biased
toward this part of the distribution of nanotube diameters.
Alternatively, this disparity may be explained by the
binding energy of the nanotube to the AFM cantilever tip
relative to the binding energy of the nanotube to the substrate.
Once a SWNT has been picked up by a scanning AFM tip,
there are two kinds of motions that impose stress on the
system. The AFM cantilever has a net motion parallel to
the substrate. During pick-up, typical horizontal velocities
are on the order of 30 000 nm/s. This motion imposes three
kinds of stress on the system: shear, bending, and tension.
In addition, the cantilever has a rapid vertical oscillation,
typically 70-250 kHz, with an amplitude of 40-50 nm, that
imposes additional bending and tension stresses.
The mechanical stresses imposed by the cantilever motion
on a nanotube attached on one end to the AFM tip, and on
the other end to the surface of the growth substrate, will
result in one of two outcomes: the nanotube either slips off
the cantilever tip and remains attached to the substrate, or
the nanotube separates from the substrate interface and is
“picked up”. The discriminator between these two outcomes
is the binding energy at the attachment site of the nanotube
to the silicon tip relative to that of its attachment to the
substrate. These binding energies will depend on many
factors that are virtually impossible to characterize fully, such
as the relative lengths of the nanotube adsorbed onto the tip
versus the substrate, as well as details of the chemical,
physical, and mechanical interactions between the nanotube
and these surfaces during scanning in tapping mode. It is
known, however, that binding energy scales with the tube
diameter, which can be determined directly from both AFM
and TEM images.
The strength of nanotube attachment can be approximated
as being linearly proportional to the nanotube diameter using
the thin-walled cylinder approximation. At the attachment
site with the AFM cantilever tip, the nanotube can be considered fixed until the binding energy is exceeded at this
interface by the imposed stresses. This binding force increases linearly with diameter, but at a rate 1.6 times faster
for tubes greater than 2.7 nm diameter than it does for smaller
diameter nanotubes.18 The increased binding energy for
nanotubes greater than 2.7 nm could result in larger diameter
nanotubes being preferentially picked up. The relative
adhesion strength of the catalytic particle to the tube versus
727
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the substrate could also have a significant influence on the
diameters of the tubes that are picked up.
As seen in Figure 1, more than 100 nm of a nanotube
typically protrudes from the end of the AFM tip after pickup. High-resolution imaging is not possible with such a long
nanotube tip due to thermal fluctuations and bending. Pickup SWNT tips were shortened by a combination of push
shortening, an approach developed by Hafner and Lieber,13
and electrical pulse etching.2,12 An HP 8114A pulse generator
was used in combination with a Digital Instruments signal
access module for all of our pulse shortening experiments.
Push shortening is done by incrementally decreasing the
tip-sample separation distance during successive force
calibrations to push the nanotube up along the side of an
AFM tip. This process requires a picked-up tube of very
specific length. Tubes longer than 100 nm tend to buckle
inelastically during this process, after which they cannot be
shortened by further pushing. Push shortening is superior to
pulse etching when further shortening nanotubes less than
100 nm long in very small increments.
We obtain similar results for electrical pulse etching with
native oxide coated p-doped silicon, 300 nm thick thermally
grown oxide-coated p-doped silicon, and gold-plated silicon
substrates. This finding indicates that the entire probe
fabrication procedure can be carried out on a single unpatterned, doped-silicon substrate. Thermally grown oxide
substrates typically required higher voltages to successfully
pulse-shorten than did either native oxide or gold-coated
silicon substrates.
Using electrical pulse shortening and push shortening in
combination on the same tip relaxes the constraints for
obtaining high-quality probes from the nanotube growth
substrate and increases yield. Long tubes can be coarsely
shortened with electrical pulses until their lengths are less
than 100 nm. Push shortening can then be used for finer
control in adjusting the probe length.
We frequently found that electrostatic forces would strip
nanotubes off the AFM tips when they had been stored in a
nonconductive container. An aluminum box with a narrow
strip of double-sided tape or a conductive Gel-Pak container
both seemed to solve this problem. Prior to use of conductive
boxes for nanotube tip storage, we were unsuccessful in TEM
imaging the attached nanotube probes.
To characterize the effective resolution of our SWNT
probes, we imaged nanotubes resting flat on the silicon
growth substrate, using a scanning field of view of 100350 nm. We define resolution as the full width of the imaged
tube measured at the noise floor, minus the measured tube
height. While nanotubes are convenient samples for determining resolution, they are not infinitely rigid. Dekker’s
group has shown that the apparent height of a nanotube
measured by tapping mode imaging can decrease substantially at high oscillation amplitudes, even with conventional
silicon tips.19 We have observed similar effects with nanotube
probes.20 For this study, the oscillation amplitude was maintained close enough to its freely oscillating value in air to
limit this effect to be within 10% of the true nanotube
height.
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Figure 3. The left histogram summarizes the resolution for 39
probes fabricated on a substrate coated with ferric nitrate catalyst.
The right histogram shows the resolution distribution of 40 probes
made from nanotubes picked up from a substrate coated with
ferritin. Included is the typical resolution obtainable with a
conventional silicon AFM tip.

Figure 3 shows histograms of the lateral resolutions
obtained with SWNT probes fabricated using a growth
substrate coated with ferric nitrate catalyst versus those
fabricated using ferritin as the catalyst. The variation in
nanotube probe performance was greater than we expected
based on previous reports. Leiber et al. had examined the
image quality of different nanotube types (MWNTs and
SWNTs).21 In contrast, we compared 39 SWNTs made from
the same iron nitrate-coated substrate and 40 from a ferritin
substrate. The wide range in resolution found, between the
two different kinds of substrate (ferritin vs iron nitrate), as
well as from the same substrate, was surprising and
underscores the importance of specific nanotube characteristics in determining the maximum achievable resolution.
There is a clear shift in the distribution toward higher
resolution probes when ferritin was used as the catalyst,
consistent with a narrower catalyst size distribution. It is not
clear how much technique improvements rather than the
switch to ferritin from ferric nitrate coated substrates played
in the comparative distribution. Most of the latter tips were
fabricated using ferritin substrates. By that time, we were
more careful to reduce the field of view immediately after
pick-up to minimize bundle formation. This could explain
why there are fewer 10-15 nm resolution tips. However, it
is clear that significantly more probes with resolution better
than 5 nm were fabricated using ferritin substrates.
Nearly 100 probes were imaged by TEM to characterize
the efficacy of different fabrication techniques. Of these,
fourteen SWNT probes imaged by TEM had previously been
used for tapping-mode topographic imaging. Table 1 presents
a summary of probe characteristics determined by TEMAFM correlations for the fourteen SWNT probes. Entries in
bold correspond to probes that demonstrated lateral resolution
less than the actual nanotube probe diameter.
Image quality is a function of many factors including: tube
diameter and length, contact angle, number of nanotubes
extending past the silicon tip, thermal noise, and contamination. These factors can lead to substantial variability in
resolution. By correlating probe structure and orientation seen
in the TEM images with topographic imaging performance,
we can provide experimental evidence consistent with
previous mechanical modeling carried out by Snow et al.,10
who have shown that lateral tip-sample forces can bend
Nano Lett., Vol. 4, No. 4, 2004

81
Table 1. TEM-AFM Correlation Table for Single-Wall Carbon Nanotube Scanning Probes
tip type

tube
diameter

tube
length

aspect
ratio

deviation from
perpendicular

lateral resolution
(full width-height)

lateral resolution/
probe diameter

SWNT
Bundle
SWNT
SWNTa
SWNT
Bundle
SWNT
SWNTa,b
SWNT
SWNT
Bundle
SWNT
SWNT
SWNT

4.2 nm
9.3 nm
4.0 nm
4.0 nm
5.5 nm
8.0 nm
3.7 nm
4.2 nm
5.4 nm
3.5 nm
5.5 nm
5.3 nm
6.5 nm
5.4 nm

10 nm
77 nm
112 nm
19 nm
40 nm
35 nm
30 nm
33 nm
38 nm
15 nm
51 nm
55 nm
42 nm
26 nm

2.4
8.3
28
4.8
7.3
4.4
8.1
7.9
7.0
4.3
9.3
10.4
6.5
4.8

10°
20°
30°
40°
20°
15°
30°
20°
10°
20°
0°
0°
0°
10°

2.8 nm
4.0 nm
10.4 nm
4.6 nm
1.2 nm
5.6 nm
5.8 nm
6.0 nm
5.9 nm
4.4 nm
21 nm
3.9 nm
4.3 nm
8.0 nm

0.67
0.43
2.60
1.15
0.22
0.70
1.56
1.43
1.09
1.26
4.0
0.74
0.66
1.48

a

Probe showed a “shadowing” artifact. b Nanotube appeared buckled 16 nm from the end of the tube.

Figure 4. Correlation of image showing artifact due to large contact
angle with substrate. Additionally, this nanotube appears to be
buckled near the silicon tip. The dotted black line in the upper left
image is perpendicular to the substrate.

single-wall nanotubes or cause snap-to-contact behavior when
the tubes exceed either a critical length or a critical angle
relative to the substrate surface normal. These effects
introduce a significant degree of broadening and the appearance of image artifacts.
If the nanotube is presented to the sample surface at an
angle deviating from the surface normal by more than ∼30°,
poor resolution and obvious image artifacts result due to tipsample forces having a significant component perpendicular
to the nanotube axis. For example, Figure 4 shows a 19 nm
long, 4 nm diameter nanotube projecting from the probe tip
at an angle of 40°. This probe produced an image that
contained a positive height “shadowing” artifact approximately 10 nm in width parallel to each sample nanotube.
This artifact resulted from the nonideal orientation of the
probe. Additionally, the TEM image showed that the
nanotube is buckled near the silicon tip. Previous reports
have described reversible elastic buckling of the nanotube,
which did not have a serious impact on image quality.5,9,21
Our TEM correlations indicate, however, that buckling can,
under some circumstances, be inelastic, resulting in irreversible structural changes. This structural defect results in an
effectively lower stiffness for the probe, which we believe
Nano Lett., Vol. 4, No. 4, 2004

Figure 5. Image artifacts due to bending are significant for long
nanotubes. Note that there are a number of picked up nanotubes at
the base of this tip. The damage to the silicon tip probably occurred
during repeated force calibrations.

is responsible for the decreased resolution and imaging
artifacts we observe (shadowing features). Similar artifacts
were seen with SWNT ropes (multiple SWNTs bundled
together) for the same reason; the layered structure of a
bundle of nanotubes attached to the AFM tip results in
stiffness variation along the probe length.
SWNTs must also have aspect ratios less than ∼10 to be
adequate for imaging purposes. Figure 5 shows a 4 nm
diameter nanotube protruding 112 nm from the end of the
AFM tip, but at an angle deviating from the surface normal
by less than 20°. The resulting lateral resolution was still
2.5 times the probe tube diameter. This broadening of the
image is due in small part to thermal vibrations. However,
mechanical modeling studies have indicated that for a
nanotube of this geometry, the root-mean-squared thermal
vibrations of the end of the tube should be less than 2 Å.22
Nanotube bending due to lateral tip-sample forces is most
likely the principal contribution to the degraded resolution.
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Figure 6. TEM-AFM correlation of a SWNT probe that demonstrated an effective lateral resolution that was 22% of the probe
diameter.

Images taken with high quality nanotube probes show no
sign of artifacts. These probes all had the nanotubes oriented
on the tip at angles close to the substrate surface normal
(within 10-20°) and had protrusion lengths e40 nm. By
directly measuring the nanotube width from each TEM image
and comparing that to the obtained AFM resolution, we have
determined the average ratio of AFM resolution to tube
diameter for SWNT probes in this class to be 1.17. This is
a reasonable value, given that thermal vibrations and bending
of the nanotube will always slightly increase its effective
imaging diameter.
In about 1/3 of the high quality nanotube probes made
from the ferritin substrate, as shown in Figure 6, it was found
that the effective lateral resolution was significantly better
than the nanotube probe diameter measured directly with
TEM. Figure 6 shows a nanotube probe 5.5 nm in diameter
that demonstrated a lateral resolution of 1.2 nm, just 22%
of the diameter of the nanotube. It is likely that this enhanced
resolution occurs when the nanotube contacts the substrate
being imaged with either an asperity or at a specific angle
such that only an edge of the nanotube is in contact with the
substrate. Imaging a small object with an asperity or an open
edge of the tube could lead to the high resolutions observed.
Molecular dynamics simulations of surface-nanotube and
nanotube-nanotube interactions indicate that other phenomena may also be important, including elastic deformation of
the sample nanotube relative to the probe nanotube.17
In conclusion, we have combined elements from several
previously reported techniques for producing nanotube tips
suitable for AFM imaging dry samples that significantly
reduce the time of manufacture while improving reproducibility and performance. Feedback from SEM and TEM
images of the nanotube probes was used to directly evaluate
the effectiveness of the different techniques employed for
each of the steps in the fabrication procedure. The optimal
process involves the following six steps. (1) Grow nanotubes
from ferritin-derived iron nanoparticles on conductive silicon
substrates coated only with its native oxide. (2) Pick up a
SWNT by imaging the substrate with a 10 µm field of view
in tapping mode. (3) Quickly reduce the field of view to
approximately 10 nm so that additional tubes are not picked
up. (4) Shorten the tube to an appropriate length for imaging
730

without changing substrates using a combination of electrical
pulse and push shortening techniques. (5) Image a 100500 nm region of the substrate to characterize the probe
quality. (6) Store shortened nanotube probe in a conductive
box.
By growing nanotubes directly on a conductive p-doped
silicon substrate with only a native oxide layer, it is possible
to pick up, shorten, and test the probe resolution without
having to switch samples. This proved to be a significant
timesaving optimization. We have found that the resulting
nanotube growths (diameter and length) are very similar for
all of the investigated catalyst deposition techniques if the
spatial density and diameters of catalytic sites are similar.
Rates of production have typically reached one probe per
hour for several consecutive hours. On exceptional days, the
rate can be as high as several per hour. This success has
been duplicated with incoming group members.
Overall, we have found AFM image quality to be
consistently and significantly better with nanotube tips than
with the best silicon AFM tips. Correlations of TEM images
of SWNT probes with the effective lateral resolution obtained
when using these probes for topographical imaging with
AFM indicate that approximately one-third of the probes
demonstrate resolution better than the diameter of the
nanotube probe itself when imaging nanotubes on a smooth
substrate. The methodology described here has resulted in a
sufficiently high level of productivity to enable development
of single-molecule probes and sensors using functionalized
nanotube tips, and has proven capable of fabricating AFM
probes with the highest resolution reported to date.
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Supporting Information:
Nanotube AFM Tip Attachment
Methods we compared for attaching nanotubes to silicon AFM tips include manual assembly, direct
growth and pickup.
Smalley’s group reported the first example of the use of carbon nanotubes as AFM tips in 1996.1 They
manually attached multi-wall carbon nanotubes (MWNT) and ropes of individual SWNTs to the apex of
silicon pyramidal tips using tape adhesive and a micromanipulator in an optical microscope. The main
drawback to this method is that MWNT tips large enough to be seen optically did not improve the
resolution much beyond standard silicon tips when imaging isolated amyloid fibrils.2
We found it fairly efficient to manually attach MWNTs to silicon AFM cantilevers with a 1000x optical
microscope. In particular, the rate of assembly was quite high when a 15 V potential was applied
between the silicon probe and the nanotubes. This resulted in nearly perfect and rapid alignment of the
nanotube to the silicon tip. However, there was not a clear path to doing so with the thin SWNTs
required for very high-resolution imaging.
Lieber,3,4 and Quate’s5 groups later showed that individual single wall carbon nanotubes could be
directly grown by chemical vapor deposition (CVD) on the silicon tips themselves by first pre-coating
the tip with a metal catalyst. In the CVD synthesis of carbon nanotubes, metal catalyst nanoparticles are
heated in the presence of a hydrocarbon gas or carbon monoxide; the gas molecules dissociate on the
catalyst surface and carbon is adsorbed into the particle. As the carbon precipitates, a carbon nanotube is
grown with a diameter similar to that of the catalyst particle.
Two techniques for direct growth have been reported. One involves creating nanopores at the apex of
the silicon tip by etching with hydrofluoric acid. Catalyst particles are then deposited inside the
nanopores. Carbon nanotubes grown via CVD from such a tip have an appropriate geometry for AFM
imaging. While this approach enables fabrication of SWNT tips, the preparation of the porous layer in
the silicon is time consuming and placement of the nanotube at the optimal location near the tip apex is
1
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often not achieved. In addition nanotubes typically grew at perhaps 1% of catalytic sites for the growth
procedures we have explored. To ensure a moderate probability of having a nanotube grown on a given
tip, a large number (20 or more) of etched holes with catalytic particles could be fabricated. However,
any given tip might have no tubes, one tube or several tubes.
Direct surface growth of SWNTs by CVD on catalyst-coated silicon tips has also been demonstrated,
without the use of pores. We have analyzed approximately 300 tips prepared this way with scanning
electron microscopy (SEM) and dozens of tips with transmission electron microscopy (TEM). As seen
in Figure 1, we most commonly found densely coated tips with ropes and bundles of SWNTs extending
from all sides of the silicon pyramid. These ropes often form complex loop structures not suitable for
AFM work. About 1/3 of the tips examined had no tubes near the tip although they may have been
covered by nanotubes elsewhere. Only a few percent of the probes had single nanotubes at the tip. Even
fewer were oriented vertically.
The mechanical stability of the nanotubes directly grown on the silicon tips was found to be quite poor.
As a control, we briefly imaged a smooth surface in tapping mode with tips having nanotubes at the end,
as determined by SEM, before any attempts at electrical pulse shortening of the tubes. Afterwards, these
probes were re-imaged by SEM. The nanotubes were lost from 7 of 9 tips used in this control
experiment. It was also frequently observed during electrical pulse shortening that the tubes would fall
off. The final yield of useful nanotube tips was therefore on the order of 1% of the number of originally
fabricated probes using the direct growth method. While these results represent early attempts at
developing nanotube AFM tips, and there was clearly significant progress possible with continued
process development, we decided to focus on the technically simpler problem of developing suitable
substrates for nanotube pickup.

Figure 1. TEM images of nanotubes grown on AFM tip include ropes, multi-walled and single-walled
tubes. Note that most of the growths consist of ropes.
Pick-up Substrate Preparation and Nanotube Growth
The pick-up technique is an efficient and consistent method for mounting SWNTs in the proper
orientation. When SWNTs are grown on a flat substrate, a small percentage of the tubes are oriented
vertically, and can be picked up when the AFM tip scans across the surface in tapping mode. Typically,
1 to 4 tubes can be picked up from a 10 µm square region. Given this tube density, a 6 mm substrate
could in theory be used nearly a million times. Nanotube substrates suitable for pickup were produced
using four methods of catalyst deposition and compared in side-by-side CVD growths. We achieved
similar results with each of these techniques. The suitability of a substrate for nanotube pickup appears
to depend primarily on the density and size distribution of the catalytic sites and not on how they were
2

deposited.
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Pick-up of a nanotube is readily observed by monitoring the height signal of the AFM image while
looking for a significant step change in the average position. The nanotube binds to the side of the
pyramidal AFM tip via attractive van der Waals forces, and usually remains attached firmly enough that
it can be repeatedly pressed into and scanned across the substrate surface. A picked up tube can be
removed by holding the tip a few hundred nanometers above the substrate and applying a 50V, 100 µs
pulse. The removal mechanism is not clear but probably involves either electrostatic attraction or
ablation.
Nanotube pick up can reoccur several times, resulting in a ‘bundle’ of nanotubes attached to the tip. In
figure 2, two bundles are shown that most likely were picked up sequentially, although it is possible that
they grew this way on the substrate.
Silicon substrates were cleaved under
cleanroom conditions, and cleaned by
sonicating for 15 minutes at 25 ºC first in
toluene, then in acetone, and finally in
electronics-grade isopropyl alcohol. To
coat the substrates with catalytic iron
nanoparticles, 1-30 drops of 1-30 µg/mL
Fe(NO3)3•9H2O solution in electronicsgrade isopropyl alcohol were applied
while spinning substrates at 3000 r.p.m.,
waiting approximately 10 seconds
between drops to permit the solvent to
evaporate. We found that the catalytic
sites would be considerably larger and
often less homogeneously distributed
Figure 2. Several tubes have been picked up and
over the surface at higher concentrations
stacked in ‘bundles’ on silicon AFM probes.
(e.g. 100-300 µg/mL Fe(NO3)3•9H2O).
The nanotube growths on such substrates
were correspondingly larger in diameter and sparser. Again, the critical factor is achieving a high
density of very small catalytic sites.
Alternately, some silicon substrates were coated under high vacuum with ~1/40 monolayer of iron
applied by thermal or electron beam evaporation. In general, the deposited catalyst sites were large and
not optimal for SWNT growth. However, with continued development an optimal pickup substrate
could most likely be fabricated via molecular beam epitaxy of the iron catalyst at patterned growth sites.
Such a substrate can achieve a nearly uniform catalyst site size and therefore will grow a more uniform
distribution of nanotubes; a high density of 1-3 nm diameter tubes with lengths less than 1 µm would be
ideal. In addition, such a substrate is substantially more stable over time and can be used for nanotube
pickup successfully for several years.
Other silicon substrates were incubated overnight at 4 ºC in a 44 µM solution of ferritin containing ~200
Fe atoms/protein, prepared as described by Dai and coworkers.6 In this process, a calcination step is
required after coating the substrate to remove all organic material originating from the ferritin protein,
leaving behind only nanoparticles of iron oxide. This is done by heating the coated substrate in a furnace
to 800 ºC in air and holding at that temperature for 10 minutes. This process gave the smallest catalyst
size distribution and therefore yielded the most consistent nanotube growths. The catalytic site size
distribution and the resultant growths were very consistent with those reported by Dai. The results from
3

a typical ferritin growth are depicted in Figure 3.
CVD growth was performed in a 22 mm inner diameter
Lindberg/Blue M quartz tube furnace with a single
heating zone 312 mm long. Five wafers are positioned
12.5 mm apart in a specially designed quartz holder,
oriented vertically and with the catalyst coated side
facing away from the direction of the incoming gas. A
significant advantage of this holder is that it enables up
to three small substrates to be mounted side-by-side in
each slot for parallel comparison of growth results under
nearly identical temperature and gas flow conditions.
Optimal nanotube growth is obtained when the holder is
positioned at the leeward end of the quartz tube, with the
last wafer approximately 2 mm from the end of the
heating zone.
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Figure 3. AFM height image of
nanotubes grown from ferritin coated
oxidized silicon substrate. Field of view
is 3 x 3 µm. The height range is 10 nm.

The quartz tube is then flushed for 15 minutes with
argon gas (Matheson, 99.9995% purity, 440 sccm). The
furnace is heated at 950˚ C for approximately 20
minutes, and then held at 950˚C for 15 minutes, both
under a flowing atmosphere of Argon (440 sccm) and H2 (Matheson, research grade, 125 sccm). The
furnace is held at this temperature for 5 additional minutes while being flushed with Ar (440 sccm).
Growth of nanotubes is then carried out for 0.5 to 2 minutes at 950˚C with CH4 (Air Liquide, Ultra High
Purity, 1080 sccm) and H2 (125 sccm). Following this growth step, the furnace is again flushed with
Argon (440 sccm) and held at 950˚C before rapidly cooling to less than 250˚C, after which the
substrates are removed from the furnace.
Substantial variations in growth density occurred between substrates mounted at different positions in
the furnace or between identically placed substrates on different runs, which we attribute to temperature
variations in the furnace. It was found that the substrate temperature could differ by as much as 20 ˚C
with a 1 cm change in position in the furnace or upon changes in the gas composition and mass-flow. A
three-stage furnace would likely help improve reproducibility.
Shortening AFM Nanotube Tips
Push and electrical pulse techniques for shortening nanotube AFM tips were examined individually and
in combination. This was done on several different surfaces. The most efficient method was to combine
pickup, pulse and push shortening all on a single substrate. Force calibration measurements were
employed to establish the length of the nanotube tips using the method described by Cooper, et al.5 This
approach was found to be suitable for both push and electrical pulse shortening techniques. Once a
nanotube has been picked up and shortened, the probe can be used for high-resolution imaging,
biomolecular manipulations or force spectroscopy.
A general method for shortening utilizes electrical pulses.2,7 The procedure to shorten the SWNT in air
consists of applying +5 to +30 volt pulses of 20 to 100 µs duration between the AFM tip and a
grounded, conductive substrate. Presumably the electrical pulse shortens the nanotube by ablation due to
the very high electric field generated at the nanotube end. These pulses are supplied from a HewlettPackard 8114A pulse generator and routed to the tip through a Digital Instruments Signal Access
Module, or “break-out” box, which is connected to the MultiMode AFM. The pulses are applied while
tapping the surface at approximately 70 kHz or 300 kHz, which are the resonance frequencies of the
4
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cantilevers we used (FESP and TESP cantilevers, Digital Instruments). While both work, we tend to
prefer the softer FESP probes.
For a given SWNT tip, larger voltage pulses shorten the tube in larger increments, as do pulses of longer
duration. But the voltage necessary to carry out shortening varies drastically between individual tubes.
This is believed due both to the environmental conditions (especially humidity), and to the widely
varying conductivities associated with nanotubes of slightly different molecular structure, for example,
between semiconducting and metallic nanotubes. Nanotubes can be shortened precisely with steps as
small as 2 nm per pulse. The main drawback to this technique is that the nanotube length removed can
vary significantly from one pulse to another and one day to another. Hence to successfully employ this
technique one must be careful and attentive. A secondary drawback is that electrical pulsing can
dislodge the nanotube electrostatically from the AFM tip. Nevertheless, this second effect can also be
exploited to controllably deposit nanotubes precisely on substrates for device fabrication.8
Push shortening of short, <100nm long tubes is accomplished by taking successive tip-substrate
distance-sweep measurements, and incrementing the sweep start point by ~5 nm at a time.9 By doing
this, the tube can be pushed up along the tip. We find electrical pulse shortening to be more effective
than push shortening in terms of being able to shorten a nanotube significantly (e.g. by several hundred
nm in 20 nm steps).
For substrates with tubes of significantly varying length that are typically too long the combined
approach, pulse shortening followed by push shortening has significant advantages. We have avoided
the need for multiple substrates or a patterned substrate that includes pickup and separate shortening
regions by reducing the field-of-view to ~10 nm during shortening.
Once the nanotube probe has been shortened to a useful length, the field of view can be increased to
100-500 nm so that a nanotube laying flat on the substrate can be imaged. An AFM image of a
horizontal nanotube is a very good way to determine the quality of the final probe. Keeping the field of
view small minimizes the chance that another nanotube is picked up.
Imaging with Nanotube Probe Tips
Table 1 in the manuscript lists the properties of 14 nanotube probes that were determined by TEM-AFM
correlations described in the text. We have found that topographic image resolution when using SWNT
probes was more sensitive to imaging conditions, particularly oscillation amplitude, than conventional
silicon probes. This may be due to the small interaction area and compressibility of SWNTs. In
addition, in about a third of the cases, the observed AFM resolution was significantly better than would
be predicted from the nanotube probe diameter. We have also found that, at a given oscillation
amplitude, a small change in drive frequency or in amplitude setpoint can improve image resolution
when compared with the optimal settings used for imaging with a bare silicon probe. In particular, the
amplitude set point for a nanotube probe can often be as high as 95% of the free oscillation amplitude in
air and still permit high resolution imaging. A high amplitude setpoint corresponds to small tip-sample
forces, which is desirable for imaging delicate biological macromolecules.
When imaging with SWNT tips in tapping mode AFM, care must be taken to recognize imaging
artifacts. Imaging artifacts can be introduced through bending and thermal vibration.10 In addition,
buckled nanotubes frequently demonstrate degraded resolution or artifacts. We have also seen multiple
tubes at the tip of some probes, either bundled together to form a “broom”, or attached to different faces
of the silicon AFM tip oriented at an angle relative to one another. The data in table 1 of the main paper
show that high resolution imaging without artifacts was only accomplished with probes consisting of
single tubes that had not been previously buckled.
5
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The TEM images also show the presence of a low density contaminant coating on the probes. Evidence
suggests that this material is deposited by silicone oil outgassing from the “gel-pack” in which most of
the probes were stored.11 This is supported by the significant amount of movement of this contaminant
over the nanotube observed during TEM imaging. We have found via TEM imaging that gel-free
clamshell tip wafer enclosures deposit about an order-of-magnitude less contamination on silicon AFM
probes than gel-pack enclosures. This will be important for those wishing to perform dip pen
nanolithography or nanotube probe functionalization. However, the contaminant had a limited effect for
AFM imaging in air.
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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
the probe diameter when prone nanotubes are imaged on a flat SiO2 surface. To further investigate this
phenomenon, accurate models for use in atomistic molecular dynamics simulations were constructed on the
basis of transmission electron microscopy (TEM) and AFM data. Probe-sample interaction potentials were
generated by utilization of 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 improvement and illustrates some of the
subtleties involved when imaging is performed with SWNT probes in place of conventional silicon probes.
However, the generality of this phenomenon for other AFM imaging applications employing SWNT probes
remains to be explored.

Introduction
To date, numerous papers have described the preparation of
both multiwall and single-wall carbon nanotube (SWNT) atomic
force microscopy (AFM) probes.1-5 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.6-10
In a recent publication we have described an efficient SWNT
probe fabrication methodology and correlated the structures
[acquired by transmission electron microscopy (TEM)] of 14
probes with the quality of AFM images they produced when
imaging a prone SWNT sample.11 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.12
Surprisingly, we have found that for some cases the apparent
lateral resolution of the probe nanotube was actually better than
expected on the basis of its diameter. In one case (shown in
Figure 6 of ref 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
* Corresponding authors: e-mail collier@caltech.edu (C.P.C.), wag@
wag.caltech.edu (W.A.G.).
† Department of Chemistry.
‡ Department of Chemical Engineering.
§ Materials and Process Simulation Center.
| Department of Applied Physics and Jet Propulsion Laboratory.
⊥ Current address: Departament de Quimica, Universitat Autonoma de
Barcelona, Barcelona, Spain.

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.

high precision with AFM, and the measured diameter (full width
at the noise floor), as outlined in 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.2,4,5 However, simple geometrical
arguments alone cannot explain the subdiameter resolution we
observed. 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.
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. 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 data11 to
construct realistic molecular models of an open-ended SWNT
probe interacting with a prone SWNT sample on a flat hydroxyl-
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TABLE 1: Tapping-Mode AFM Parameters Used for
Numerical Simulations
cantilever spring constant
cantilever quality factor
cantilever resonant frequency
free air oscillation amplitude
amplitude set-point
excitation force

k ) 4.8 N/m
Q ) 150
ω/2π ) 47.48 kHz
A0 ) 39 nm
Asp ) 15.4 nm
F0 ) 1.25 nN

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.
Methods
Fabrication, characterization, and imaging with SWNT AFM
probes has been described previously.11 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 by use of 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, 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.13,14 Bistable
switching of the cantilever oscillation between the two regimes
manifests itself as sudden changes in the observed sample height
and width.15 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 freeair 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
integration of the equation of motion for a damped harmonic
oscillator at each AFM scan point on the sample, with the
experimental parameter values contained in Table 1:

d2z(Zc, t)

m

dt2

)
ω0 dz(Zc, t)
+ Fts(zts) + F0 cos (ωt) (1)
Q
dt

-kz(Zc, t) + m

where z(Zc, t) is the instantaneous tip position with respect to
its average position (Zc), k is the harmonic force constant for
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the displacement of the tip with respect to its equilibrium rest
position, m is the effective mass, ω0 ) xk/m, the free resonant
frequency, Q is the quality factor, zts is the instantaneous tip
position with respect to the sample, Fts(zts) the calculated tipsample interaction force, and F0 cos (ωt) is the oscillating
driving force applied to the cantilever.
The use of this equation to describe the 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. 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.13,16-19
Prior to integrating eq 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 with 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 by
use of the Verlet algorithm to fourth-order accuracy for the tip
position and second-order accuracy for the tip velocity.20
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)21 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 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.
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
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Figure 2. Illustration of the models used to construct the tip-sample
interaction profile. The models were constructed on the basis of
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.

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 the
relative position of the surface and the end of the tip was
calculated 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/rn) 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.
Results and Discussion
A series of 11 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 11 scan points relative to the sample nanotube, and four
of the corresponding tip-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.
Each of the 11 probe-sample force curves generated along
the scan line was then inserted into eq 1 and integrated for the
average tip positions relative to the substrate (Zc) ranging from
50 to 0 nm, by use of actual imaging parameter values.11 For
each scan point and tip position, eq 1 was integrated numerically
for 0.02 s 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(Zc, 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.
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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 value obtained when imaging
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 nonbonded 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 nonbonded 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 amplitude bistability.13 However, at the free oscillation
amplitude employed here, A0 ) 39 nm, the average force will
be determined almost exclusively by the repulsive part of the
tip-sample interaction potential,16 and thus the underestimation
of the attractive 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 SiO2. 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.22 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.2,4 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
for silicon probes.23 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.24 Because of this very high stiffness, only
a small amount of longitudinal compression of the tube occurs
during AFM imaging. However, Snow et al.12 have shown that
SWNT probes are susceptible to bending due to their high aspect
ratio if not oriented vertically relative to a surface. Image
artifacts from 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,25 a characteristic that permits
localized deformation of the nanotube walls. The likelihood of
deformation is further increased due to the structural discontinu-
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Figure 3. Tip-sample force curves calculated for four of the 11 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.

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 due to the
larger diameter of the probe (5.4 vs 2.2 nm) and the fact that its end is
opened, which decreases its radial rigidity.

ity at the opened end of the nanotube probe. 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 SWNTs are easier to deform
radially than smaller diameter tubes.26 We have previously
observed that SWNTs 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).11 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 both
to bending along the length of the probe and to localized radial
deformation of the probe and sample at the point of contact
(illustrated in Figure 4 and Supporting Information). This
behavior is a function of the structures and relative orientations
of the probe and sample nanotubes, the applied tip-sample
force, 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
after AFM imaging show no alterations of the nanotube
structure, such as kinks or buckles.
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.27 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 <1 Å. 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 SWNT and the Si/SiO2 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
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Figure 5. Schematic depiction of the construction of an AFM scan from molecular and AFM dynamics simulations. The two inset amplitudedistance curves illustrate how the measured height is obtained for each scan point at an amplitude set-point of 15.4 nm. The resulting AFM crosssectional height is given relative to the average tip separation from the bare SiO2 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.

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 that 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 a SWNT probe
is used 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.
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 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.28 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.1,2,4,7 Smaller diameter nanotube probes
should be far less susceptible to localized radial deformation,

due to their increased resistance against compression (as seen
with the sample nanotube, Figure 4). However, the bending
mode along the length of a thinner probe is actually softer, since
the flexural rigidity scales as r4.29 The probe was a (16,16)
armchair SWNT (2.2 nm diameter, 20 nm length) that 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 co-workers30 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
deformation of 1-3 nm single-wall carbon nanotubes by both
van der Waals forces and external static loads.31-33 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
enhanced lateral resolution, on the other hand, is due to the
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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.

and its Focus Center on Function Engineered NanoArchitectonics (FENA). L.A.W. was supported by the Caltech President’s Fund and NASA Contract NAS7-1407.

Conclusion

Supporting Information Available: Simulated energydistance and force-distance curves, force-field parameters,
effects of thermal vibrations, illustrations of bending and local
deformation modes of a 5.4 nm diameter SWNT probe, of lateral
slipping of a 2.2 nm diameter SWNT probe, and the elastic
nature of nanotube deformation. This material is available free
of charge via the Internet at http://pubs.acs.org.

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 interested
in determining whether a similar improvement of apparent
resolution is observed when imaging less compliant samples
of different material composition, 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 open-ended 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 deformation of the probe and sample nanotubes 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.14 In addition, resolution less than the probe diameter could complicate interpretation
of 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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Tables of force field parameters:

TABLE 1: Force Field Energy Expression
Total Energy
Bond Stretch Energy
Type Harmonic
Bond Stretch Energy
Type Morse

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

1
K b ( R − Ro ) 2
2

E = Do (e −α ( R − Ro ) − 1) 2 where α =

Kb
2 Do

1

Angle Bend Energy
Theta Harmonic

E=

Angle Bend Energy
Cosine Harmonic

E=

Torsion Energy
Dihedral
Stretch-Bend-Stretch Energy
R-Cosine
Stretch-Stretch Energy
R-R
Van der Waals Energy
Morse

97

1
K θ (θ − θ o ) 2
2

1
K θ (Cosθ − Cosθ o ) 2
2
2 Sin θ o
E=

1
K t [1 − d t Cos ( ntφ )]
2

E = (Cosθ − Cosθ o )[Cij ( Rij − Rijo ) + C jk ( Rjk − Rjk o )]
E = K ss ( Rij − Rijo )( Rjk − Rjko )
E = Do ( χ − 2 χ ) where χ = e
2

Van der Waals Energy
Lennard-Jones 6-12

E = Do ((

−γ R
(
−1)
2 Ro

Ro 12
R
) − 2( o ) 6 )
R
R

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

TABLE 2: Force Field Atom Types
H_

Non-acid hydrogen

H___A

Acid hydrogen

C_3

SP3 carbon

C_2G

SP2 graphite carbon

O_3

SP3 oxygen

Si0

Bulk silicon

SiS

Surface silicon

SiOH

Surface silicon connected to OH group

SiH

Surface silicon connected to H_

2

TABLE 3: Harmonic Bond Stretch Parameters
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Atom 1

Atom 2

Kb

Ro

SiOH

O_3

700.0000

1.5870

O_3

H___A

500.0000

1.0000

C_3

H_

662.6080

1.1094

C_3

C_3

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 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

3

TABLE 5: Angle Bend Parameters
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Atom 1

Atom 2

Atom 3

Type

Kθ

θo

C_2G

C_2G

C_2G

Cosine harmonic

196.1300

120.0000

C_2G

C_2G

C_3

Cosine harmonic

196.1300

120.0000

C_3

C_2G

C_3

Cosine harmonic

188.4421

120.0000

C_2G

C_3

C_2G

Cosine harmonic

220.2246

109.4710

C_3

C_3

C_3

Cosine harmonic

214.2065

109.4710

C_3

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

C_3

C_3

H_

Cosine harmonic

117.2321

109.4710

C_2G

C_3

H_

Cosine harmonic

121.6821

109.4710

C_2G

C_3

C_3

Cosine harmonic

220.2246

109.4710

C_2G

C_2G

H_

Cosine harmonic

103.1658

120.0000

Any

O_3

Any

Theta harmonic

100.0000

104.5100

H_

SiOH

H_

Cosine harmonic

58.2560

110.9530

Si0

SiOH

O_3

Cosine harmonic

102.7429

109.4710

SiOH

SiOH

Si0

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

Si0

SiOH

Si0

Cosine harmonic

31.2682

105.0467

SiOH

SiOH

O_3

Cosine harmonic

102.7429

109.4710

SiH

SiH

H_

Cosine harmonic

42.2500

115.1400
4

Si0

SiS

Si0

Cosine harmonic

31.2682

105.0467

SiS

SiS

Si0

Cosine harmonic

31.2682

105.0467

O_3

SiOH

H_

Cosine harmonic

57.6239

109.4710

100

TABLE 6: Torsion Parameters
Atom 1

Atom 2

Atom 3

Atom 4

Kt

nt

dt

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

C_3

Any

2.0000

3.0000

-1.0000

Any

C_3

C_3

Any

2.0000

3.0000

-1.0000

Any

SiOH

O_3

Any

2.0000

3.0000

-1.0000

TABLE 7: Stretch-Bend-Stretch Parameters
Atom 1

Atom 2

Atom 3

Rij

Rjk

Si0

Si0

Si0

2.3810

2.3810

θo

Cij

109.4712 -14.8184

Cjk
-14.8184

TABLE 8: Stretch-Stretch Parameters
Atom 1

Atom 2

Atom 3

Kss

Rijo

Rjko

Si0

Si0

Si0

3.6001

2.3810

2.3810

TABLE 9: van der Waals Parameters
Atom 1

Atom 2

Type

Do

Ro

γ

H_

H_

Morse

0.018145

3.56979

10.70940
5

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

O_3

O_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

LJ 6-12

0.175186

4.132000

N/A

Si0

C_2G

LJ 6-12

0.175186

4.132000

N/A

SiH

C_2G

LJ 6-12

0.175186

4.132000

N/A

SiS

C_2G

LJ 6-12

0.175186

4.132000

N/A

O_3

C_2G

LJ 6-12

0.097336

3.699299

N/A
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The original parameters used to create these force fields were developed in the Materials and Process
Simulation Center (California Institute of Technology).1,2,3 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 Weiqiao Deng, Richard Muller and William A. Goddard III or by using generic terms
from the Dreiding force field.4

6

Energy-position and force-position curves from MD simulations:
Force Vs. Tip Position
Scan Points 1 and 11
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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.

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 nN)
did the probe slip off the sample nanotube at these points. The force and energy curves presented here
show that the energy requirement to cause these points to slip 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
9

change the relative position of probe and sample. The amplitude of the vertical vibrations is less
105than
0.055 nm.

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 probe images have been rotated from their original
tilted position to illustrate the amount of bending that the
probe undergoes. The local deformation of the tip is also
shown in the bottom pictures. The images show that both
bending and local deformation contributes significantly to
the reduction in the probe’s effective resolution for this
SWNT diameter.

10

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

106

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).

Force Curve for 2.2 nm Diameter SWNT Probe
on 2.2 SWNT Sample
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Figure S-4: Force curve for the 2.2 nm SNWT probe. The dashed circle shows the region where
slipping occurs. As the graph shows, there is no significant force opposing the slipping 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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Illustration of reversibility in SWNT probe-sample interaction:

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
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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