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ABSTRACT

We show that the number of concentric graphene cylinders forming a carbon nanotube can be found by squeezing the tube between an
atomic force microscope tip and a silicon substrate. The compressed height of a single-walled nanotube (double-walled nanotube) is approximately
two (four) times the interlayer spacing of graphite. Measured compression forces are consistent with the predicted bending modulus of
graphene and provide a mechanical signature for identifying individual single-walled and double-walled nanotubes.

The electronic and mechanical properties of carbon nanotubes
(CNTs) depend on the number of concentric cylinders
forming the CNT. The additional shells of a multiwalled
nanotube, or neighboring tubes in a nanotube bundle, create
parallel conduction paths and alter the electronic environ-
ment. Similarly, the radial compressibility of CNTs is
affected by additional shells or bundling. Techniques to
determine shell number or bundling, such as transmission
electron microscopy, are often not compatible with experi-
mental geometries for electrical and mechanical measure-
ments. In such cases, researchers must rely on indirect
evidence, such as the uncompressed height of a nanotube,
to guess the exact shell structure.

Many authors have investigated stress—strain relationships
of CNTs in the axial and radial directions;! ~® however, these
mechanical measurements have not demonstrated the resolu-
tion required to distinguish between single-walled nanotubes
(SWNTs), double-walled nanotubes (DWNTs), and nanotube
bundles. In this work we show that individual SWNTs and
DWNTs have distinct mechanical signatures that are readily
measured by atomic force microscopy (AFM). We have
compared our measurements to a simple mechanical model
that is based on theoretical predictions of the bending
modulus of graphene.’

Carbon nanotubes were prepared on silicon substrates by
either drop-casting commercially available CNTs (a mixture
of DWNTs and SWNTs from Carbon Nanotechnologies Inc.)
or by the chemical vapor deposition growth method.? Silicon
AFM tips (Budget Sensors) with nominal spring constant k
= 40 N/m and quality factor Q =~ 400 were characterized
using the thermal amplitude method® and tip radius was
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Figure 1. (a) Atomic force microscope image of two CVD grown
nanotubes on a silicon substrate when energy transfer between tip
and sample is small: Agee = 11.5 nm, Ageqpoine = 10.6 nm, ¢ = 116°
(Ewp ~ 1 eV). (b) Image of the same nanotubes when A = 86
nm, Agpoine = 43 nm, ¢ = 43°. The same height scale applies to
both panels a and b. Ri, = 29 nm and k£ = 20.3 N/m.

found using Ry, = w*8h where w and h are the apparent
width and height of a nanotube imaged by AFM. For ac-
mode imaging the cantilever was driven close to resonance;
the phase difference ¢ between cantilever motion and the
driving piezo was 90 + 5° before engaging with the sample.

Figure la shows an ac-mode AFM image (Asylum
Research MFP-3D) of two CNTs with heights 7 = 2.4 and
1.5 nm. Compression of the two nanotubes during this image
was minimized by driving the cantilever with a small free-
air amplitude Ag.. = 11.5 nm and imaging with a cor-
respondingly small amplitude set-point Agepoine = 10.5 nm.
The phase ¢ was monitored during imaging and remained
>90° (attractive mode imaging'"). Figure 1b shows the same
nanotubes imaged with Afee = 86 nm, Ageipoine = 43 nm, and
¢ < 90°. The measured nanotube heights decrease to h =
1.05 and 0.55 nm, respectively. The reduction in % is
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Figure 2. Force—distance measurements of the larger CNT in
Figure 1 and nearby points on the silicon substrate. Crosses show
the AFM tip engaging with the substrate with data from four
different trials (two on the left side of the CNT and two on the
right side). Circles show the tip engaging with the DWNT with
data from three different trials. Inset drawings show cross sections
of the CNT during compression. Carbon ions in the CNT are
represented by black dots. Grey bands depict the thickness of
graphene, 7, due to the electron cloud. For all measurements Ry, =
29 nm, dzp./dr = 50 nm/s, data acquisition rate = 200 Hz and
data is filtered with a lowpass cutoff of 100 Hz. The dashed red
line shows results of the graphene-bending model without consider-
ing additional substrate indentation. The solid red line shows results
of the model when additional substrate indentation is included.

reversible, and we see no evidence of mechanical damage
to the nanotubes, the tip, or the substrate during our
experiments.

The “gentle” imaging parameters used for Figure la are
suitable for measuring the uncompressed height of a nanotube
hmax.'? Although the hammering force of the AFM tip on
the sample is not a directly measured parameter in ac-mode
AFM imaging, it is known that energy transfer from the tip
to the sample is small when Age. is small and ¢ > 90°. In
Figure 1a, for example, E,,, the energy transferred from the
tip to the sample during each cycle of cantilever motion was
approximately 1 eV (energy dissipation calculations are
described in Supporting Information). The “aggressive”
imaging parameters used for Figure 1b clearly result in higher
hammering forces (reduced /). We show below that this force
is sufficient to flatten a SWNT or DWNT.

To quantify the compression of the larger nanotube in
Figure 1b (hpm,x = 2.4 nm), we measured /4 as a function of
radial compression force F. After acquiring an ac-mode
image of the nanotube, the driven oscillation of the cantilever
was stopped and the static deflection of the cantilever, Ay,
was monitored as the base of the cantilever was moved
perpendicular to the surface by a distance zpu. Figure 2
shows the downward force, F' = kA, acting on the sample
as a function of tip position, zZip = Zase T Auip, When the tip
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Figure 3. Diagram showing the geometry of a CNT squashed by
an AFM tip when Ry, = 10Dqyer.

is engaged on either the substrate or the nanotube. To ensure
that the tip was centered on the nanotube, a sequence of
F(zp) curves were measured on a line of x-y coordinates
which bisected the nanotube. Five measurements clearly
engaged with the nanotube, and the three well-centered
measurements are displayed in Figure 2. There is a time delay
of several seconds between each F(z,) measurement. During
this delay, thermal drift changes z, by a random distance
of the order 1 nm. To account for this drift, curves have
been translated on the z;;, axis so that substrate and nanotube
are separated by /lipmax = 2.4 nm when F = 0. As F is
increased from O to 50 nN, a 0.45 nm elastic deformation is
observed on the substrate and a 1.8 nm elastic deformation
is observed on the CNT. At /' = 50 nN the substrate and
nanotube curves are separated by 1.05 nm.

The minimum height 1.05 nm measured in Figure 1b and
Figure 2 is consistent with expectations for a DWNT. The
interlayer spacing of uncompressed graphite is 0.34 nm.
Under high pressure (near the graphite-diamond transition),
the interlayer spacing reaches 0.21 nm.'? Therefore, if forces
are sufficient to flatten the cross-section of a nanotube we
naively expect 0.42 nm < i < 0.68 nm for SWNTs (the
height of two graphene sheets under compression), and 0.84
nm < & < 1.36 nm for DWNTs. While this simple picture
neglects nanoindentation of the substrate and the AFM tip
(discussed below), minimum height is a useful way to
tentatively assign a nanotube as SWNT or DWNT.

To confirm that the CNT is indeed double-walled we
compare F(h) to predictions based on the bending modulus
of graphene. First principles modeling predicts that the
energy cost per atom associated with bending a single sheet
of graphene into a cylinder of diameter D is Uyom = /D2,
where [3 varies between 47 and 62 meV/nm? depending on
details of the calculation.” We model the nanotube as two
concentric graphene cylinders with Doyer = FAmax — ¢ and Dipper
= hmax — 3t (see Figure 2), where r ~ 0.34 nm'3 and 8 = 55
meV/nm?. (Note that the diameter of the outer ionic lattice
will be slightly smaller than /., due to the electron cloud
surrounding the ionic lattice). When the tube is compressed
by the AFM tip (R, = 29 nm), the geometry is similar to a
garden hose squashed by a basketball (Figure 3). The radius
of curvature of the AFM tip is much larger than Doy,
therefore when calculating bending energy the nanotube can
be treated as mechanically decoupled rings. As rings evolve
from circles to stadiums, bending energy is stored in the
curved portion of the stadiums. The more the nanotube is
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squeezed, the more rings come into contact with the AFM
tip. Using this model, we calculate the stored energy due to
bending, Uiotas = Y Uaiom, and the corresponding compression
force F = |dUiow/dzipl. The dashed line in Figure 2 shows
the results of this fully constrained model.

The discrepancy between measured F(/) and the simple
graphene-bending model (dashed line in Figure 2) is likely
due to indentation of the AFM tip and the substrate. Figure
2 shows that some indentation occurs when the tip engages
with bare silicon. Indentations will be even greater when a
CNT is sandwiched between the two silicon surfaces due to
the reduced contact area. The depth of the elastic indentation
caused by a rigid sphere of radius R pressing on a flat silicon

substrate is'*
1—=vg) |\
4R Es

where Eg; ~ 140 GPa and vg; & 0.2 are the Young’s modulus
and Poisson ratio of silicon. The AFM tip will deform a
similar amount leading to a total deformation 27 & 0.3 nm
at = 50 nN. When the CNT is present in the sandwich, a
similar analysis based on effective contact area yields 2y ~
0.6 nm at F = 50 nN (the effective contact area is estimated
as a fraction of the flattened nanotube surface in Figure 3).
The additional indentation due to the presence of the CNT
has the correct magnitude and functional form to explain
the discrepancy between measured F(zip) and the simple
graphene-bending model. We conclude that our measure-
ments are consistent with predictions for a DWNT pushed
by a silicon tip into a silicon substrate.

The effect of additional substrate indentation can be
incorporated into the graphene-curvature model in a very
simple way. A small increase in Doyer and Dipyer Simulates
the extra space n(F) created when the CNT sinks into the
substrate. The solid curve in Figure 2 shows the graphene-
curvature model with Doyer = Fmax and Dipner = Hmax — 21,
no other parameters have been changed with respect to the
dashed line. It appears to be a coincidence that #(F) is a
similar magnitude to ¢, leading to this simple relationship
between fiyax and Doy used for modeling.

The close agreement between the mechanical model and
radial compression measurements (Figure 2) suggests that
force-height data can be used as a signature to distinguish
between SWNTs, DWNTSs, and nanotube bundles. We tested
the model on a possible SWNT (the smaller nanotube in
Figure 1) by determining 4 as a function of tapping force
Fip. A series of images were obtained with different App.
and Ageqpoine Values. For each image, F,p, was determined by
measuring the height of the DWNT and comparing to the
known force-height relationship of the DWNT (Figure 2).
The uniformity of Fi, across the image was inferred from
energy dissipation maps which showed equal energy dis-
sipation on the substrate and on the centerlines of the two
nanotubes (see Supporting Information). Figure 4 shows the
resulting A(Fi,) curve of the smaller nanotube. The nanotube
reaches a minimum height of 0.55 nm at 25 nN, and the
h(Fyp) curve is in excellent agreement with the prediction
of our mechanical model for a single graphene cylinder of
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Figure 4. Nanotube height measured by ac-mode AFM at various
imaging parameters. The CNT measured in Figure 2 is used to
calibrate Fi,,. Heights were extracted from AFM images by finding
the average z coordinate on top of the nanotube (20 pixel average)
and subtracting the average height of the substrate (~100 x 100
pixel average). The solid lines are modeled A(F) for a DWNT and
a SWNT with Dgyer = 2.4 and 1.5 nm, respectively. The high force
region, where graphene cylinders are completely flattened, has not
been modeled. Imaging parameters (Age. (nm), Ay (nm), @) from
smallest to largest Fy,, are as follows (11.5, 10.6, 116°), (44.7, 39.7,
76°), (57.3, 42.5, 61°), (71.6, 42.5, 49°), and (86.1, 42.5, 43°).

diameter 1.5 nm. We conclude that the nanotube is indeed
single-walled.

The calibrated F,, imaging technique described above
circumvents experimental issues associated with measuring
force—distance curves of smaller diameter CNTs (it is very
difficult to obtain F(z;,) data such as Figure 2 on SWNTs,
as evidenced by previous attempts>®). We have used this
technique on both silicon and silicon oxide substrates to
identify SWNTs and DWNTs (further examples are provided
in Supporting Information). In all cases we found close
agreement between experimental /(F,) curves and the
appropriate SWNT/DWNT mechanical model with Doyeer =
hmax and f = 55 meV/nm?.

In conclusion, measurements of / as a function of compres-
sion force (F or Fiyp) can be used to identify individual SWNTSs
and DWNTs. This AFM characterization technique will be
useful for future investigation of the mechanical and electrical
properties of CNT with known structure. Our measurements
of radial compression are consistent with a graphene bending
modulus 8 = 55 £ 10 meV/nm? and highlight the importance
of considering substrate indentation. More accurate determina-
tion of S will be possible by detailed modeling of the
experiments described here, and future experiments using AFM
tips and substrates made from high Young’s modulus materials
such as diamond.
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Supporting Information Available: Scatter plot of /(F
~ 50 nN) versus hy,y for all nanotubes with /i, < 1.5 nm.
Map of E,, when imaging nanotubes in Figure 1. A(Fip)
curve for another DWNT on a silicon substrate. i(F\,p) curves
for a SWNT and a bundle of two SWNTs on thermally
grown silicon oxide. Details of the F\,, calibration procedure.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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