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ABSTRACT

Correlations between the local diameter and local radial elastic modulus in multiwalled carbon nanotubes (MWNTS) were investigated via
ultrasonic force microscopy. Spatial cross-correlation analysis showed that local radial modulus variations were inversely correlated with
local diameter gradients (“bamboo” structures) in MWNTs grown via chemical vapor deposition (CVD). In contrast, uniform MWNTs grown via
arc discharge exhibited no such correlation, indicating that reductions of elastic modulus previously reported for CVD-grown MWNTS originated
from increased defect density associated with local increases in diameter.

Since their discovefy carbon single-walled nanotubes elastic modulus with local variations in radial microstructure
(SWNTs) and multiwalled nanotubes (MWNTS) have at- to address the spatial origin of modulus reduction.

tracted enormous scientific interest due to their unique Here, we report spatially resolved measurements of radial
mechanical, electrical, and thermal properties. Theoretical elastic modulus in MWNTSs exhibiting uniform (AD-grown)
and experimental investigations estimate the (axial) Young's and highly nonuniform (CVD-grown) radial microstructures
modulus of ideal SWNTs and MWNTSs to be in the 1 TPa ysing ultrasonic force microscopy (UFM). CVD-grown
rangeZ—> However, MWNTs grown via chemical vapor MWNTs exhibited local variations in the radial elastic
deposition (CVD) that exhibited local variations of the modulus that were statistically correlated with diameter
nanotube diameter (termed “bamboo” structures) possessedariation and were an order of magnitude larger than radial
an average bending modulus an order of magnitude smallerelastic modulus variations in comparable AD-grown MWNTS.
than comparable MWNTSs that exhibited a uniform radial Specifically, radial elastic modulus variations in CVD-grown

microstructure deposited via an arc-discharge (AD) mefthod. MWNTS were inversely correlated with local increases in
This has been attributed the reduction in modulus for CVD- nanotube diameter, exhibiting an average normalized cross-

grown MWNTSs to high-crystalline defect densities associated correlation of—0.68+ 0.05 compared to a value of 0.5

with local changes in diameter. However, the experimental 0.18 for AD-grown MWNTSs. These measurements indicate
approach employed in that study was not able to spatially that modulus reduction in MWNTS exhibiting nonuniform
resolve variation of modulus within a single MWNT. radial microstructures results specifically from increased
Modulus measurements based on atomic force microscopydefect density associated with positive radial gradients. The
(AFM), although experimentally challenging, have inherently average radial elastic moduli measured from both types of
high-spatial resolution. Several groups have pioneered thisMWNTSs studied were in reasonable agreement with prior
approach to image variations of mechanical response insideyork.

an individual nanotub&:® However, no studies have been CVD-grown MWNTSs were grown on Sigsubstrates with
reported that statistically correlate nanoscale variations in 4 deposition technique reported eaffemd were dissolved
purified, and redispersed on clean, oxidized (100) Si wafer
:L(J:o_rrespondinglguthor. E-mail: rgeer@uamail.albany.edu. samples for imagingt MWNTs were also grown via
niversity at Albany. . . o
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technic Institute. diameters measured via AFM ranged from 20 to 50 nm.
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Figure 1. (a) AFM topography scan of an AD MWNT on a Si©oated Si wafer. (b) UFM image of an AD MWNT acquired simultaneously

with topography scan shown in (a). (¢) AFM topography scan of a CVD-grown MWNT on a similar substrate. (d) UFM image of a
CVD-grown MWNT acquired simultaneously with topography scan shown in (c). The relative UFM image contrast on the MWNTS is
dominated by radial elastic modulus variations. Note the strong variations of the UFM image contrast of the CVD MWNT compared to that
of the AD MWNT.
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measured diameter of the AD MWNT (Figure 1a) is 22 nm = " ‘_,'-’;0-2

and varies byt 0.4 nm along its axis. The height-éxis) = ’ g

resolution of the AFM is less than 0.1 nm. The CVD MWNT ® 10 o goo

(Figure 1c) exhibits a 48 nm diameter and variestb®.5 ? 51 ¢ A <

nm along its axis. The UFM scan of the AD MWNT (Figure o ;‘; o2

1b) exhibits a uniform contrast well below that of the $iO 02 03 04 05 06 07 08
substrate indicative of its reduced contact stiffness and
surface adhesion. The UFM image of the CVD MWNT

differs starkly, revealing a wide intratube variation of surface Figure 2. Variation of applied AFM tip force (nN) as a function
mechanical contrast. Axial “bands” of alternating image Of indentation (threshold variation) determined for the CVvD MWNT

contrast are apparent in addition to regions of overall (filled triangles) and the Si@coated Si substrate (filled circles).

. . Inset: AFM tip deflection as a function of ultrasonic amplitude
depressed UFM contrast. (The difference in UFM contrast for increasing tip force illustrating the change of threshold amplitude

uniformity between the AD-grown and CVD-grown tubes with applied tip force.
was observed over the entire range of applied tip forces and
ultrasonic vibration amplitudes.) Frictional force imaging was error bars in the main plot result, primarily, from threshold
simultaneously acquired (not shown) and revealed no amplitude variation.
significant contrast variation over the MWNTSs, implying the The tip-force/threshold-amplitude data, measured in the
origin of the contrast in Figure 1d results from local dynamically damped mode, in Figure 2 represents a force-
variations in radial modulus, not surface adhesion. As with displacement curve similar to AFM-based nanoindentation.
previous applications of ultrasonic-based AFM, experimental Quantitative calibration for d-UFM has been shown to be
care was taken here to differentiate mechanical contrast fromhighly accurat& 7 for cases where calibration standards are
topographic artifact®*® Local changes in the tipsurface similar to the materials under investigation. However, due
contact area can modify UFM contrast when the tip radius to the significant topographic and mechanical modulus
of curvature approaches or exceeds that of the sutfades variations between the tip-substrate (g§i©ontact and the
effect results in the bright “halo” evident at the edges of the tip-MWNT contact a calibration approach is undesirable.
CVD-grown MWNT (Figure 1d) and, to a lesser extent, the Instead, the Hertzian model describing the deformation of
AD-grown tube. The topography on the uppermost portions two curved bodies in contact (see ref 18; also applied in refs
of all MWNTSs studied exhibited surface radii of curvature 8 and 9) has been used to analyze the force-displacement
substantially larger than that of the tip, eliminating topo- data of Figure 2.
graphic artifacts as a contributor to the UFM contrast. Similar ~ The solid lines in Figure 2 represent a best fit of the force-
UFM contrast features have been observed for CVD-grown threshold amplitude curve based on the Hertzian model with
nanotubes exhibiting radial nonuniformiti€s. the measured displacemerzt, corresponding to the sum
To quantify the mechanical contrast of Figure 1d dif- deformation of the tip and nanotub&, The analysis yields
ferential UFM was used to extract local radial modulus by a value of 75+ 18 GPa for the Young’s modulus of the
measuring the relative change in UFM threshold amplitude SiO, substrate and a value of 2t 7 GPa for the radial
as a function of applied tip forc€.Figure 2 plots the applied  modulus of the CVD MWNT. Absolute calibration error of
tip force versus the variation of UFM threshold amplitude the laser vibrometer is the primary contribution to the
from a point of the CVD MWNT (solid triangles) and the uncertainty of both quantities. The MWNT radial moduli
SiO, substrate (solid circles). The AFM tip deflection measured here agree well with literature within experimental
measured during the UFM waveform ramp (Figure 2 inset) error. Shen et al. reported MWNT radial moduli of 50
documents the force-dependent threshold amplitude. TheGPa although the indentation forces used there were an order
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Figure 4. Normalized axial cross-correlation between the spatial
derivatives of topographic and radial modulus maps from a CVD-
grown MWNT (open circles) and an AD-grown MWNT (open
triangles). No correlation between topographic variation and radial
modulus variation is evident in the AD-grown MWNT while
substantial negative correlation exists for the CVD-grown MWNT.
Upper right inset: normalized axial cross-correlation between the
topographic and radial modulus maps from a CVD-grown MWNT
in agreement with the cross-correlation of the corresponding spatial
€derivatives. Upper left inset: normalized cross-correlation of the
topographic and radial modulus variation as a function of MWNT
diameter for CVD-grown tubes (open circles) and AD-grown tubes

of magnitude larger than this work and complicate a direct (open triangles).

comparisorf.Palaci et al. reported asymptotic radial modulus

for MWNTS of 304+ 10 GP&’ Yu et al. likewise measured  modulus variations from four AD-grown MWNTSs and four
radial moduli of an MWNT but obtained relatively low CVD-grown MWNTSs. For each tube, 500 500 nnt areas
values (0.3-4 GPa) that were possibly attributable to low of simultaneously acquired topographic and radial modulus
wall thickness' images and corresponding spatial derivative maps were

The force-displacement analysis for the data in Figure 2 analyzed for cross-correlation definedas
yielded values for the tip/Siand tip/MWNT adhesion
forces of 35+ 7 and 1§:|: 4 _nN, re_spegtlvely. T_he former Z (LK) = TA K+ % T +y) —T)
value agrees well with direct tip/SpOadhesive force ,
measurements recently reported by Huebner et al. whenx(X,Y) =
normalized for tip/surface contact ar€asupporting the [(; (1)) — Ta)z)(g (k4 x1+y) — T3
validity of the Hertzian model, while the latter value is in : ]
reasonable agreement with ref 9.

Utilizing the aforementioned analysis, axial profiles of the wherel(k,) andly(k + X, | + y) represent two spatial pixel
radial modulus were obtained for CVD and AD MWNTs maps shifted byx, y) andl, andl, are the corresponding
(along the dashed lines in AFM/UFM panels of Figure 1) image pixel averages. A direct computation approach was
and are shown in Figure 3 with corresponding height utilized to evaluatey(x,y) between 150x 150 nn? offset
profiles® Along these profile sections, the average heights image sections within the original 500 500 nnt scans to
of the AD and CVD MWNTS were 21.4 0.3 and 47.9t avoid spurious effects of Fourier transforfds.

2.4 nm, respectively. Likewise, the average radial modulus The normalized cross-correlation function varies between
(relative to SiQ) was 0.30+ 0.06 (AD) and 0.25+ 0.08 1 and —1 representing complete direct or inverse image
(CVD). The majority of the absolute error is associated with correlation, respectively. The position of the maximuny in
ultrasonic amplitude calibration. Relative errors were an order corresponds to the relative spatial shift of the correlated
of magnitude smaller. The radial elastic modulus of the CVD- components of the two image sectidAdn Figure 4, the
grown MNWT modulus profile in Figure 3 ranged from 16 average cross-correlation of the spatial derivatives of the
to 23 GPa. In contrast, the radial elastic modulus of the AD- MWNT diameter and radial modulug ) is plotted as a
grown MWNT changed by approximately 0.7 GPa across function of relative shift along the long axis of the nanotube
the profile (only slightly larger than the relative error of the for the CVD and AD MWNTs shown in Figure 1. No
radial modulus measurement) and represents an order-of-substantial correlation is observed for the AD MWNT (open
magnitude reduction. triangles). In contrast, a clear correlatigi+(0)) = —0.68

A striking feature of Figure 3 is the inverse correspondence + 0.07) is exhibited for the CVD MWNT. The position of
between local changes in CVD-grown MWNT radial modu- the peak at a zero axial shift is important, signifying a direct
lus and MWNT diameter. To evaluate the statistical validity correlation between topography and radial modulus. The
of this observation, a normalized cross-correlation function algebraic sign confirms the trend observed in Figure 3: local
analysis was carried out between the topographic and radialincreases in MWNT diameter lead to a reduction in local

Figure 3. (Top) Topography profile (open circles) and relative
radial modulus profile (open triangles for an AD-grown MWNT
measured via AFM and UFM, respectively, along the dashed lines
in Figure la,c. (Bottom) Topography profile (open circles) and
relative radial modulus profile (open triangles for an AD-grown
MWNT measured via AFM and UFM, respectively, along the
dashed lines in Figure 1lb,d. For the CVD MWNT, note the
correlation between the local increase in nanotube diameter and
the decrease in modulus. Vertical dashed lines are a guide to th
eye.
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modulus. The upper right inset in Figure 4 displays the cross- defect density associated with positive radial gradients. This
correlation function between the calibrated topography and is supported, indirectly, by TEM imaging of similar MWNTSs.
radial modulus scansy{g) and agrees with the spatial

derivative cross-correlation. The peakyr: likewise occurs Acknowledgment. This work was supported by the
at zero axial shift. The broadening of this peak results from Nanoscale Science and Engineering Initiative of the National

the relatively small percentage change in diameter comparedScience Foundation under NSF Awards DMR-0117792,
to that of the radial modulus over the image. The upper left DMR-0642573, DMR-0320569, and DMR-0303764, by the

inset of Figure 4 plotgse(0) as a function of diameter for ~ Semiconductor Research Corporation Focus Center Research
four AD MWNTSs (open triangles) and four CVD MWNTs

Program, and the New York State Office of Science,

(open circles). The correlation between diameter variation Technology, and Academic Research.

and radial modulus variation is consistent among both sets
of MWNTSs confirming and validating the trend observed in
Figure 3.

It is well established that the additional curvature intro-
duced in the &C sp bonds of carbon MWNTs and SWNTs
is manifested by an increase in radial modulus. Althoug
this is contrary to the data in Figures 3 and 4, curvature-

Supporting Information Available: The details of the

UFM experimental configuration and data acquisition pro-

tocol as well as the details of the Hertzian model used to
analyze the differential UFM force-response data are included
h in online documentation. This material is available free of

charge via the Internet at http://pubs.acs.org.

induced variations in radial MWNT moduli are only expected References

for nanotubes with radii less than-@ nm, well below what

is considered here, and can be ruled out as a cause for the

observed relationship between local MWNT radial modulus
and diameter. Rather, this is driven by other mechanisms.
One possible reason is local variation in wall thickness. This
cannot be directly confirmed because simultaneous UFM
mapping and TEM imaging is not possible with our approach
owing to the need for a mechanically rigid and inertially
robust substrat&. However, there is no experimental evi-
dence from the MWNTSs studied here that the overall wall
thickness varies inversely with nanotube diameter. Even if
such were the case, recent results from Hertel and co-
workerg* suggests that radial modulus is independent of
diameter (for a wide range of wall thicknesses) and roughly
equivalent to that ot-axis graphité.

A more likely explanation for the observed radial modulus
behavior is the relative concentration of point and line
defects. Gao et al. attributed the bending-modulus reduction
for CVD MWNTs exhibiting an irregular radial microstruc-

ture (termed bamboo by those authors) to increased defect

density, not wall thickness variatiénAn increased defect
density with local irregularities in MWNT diameter is also
consistent with recently reported TEM analyses of CVD-
grown MWNTSs for which significant crystalline defects
(alignment discontinuities of the graphitic planes) were
observed in regions of varying diametéAlthough qualita-

tive, these comparisons support the experimental observation
that local defect concentrations associated with increased
MWNT diameter is the primary source for the observed
radial modulus reduction.

In conclusion, we report spatially resolved measurements
of radial elastic modulus in MWNTs exhibiting smooth
(grown by AD) and highly nonuniform radial microstucture
(grown by CVD). CVD MWNTSs exhibit strong variations
in the radial elastic modulus, which are inversely correlated
to local changes in tube diameter, indicating that the elastic
modulus reduction previously observed for MWNTSs exhibit-
ing nonuniform microstructure originates from increased
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