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ABSTRACT

Low-frequency dielectric responses of carbon nanotubes are important for their manipulation, separation, and electronic applications. Here
we report the first experimental measurement of near-dc polarization of individual carbon nanotubes by using modified scanning force microscopy
techniques. The transverse polarizability of carbon nanotubes is equivalent to solid cylindrical media with a dielectric constant of about 10,
irrespective of tube diameter and chirality. The longitudinal polarization is also observed and used to distinguish metallic from semiconducting

nanotubes.

Single-walled carbon nanotubes (SWNTs) exhibit extraor- Oy Oy Oy,
dinary mechanical, thermal, and electrical properties due to P,=A*E, = |0 o, o,]|E,
their unique one-dimensional all-carbon structtiviith the Oy Oy Oy

slightest twist in the structural chiral vector, SWNTs can be
either metallic or semiconducting. The richness in structure whereEex is the external field an@;, is the induced dipole
and properties provides great opportunities in applications moment of the SWNT. I is the axial direction, and and
ranging from electronics, nanomedicine, composite materials,§ are the radial directions, we hawey = oy = ag, the
and alternative energy devic€s.On the other hand, italso  transverse polarizability, and,, = oy, the longitudinal
constitutes an enormous challenge to controllably synthesize polarizability. Tight-binding and density functional calcula-
separate, and assemble nanotubes with desired properties itions agreed that, under the infinite length limit, the
order to construct functional devices because as-synthesizedongitudinal polarization of truly metallic armchair carbon
SWNTSs are always mixtures of a variety of tubes that include nanotubes is extremely large and does not converge in
both metallic and semiconducting species. calculationg?23Zigzag tubes, which include semiconducting
tubes and semimetallic tubes with very small band gaps,
show longitudinal polarizabilities proportional to the radius
and inversely proportional to the square of the band gap.
SWNTs are potentially the best basis for differentiation. on the.other hand, transverse .polarizab_ility of calculated
Recent technigues such as ion-exchange chromatodraphy armehair gnd zlgzag ngnotubes IS proportlonal_to the square
of tube diameter but independent of tube chiradfty® A

and d|electrophore§%ll have started exp loiting th(_ese d'f', recent study on the tight-binding level also provided insights
ferences for separation, but the m_e_cham;ms remain amp'gu'on the finite length effects on the dielectric response of
ous and not fully resolved. In addition, dielectric properties g\yNTs as well as the intramolecular responses to impurities
can also be used to manipul&té* and aligi> 1" carbon and perturbation®
nanotubes in electric fields, and they largely determine the  These works, however, have neither fully explored the
screening effects in nanotube electronic devices and Cir-tensorial nature of the polarizability nor correlated the
cuits*:4? calculated responses to the structural features of SWNTSs.
Despite the high level of attention on electronic transport For example, the off-diagonal matrix elements of the

and optical responses of SWNTSs, the dc dielectric responsemolecular polarizability tensor of chiral nanotubes, which

Understanding the dielectric properties of SWNTs is
critically important for their separation because the drastically
different dielectric properties of metallic and semiconducting

has only been addressed sparsely and theoret®®atfyIn are expected to be nonzero, have not been calculated. More
general, the linear molecular polarizability matéxof a importantly, no experiments have been reported to check the
SWNT is defined as validity of the theories. The difficulties of such experiments

largely arise from the fact that nanotubes are highly aniso-
*To whom correspondence should be addressed. E-mail: chenll@ tropl(_: and_mOSt avallf_ible nanthbe §amples a_l’e mixtures of
ohio.edu. species with vastly different dielectric properties.
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substrate ¢ = 500 Hz in all experiments). The bias field
between the tip and the sample induces a polarization in
carbon nanotubes. The induced dipole in turn interacts with
the static charges on the conducting AFM tip and leads to
an attractive force that oscillates inw2 frequency
(Figure 1a). The2w component of the AFM cantilever
deflection signal, which is proportional to the force, was then
sampled by a lock-in amplifier and recorded as the dielectric
image.

Parts b and ¢ of Figure 1 display topographical and
dielectric images from a typical scan. The induced polariza-
R’ (nm’) tion of individual carbon nanotubes is clearly distinguishable
Figure 1. (a) Schematic illustration of the scanning force micros- onthe back_ground Of. the CapaCIt.lve attract|0n_ force between
copy approach to the near-dc polarization of individual carbon the conducting AFM tip and the Si substrate. Figure 1d shows
nanotubes. (b) Topography and (c) dielectric images from a typical that the magnitude of the polarization has a quadratic
scan. (d) Quadratic dependence of the dielectric response ondependence on the tube radius. Because the external field is
nanotube radius. predominantly perpendicular to the tube axis, and the

] ) _ interaction force is measured on the perpendicular direction,

Here we report an experimental measurement of dielectric he tip—tube interaction is mostly dominated by the trans-
polarization of individual SWNTs as the first step toward \erse polarization. Thus, the observed quadratic dependence
understanding the carbon nanotube low-frequency dielectrics.qgrees qualitatively with theoretical calculations that carbon
A single-molecule approach using scanning force microscopy nanotube transverse polarizability is proportional to the
is adopted to overcome the heterogeneity in ensemblegqare of tube radius. A solid dielectric cylinder with radius

samples. Proximal force probes with nanometer spatial g and isotropic dielectric constantwould have transverse
resolution are also capable of detecting forces as small aSholarizability

~10 pN and thus are well-suited to measure the extremely

small dielectric interaction forces from single carbon nano- le—1

tubes. aD:EEJrlRZ
Isolated SWNTs on degenerately p-doped Si wafer with €

a 2 nm thermal oxide layer were prepared via a chemical

vapor deposition (CVD) process.The Si substrate was  Thjs suggests that the near-dc transverse dielectric response
cleaned in chloroform and blown dry under dry nitrogen gas f carhon nanotubes can be approximated by solid cylindrical
and then dipped in freshly prepared Fe@®H.0 solution  giglectric media with a uniform dielectric constast

in isopropanol (0.1 mg/mL) for 20 s followed by rinsing in  ;regpective of tube diameter and chirality. Because the
hexane. The iron nitrate coated substrate was heated aheasurement geometry is well defined and the absolute force
800°C in air, cooled down to 156C, and then run through  magnitude could also be obtained, we further the investiga-
the CVD program. First, the sample was heated up from 150+jon in a quantitative manner to determine the transverse
to 800°C in 30 min under 600 sccm argon flow; second, gigjectric constant of carbon nanotubes and explore the
400 sccm of hydrogen gas was added for 15 min at®0  iyqyence of their longitudinal polarizability in nonuniform

to reduce catalyst particles; finally, 31 sccm ethylene flow fig|gs.

was supplied for 10 min at 80€C for nanotube growth. Crucial to the quantification of the dielectric force is the
The resulting sample had a density of about 5 tubes®/ iy pstrate capacitance. The asymmetric pyramidal probe

and the tube diameters range from 0.7 10 4.2 NM 4, hag heen previously modeled as a conducting cone with
(Figure 1b). An Asylum Research MFP3D microscope (Santa 4 spherical ape% The total capacitance iSCiom =

L . - Csphere
Barbara, CA) was used to measure the nanotube polarlzat|on+ Coone+ Cpareliet-plate iN WhiCh Cephers Coone aNAChareliel- piate

The entire microscope was situated in a dry nitrogen 4re the contributions from the sphere, the cone, and the
(<1 ppm moisture) glove box (MBraun Inc., New Hamp-  cantilever beam, respectively. We calibrate the capacitance
shire) to prevent moisture condensation and screening of thes a5cn tip used in experiments by measuring the capacitive

dielectric signal. Conducting atomic force microscope (AFM) 4itractive force between the tip and the substrate
tips with a resonance frequency about 60 kHz and spring

constant of about 1.1 nN/nm were used in a double-pass

imaging operation as previously publishi&din the first pass, F= ldc_‘ota' 2

standard tapping mode imaging was performed to obtain the 2 dz

topography of a scan line (typical free resonance amplitude

of 37.5 nm and amplitude set-point of 18 nm); a second passat different lift heights over an area with no carbon nanotubes
of the same scan line then followed with the AFM tip lifted or catalyst particles. Th€., is analytically expressed, and
18 nm above the topographical baseline and vibrating at its derivative is used to fit the experimental data with a single
15 nm amplitude, while an oscillating bias potential= fitting parameter, the radius of the sphere at the tip apex.
Ve + Vac Sin (wt) was applied between the tip and the Si Figure 2 shows capacitance calibration curves of two

(@)

tip charge

Viias=Vcsinfot)
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lift height (nm) Figure 3. Cross-section of a numerically solved potential distribu-
tion at the vicinity of the tip and carbon nanotube. The model
Figure 2. Capacitance calibration curve for two tips, open circles €ncloses a cylindrical space of 120 nm in radius and 100 nm in
and squares are experimental data points; red and blue curves ar@€ight. The tip radius: 14 nm; tip cone angle: °1%anotube
the sphere cone-parallel plate fit for the two tips with a single  length: 200 nm. A total of about 500 000 finite elements were

fitting parameter: tip radius being 12 and 14 nm, respectively. ~ defined with mesh size of 0.4 and 2 nm on nanotube and tip
surfaces, respectively.
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different tips with fitting. Tip sphere radii of about 15 304
nm are typically observed, which are in good agreement with Isotropic model
vendor specification and previous calibration using frequency
shift detectior?®

The determination of the tipsubstrate capacitance and
the tip sphere radius allows us to build an electrostatic model
including carbon nanotubes. The presence of pseudo-one-
dimensional nanotubes breaks the symmetry of the system
and thus the model can only be solved numerically. A finite-
element analysis package (Multiphysics 3.3, COMSOL, Inc.,
Burlington, MA) is used to solve the Poisson’s equation in
a cylindrical space that includes the tip represented by a
metallic cone combined with a hemispheke= 10 000)
whose rqdius is determined from tip-capacitance calibration, Figure 4. Comparison between measured dielectric forces of
2 nm SiQ layer € = 3.9), and the carbon nanotube carbon nanotubes and those obtained from numerical calculations
represented by a solid cylindrical media whose dielectric using isotropic models. The error bars are the standard deviation
characteristics are to be tried and compared with experiments of signals measured from multiple pixels along the tube axis.
The boundary condition is that the potentisbi V at the tip
surface ad 0 V at thebottom surface of the SiQayer; the
electric displacemenD = eeE, is required to be continuous
across all other surfaces and interfaces at their normal
directions. The attractive force exerted on the tip is calculated
as

for carbon nanotubes. Both the experimental and numerical
results recover th&? dependence observed in theoretical
calculation and qualitative imaging. Moreover, the experi-
mental measurements can be well fit with an isotropic
dielectric constant of about 10, suggesting the simplified
model of an isotropic dielectric cylinder catches essential
features of the dielectric responses in the predominantly
F=#§, 1 D-E-ds transverse configuration of the measurement.
prouriace2 The longitudinal dielectric properties differentiate metallic
g prop
and semiconducting nanotubes. Interestingly, we observe the
In this model, theCparaiier-piate CONtribution from the cantilever  influence of longitudinal polarization in both the numerical
beam is neglected because the distance between the substrateodeling and the experiments. Parts a and b of Figure 5
and the plate> 10 um) is much greater than any variations display numerically calculated potential distributions around
of the height that may be encountered in the nanotubea metallic and a semiconducting carbon nanotube, whose
measurements. The length of the nanotube and the spatialongitudinal dielectric constants are approximately set to 1000
dimension of the field to be included in the model are and 30, respectivel§? The transverse dielectric constant for
determined from multiple trials to minimize the finite size both tubes is set to 10. In the metallic model £ 1000),
effect and maximize the calculation efficiency. the highe, screens the external field effectively and forms
Figure 3 shows the cross-section view of a solved equal potential surfaces parallel to the axis (Figure 5a). In
electrostatic potential distribution. When the dielectric the semiconducting moded, (= 30), screening of the external
constant of the nanotube cylinder is set to 1, the attractive field is less effective and localized bound charges accumulate
force on the tip calculated from the numerical model reduces mostly below the tip (Figure 5b). Consequently, the potential
to that of the sphere and cone model for the tip capacitance.difference between the tip and the nanotube is larger in
Figure 4 compares experimental results with numerically metallic tubes, which results in stronger attraction between
modeled forces using an isotropic dielectric cylinder model the tip and a metallic tube.
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Figure 5. Influence of the longitudinal polarizability. Potential o
distributions around (a) a metallic nanotube and (b) a semiconduct- E =g, =2
ing nanotube show significant differences, which result in stronger ~ s =5
interaction forces between the probe tip and metallic tubes than @ 20+
semiconducting tubes. Topographical (c) and dielectric (d) images E —¢,=10
of nanotubes: tubes in white open ovals are metallic and those in (o)
green open squares are semiconducting. LL metallic model
£,= 1000
This effect could be used to distinguish metallic from 0 T T T T T T
semiconducting carbon nanotubes. Parts ¢ and d of Figure 5 00 05 1.0 2 1.5 22-0 25 3.0
show the topographical and dielectric images of a scan area R (nm)

with multiple SWNTs. The tubes encircled in open white
ovals have diameters comparable to those in green operfigure 6. Comparison between measured dielectric forces and
squares (Figure 5c) but display much greater polarizability, those from anisotropic metallic and semiconducting models. The
as seen in the dielectric image (Figure 5d). Figure 6 compareserror bars are the standard deviation of signals measured from

) . . ) . ~“multiple pixels along the tube axis.
experimental data with numerical results by using anisotropic )
dielectric models. The semiconducting model= 30) with optimization of the measurement geometry could potentially
¢o between 5 and 10 agree well with most of experimental lead to better determination of the transverse and longitudinal

data points except for one (black arrow), which would require Polarizabilities, and even identify the off-diagonal elements
an unrealistically highe; of 2000 in the semiconducting N the polarizability matr|x._Th<_a expgnment estabhslhes a
model to match the measured dielectric force (Figure 6a). 98neral method for investigating dielectric properties of
On the other hand, a metallic moded, (= 1000) with inhomogeneous and anisotropic nanomaterials.

en = 10 fits this tube well but would lead te; < 2 for Acknowledgment. We thank Sergio Ulloa and Nicola
many other tubes (Figure 6b). We thus conclude that this Marzari for valuable discussions. This work is partially
tube is metallic, while other tubes are semiconducting. A supported by Ohio University Research Council and Ohio
transverse dielectric constaat ~ 10 fits well for both  University Biomimetic Nanoscience and NanoTechnology
metallic and semiconducting tubes. This yields a coefficient program.

C ~ 0.41 in transverse polarizability References

eg—1
egt1

_1 _
=5 R =CR

g

which is consistent with the theoretical prediction of
C = 0.40.

In summary, we report the first experimental measurement
of the near-dc polarization of individual carbon nanotubes.
We conclude that the transverse dielectric response can be
approximated by solid cylindrical media with a dielectric
constant of about 10, irrespective of the tube diameter and
chirality. The nonuniform field around the scanning local
probe also results in a weak but discernible influence from
the longitudinal polarization, which could be used to
distinguish metallic from semiconducting nanotubes. Further
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