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ABSTRACT
An atomic force microscope was used to locally perturb and detect the charge density in carbon nanotubes. Changing the tip voltage varied
the Fermi level in the nanotube. The local charge density increased abruptly whenever the Fermi level was swept through a van Hove singularity
in the density of states, thereby coupling the cantilever’s mechanical oscillations to the nanotube’s local electronic properties. By using our
technique to measure the local band gap of an intratube quantum-well structure, created by a nonuniform uniaxial strain, we have estimated
the nanotube chiral angle. Our technique does not require attached electrodes or a specialized substrate, yielding a unique high-resolution
spectroscopic tool that facilitates the comparison between local electronic structure of nanomaterials and further transport, optical, or sensing
experiments.

Atomic force microscopy (AFM) is a widely employed
technique for sensing small forces. While it has been used
extensively to image the structure of materials on nanometer
or even atomic scales,1 relatively little work has been done
employing AFM to probe the electronic properties of
materials. We report a technique by which the local electronic
properties of single-walled carbon nanotubes (SWNTs) are
coupled to an AFM cantilever’s mechanical motion by using
electrostatic force microscopy (EFM)2-4 to sense electrostatic
forces between an AFM tip and the nanotubes. EFM has
previously shown promise as a probe of the local density of
states (LDOS) by probing the electron system in Bi nanowires.5 Our technique, unlike previous studies, utilizes a
convenient and flexible sample geometry, does not require
attached electrodes, and provides a calibrated energy scale,
thus enabling the LDOS to be probed spectroscopically with
nanometer-scale resolution. This permits the results of
transport, optical, or sensing experiments and applications
to be compared with detailed information about local
electronic structure.
We exploit the relationship between the charge density in
an electron system and its Fermi level, which reflects its
fundamental properties. Measurements of electronic compressibility, which is determined by this relationship, have
been used to study electron-electron interactions in twodimensional electron systems,6 investigate the metal-insulator transition,7 and identify fractional localized charges in
quantum Hall systems.8 In our experiment, we populate the
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nanotubes’ one-dimensional (1D) subbands by varying the
tip voltage. The resulting variations in the compressibility
of the electron gas modulate the tip-sample capacitance,
causing the van Hove singularities in the density of states to
be reflected in the electrostatic forces acting on the cantilever.
Our results demonstrate the effects of quantum confinement
on a nanotube’s capacitance, which may have important
implications for the high-frequency operation of nanotube
devices.9 Moreover, we have exploited this capability to
measure the local band gap of an intratube quantum-well
structure, created by the application of a nonuniform uniaxial
strain.10 From the local band gap versus the local strain, we
infer the nanotube chiral angle by comparison to theoretical
models.11-13 The technique is applicable to other materials
and should find wide applicability in investigating the
properties of nanoscale systems.
A degenerately doped silicon wafer capped with a 1 µm
oxide layer supports single-walled carbon nanotubes (SWNTs)
grown by chemical vapor deposition.14 A Si atomic force
microscope cantilever with an integrated tip vibrates near
its resonant frequency and scans over the sample surface to
probe the SWNTs. After acquiring topographical height using
tapping mode, the tip then makes a second pass over each
line, at a larger height ∆h relative to the sample. With careful
adjustment of ∆h, during the lowest point of oscillation the
tip-sample separation becomes less than a few nm. During
each second pass the tip is biased at voltage V; the phase
shift ∆φ between the mechanical drive and the cantilever’s
motion is recorded. Once a nanotube is located, the slow

Figure 1. Experimental geometry and cantilever response to
electrostatic forces (a) A vibrating cantilever with free amplitude
A is brought close to a nanotube supported by an oxidized Si wafer.
In the topographic scan, feedback maintains the amplitude at a
reduced value of Atap. (b) Upper panel: color plot of ∆φ vs ∆x
and voltage ∆V ) V - Vmin, where Vmin (typically ∼ 1 V)
corresponds to a maximum in ∆φ obtained with ∆h ) 30 nm, A ∼
150 nm, Atap ∼ 100 nm. The data are smoothed over a ∼10 pixel
radius. Dark red corresponds to -150 m° while dark blue
corresponds to 0.0 m°. The dotted line indicates the nanotube
position. Lower panel: ∆φ vs ∆V when the tip is directly above
the nanotube. Arrows mark kinks in ∆φ vs ∆V. (c) upper panel:
color plot of ∆φ vs ∆x and ∆V with a smooth background
subtracted. Dark red corresponds to 20 m° while dark blue
corresponds to 5 m°. When the tip is directly over the nanotube,
the data show peaks in ∆φ vs ∆V. Lower panel: ∆φ vs ∆V taken
along the dotted line exhibiting a series of peaks. The voltages
giving the peaks correspond to the voltages yielding the kinks in
the data of part (b).

scan axis is disabled so the tip retraces the same nominal
line over the nanotube. This setup is illustrated in Figure
1a. The nanotube grounded either by its capacitance to the
ground plane, or by attached electrodes.15 V is incremented
at the end of each scan line. As V varies, electrostatic forces
acting on the cantilever’s tip change its effective spring
constant, modulating ∆φ. The upper panel of Figure 1b
shows a color scale plot of ∆φ vs ∆V and tip position ∆x
for a 0.9 nm diameter SWNT, where ∆V includes an offset
to account for tip-sample work function differences. The
dashed line indicates the nanotube position. The lower panel
of Figure 1b shows a line trace of ∆φ vs ∆V when the tip is
directly over the nanotube.
The line trace approximately follows the trend ∆φ ∝
-∆V2, as reported and elucidated in previous studies15,16 but
with notable differences. Remarkably, ∆φ shows kinks at
the voltages indicated by the arrows. Subtracting a smooth
background from the data in Figure 1b yields the data in
Figure 1c, which is approximately proportional to -d2(∆φ)/
dV2 and enhances the contrast of these features. The upper
panel shows the background-subtracted ∆φ vs ∆x and ∆V
in a color scale. When the tip is directly over the nanotube,
∆φ shows a series of peaks as ∆V varies. These peaks occur
854

Figure 2. Background subtracted ∆φ vs ∆V for six nanotube
samples T1-T4, S1 and M1. S1 and M1 were determined by
transport measurements to be semiconducting and metallic, respectively, while no electrodes were attached to T1-T4. The peaks are
offset horizontally slightly to align the minima, and offset vertically
for clarity. To obtain a consistent vertical scale, the data have been
scaled by a multiplicative factor for each tube. The scale factors
for each sample are T1, ×10; T2, ×4; S1, ×0.5; T3, ×10; M1,
×0.6; T4, ×6. Data from T1-T4 were taken with ∆h ) ∼30 nm,
A ∼ 150 nm, Atap ∼ 100 nm, while data from S1 and M1 was
taken with ∆h ) 7 nm, A ∼ 30 nm, Atap ∼ 15 nm. The combination
of smaller A and ∆h typically gives larger peaks in ∆φ vs ∆V, as
reflected by the smaller scale factors for S1 and M1. The voltage
gap Vg between peaks surrounding ∆V ) 0 is indicated, along with
the diameter D for each tube. Vg depends on the nanotube diameter.
For a given diameter, the data from samples with relatively small
Vg are shown in red, and those with a large Vg are shown in blue.

at the same voltage positions of the kinks shown in Figure
1b. The line trace shown in the lower panel shows peaks at
∆V ) -0.2 V and ∆V ) 0.7 V, as well as two additional
peaks near ∆V∼ ( 1 V.
The voltage position of the peaks is nanotube-dependent.
Figure 2 shows ∆φ vs ∆V for six different nanotubes, labeled
T1-T4, S1, and M1. Transport measurements were performed on S1 and M1. S1 was determined from these
measurements to be semiconducting, while M1 was determined to be metallic. For each tube, a gap region near ∆V
) 0 is surrounded by peaks of typical width ∼150 mV, with
additional peaks at larger |∆V|.17 Arrows delineate the voltage
gap Vg and the measured nanotube diameter D is given.
To understand this behavior, we consider cantilever’s
motion in the presence of electrostatic forces. In the simplest
picture, the electrostatic force gradient changes the effective
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spring constant, modulating ∆φ. The force gradient is
proportional to d2Cts/dz2, where Cts is the tip-sample
capacitance and z the mean tip height. However, Cts should
reflect contributions both from the geometric capacitance C
as well a quantum capacitance CQ ) e2n2κL in series with
C, where κ ) n-2dn/dµ is the electron gas compressibility,
n the carrier density, L is the characteristic length of the tipsample capacitor, e is the electric charge, and µ is the
chemical potential (e.g., ref 18). This series addition of CQ
to C accounts approximately for the kinetic, exchange and
correlation energy of the electrons. From recent ab initio
calculations19 we expect CQ makes an appreciable contribution to the Cts for a nanotube, regardless of L, originating
from nanotubes quasi-1D nature.
For µ such that electrons just begin to occupy each
additional subband, the 1D density of states has a van Hove
singularity. CQ then becomes large, and the induced charge
on the nanotube will increase more rapidly with ∆V. A
quantitative calculation, however, of ∆φ vs ∆V requires
numerical computations, since the forces acting on the tip
are strongly anharmonic. Nevertheless, the abrupt increase
in induced charge when the Fermi level is at a 1D van Hove
singularity should produce kinks in ∆φ vs ∆V, as observed.
Upon subtracting a smooth background these kinks will yield
peaks.
For metallic nanotubes, the energy separation between the
van Hove singularities near the Fermi level is eVg[eV] ≈
2.16 D-1 [nm-1], based on semiempirical calculations used
successfully to interpret previous STM studies20 (e.g., ref
21). ∆V is related to µ by dµ/e ) C/(C+CQ) d∆V For these
tubes, the voltage separation between successive peaks is
then 2.16 V D-1 [nm-1] (CQ + C)/C. For semiconducting
nanotubes when µ is in the band gap, the electron gas is
incompressible and µ/e and ∆V are related in a 1:1 ratio.
The band gap Eg then determines the voltage spacing between
peaks, giving Vg[V] ) Eg/e ≈ 0.72 D-1 [nm-1].21
Plotting eVg vs D-1 in Figure 3 shows that eVg generally
increases with increasing D-1, with most of the data falling
on one of two clusters corresponding to eVg differing by a
factor of 3 for a given diameter. The open triangles show
data from tubes without attached electrodes. The solid
squares show eVg vs D-1 for semiconducting nanotubes (as
determined from transport experiments), which fall in the
lower cluster. Accordingly, all tubes with eVg falling on the
lower line are inferred to be semiconducting. The expected
relation between eVg and D-1 for semiconducting nanotubes
is plotted as the lower solid line in Figure 3. The data
indicated by squares and lower four open triangles follow
this line very closely. We emphasize that the lower line has
no free parameters.
The upper data set taken from the metallic nanotubes also
follows a straight line. Fitting a line to obtain the slope gives
(CQ + C/C) ≈ 1.0. The three remaining points marked by
open triangles also fall near this upper line. Remarkably, this
implies that C . CQ for metallic nanotubes, and dµ/e ≈ d∆V.
We estimate C as C ) 2π0/ln(s/d) L, where  is the
dielectric constant, 0 is the permittivity of free space, s is
the tip-tube separation, and d is the tube diameter. Taking
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Figure 3. Plot of eVg vs D-1. Transport experiments were
performed on some nanotubes to determine whether they were
semiconducting or metallic. The squares show data from semiconducting nanotubes, falling on the lower line. The circles show
data from metallic nanotubes, falling on the upper line. The upper
line is a fit to the metallic tube data with a slope of 2.16 eV nm.
The lower line is a line with a slope of 0.72 eV nm, plotted without
free parameters. Open triangles denote eVgap vs D-1 for eight
samples that did not have attached electrodes. The left inset shows
filled squares connected by solid lines denoting intervals between
peaks for sample T1. The filled circles joined by dashed lines show
the theoretical expectation. Right inset, filled squares connected
by solid lines denote intervals between peaks for sample S1. The
filled circles joined by dashed lines show the theoretical expectation.

∼1, s∼2 nm, and d∼1 nm, C∼8 × 10-17 F L[µm] < CQ.
However, this estimate neglects the presence of the water
capillary that forms under ambient conditions between the
tip and sample when their separation is less than a few nm,
as occurs in our experiment.22-26 Since water’s dielectric
constant is ∼80, it can strongly modify Cts during the lowest
part of the cantilever oscillation cycle when it approaches
the surface and the capillary forms. With ∼80, the previous
estimate yields instead C∼6 × 10-15 F L[µm]. Thus we
expect to find features in ∆φ vs ∆V consistent with C . CQ
and dµ/e ≈ d∆V, in agreement with the relation obtained
from a fit to the data for metallic nanotubes.
This inference is further supported by periodic patterns
of peak positions in ∆V. For some nanotubes, particularly
those with D > ∼2 nm, the peak arrangement in ∆V depends
on whether they are metallic or semiconducting. For semiconducting tubes, the peaks cluster in groups of two,
alternating between large intervals δ(∆V)∼Vg and small
intervals δ(∆V) ∼ Vg/2, as exemplified by S1. These intervals
are plotted in the right inset to Figure 3 by filled squares.
For metallic (or small band gap) tubes, there is one large
interval of δ(∆V)dVgm near ∆V ) 0, with the other intervals
δ(∆V) ∼ Vgm/2, as exemplified by T1. Filled squares in the
left inset to Figure 3 denote these intervals from T1. These
patterns are readily accounted for by using a low-energy
model, which is expected to be accurate for nanotubes in
the given size range.27 In this picture, the energy spacing
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Figure 4. Effect of nanotube strain on van Hove singularity
positions. (a) Plot of ∆φ vs ∆V for a strained nanotube taken at
the positions A, B, and C indicated in the inset to part (b). Curves
are offset for clarity. The arrows indicate two successive peak
intervals for data taken from each location. Size of gap and
measured tube diameter indicate that this tube is semiconducting.
(b) Band gap (open squares) and second interval (crosses) vs
estimated local strain.

between successive van Hove singularities in semiconducting
nanotubes is expected to alternate between Eg and Eg/2, while
metallic nanotubes are expected to have one large interval
Egm, with the rest equal intervals of Egm/2, consistent with
our observations. The expected intervals, assuming dµ/e ≈
d∆V, are plotted as filled circles connected by dashed lines
in Figure 3 for S1 in the right inset and for T1 in the left
inset, using only the measured diameter of the nanotubes as
the input parameter. These calculated intervals are in good
agreement with the data.
This picture of meniscus formation and the resulting large
geometric capacitance obtained accounts qualitatively for the
peaks’ presence, and quantitatively for the voltage gap Vg
for both metallic and semiconducting nanotubes without free
parameters. Taken together, this demonstrates that atomic
force microscopy can be used to probe the local density of
states in nanotubes, yielding a spectroscopic technique in
which µ is directly tuned by V to yield a calibrated energy
scale.
To further demonstrate the capabilities of our technique,
we measured the local band gap of an artificially produced
quantum well structure within a semiconducting nanotube.
Longitudinal strain has been shown both theoretically13,28,29
and experimentally11,12 to modulate the band structure of
nanotubes. Figure 4 shows an AFM image of a nanotube
pushed by an AFM tip to make a stretched region. We then
probed the LDOS at the points labeled A, B, and C. Point A
is outside of the displaced region and yields an energy gap
of 0.45 eV. This is consistent with the expectation for the
band gap of semiconducting nanotube with the measured
diameter D ) 1.9 nm of 0.38 eV. From the shape of the
tube, we estimate the local strain at point B and C to be
∼2% and ∼5% respectively.10 We note these estimates are
only approximate, since the assumption that the strain is
concentrated only in the displaced region may be oversimplified.30
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Figure 4b shows eVg vs σ in the lower data set. We observe
the shifting of van Hove singularities at chemical potentials
further away from the Fermi level for a neutral tube. The
upper set of data in Figure 4b shows the energy gap between
the first and second van Hove singularities eVg1. Fitting a
straight line to the measured eVg vs σ shows that the band
gap diminishes by dEg/dσ ∼ 24 meV/% of strain, while eVg1
increases by ∼27 meV/% of strain. This is in qualitative
agreement with theoretical predictions, which predict equal
and opposite energy shifts for these gaps under strain.
Quantitatively, dEg/dσ is expected to be ≈100 meV
cos(3θ), where θ is the chiral angle of the nanotube. θ ) 0°
for a zigzag nanotube, and θ ) 30° for an armchair tube.13
The chiral angle of the nanotube exhibited in Figure 4 is
then be estimated as ∼1/3 cos-1(24 meV/100 meV) ∼ 25°.
The decrease of the band gap with strain constrains the
chiral indices for a (n,m) nanotube to satisfy n - m ) 3q 1, where n,m and q are integers. This constraint, coupled
with careful measurements of diameter and the straindependence of the gap, could enable the determination of
the chiral indices for a given nanotube using only electrostatic
forces and mechanical strain. Comparison of the present data
with that of micro-Raman studies will be helpful in this
regard and may help to ascertain the numerical accuracy of
the theory of ref 13.
In conclusion, we have demonstrated that AFM can be
used to probe the electronic density of states in carbon
nanotubes and distinguish individual metallic and semiconducting nanotubes without using attached electrodes. This
capability should prove useful in efforts to control nanotube
synthesis or separation to yield selected electronic properties.
Finally, unlike scanning tunneling microscopy, our measurements can be readily performed on insulating substrates.
Future work should enable detailed images of the local
electronic structure of nanotubes or other nanomaterials to
be directly compared to the results of further transport, optical
or sensing experiments.
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