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We investigated the piezoresistive properties of single-wall carbon nanotubes �SWCNTs� under the
tip-induced force in the radial direction using atomic force microscopy. We found that the
conductance of the bundled SWCNTs was modulated by the applied radial force. The polarity and
amount of the conductance change were different on every bundle and even dependent on the
location where the force was applied. These phenomena were explained by the modulation of the
band structures of the SWCNTs, which was caused by the deformation at the critical pressure.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2857480�

The carbon nanotube �CNT�, especially the single-wall
carbon nanotube �SWCNT�, is one of the most promising
building blocks for nanometer-scale electronic devices.
CNTs have been shown to have metallic or semiconducting
electrical transport characteristics depending on their
chiralities,1 as was predicted by theoretical studies. Metallic
CNTs are one of the candidate materials for via interconnects
in the integrated circuits,2 utilizing their high current capac-
ity and high thermal conductivity. There have also been
many studies on the carbon nanotube field-effect transistors
�CN-FETs� using semiconducting CNTs as a channel.3–7

It is already known that the electrical transport in CNTs
is strongly affected by the geometrical perturbations such as
defects.8 There is an increasing number of research studies
on the effect of the external forces on the transport properties
of CNTs for applications in nanometer-scale electromechani-
cal systems. There were some pioneering measurements of
the electrical transport properties under mechanical
stress.9–15 The effects of the axial,9–11 torsional,12 radial13,14

and flexural15 strains were investigated and the conductance
changes were measured. In most of these studies, the CNTs
were suspended and their transport properties were measured
while the forces were applied using insulating atomic force
microscopy �AFM� tips.9,10 This method, however, has a
drawback such that the effects of the axial strain and the
radial strain cannot be separated. In order to overcome this
problem, Gómez-Navarro et al. employed a different ap-
proach in that they measured the current of the CNTs lying
on a hard insulating substrate.13,14 They used a metallized tip
as a tool to apply radial forces and on the electrodes to mea-
sure the transport characteristics. This makes it difficult to
separate the effect of the radial deformation and that from the
change in the contact resistance. We now introduce an alter-
native method to measure the piezoresistive properties of the
CNTs by applying an external force in the radial direction
using an insulating AFM tip.

We prepared CN-FET structures using the
dielectrophoresis technique.16 A pair of electrodes
�12 nm Au /3 nm Cr� with 2 �m gap was prepared on a
highly doped Si substrate with a 300-nm-thick oxide. The
SWCNTs, purchased from Bucky USA �arc-discharge
method�, were dispersed in ethanol and then dropped onto
the gap, while an ac electric field �1 MHz, 10 Vp-p� was
applied. After drying, we found electrode pairs which only
have a single bridged bundle of SWCNTs by AFM. The
transport characteristics were measured in vacuum �10−2 Pa�.

We used an AFM apparatus �JEOL: JSPM-5200� and a
lightly doped Si cantilever �Olympus OMCL-AC160TS�,
whose nominal spring constant was 42 N /m. Since it was
not easy to precisely locate the position of the tip on the
SWCNTs due to the thermal drift of the sample translation
stage, we measured the current versus applied force charac-
teristics at each point in an area including the SWCNTs and
their surrounding surface. The measurement was realized by
modifying the measurement procedure for the current imag-
ing tunneling spectroscopy. Figure 1 shows a schematic dia-
gram of the measurement procedure. The distance between
the tip and sample was regulated by the intermittent-contact
mode in which the vibration amplitude was kept constant.
We obtained a topographic image consisting of 128
�128 pixels by a raster scan. At each pixel, the tip-sample
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FIG. 1. �Color online� Schematic diagram of procedure for measurement of
piezoresistive properties of SWCNTs by applying a radial force using AFM
cantilever tip.
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distance was held for a certain period by the sample-hold
circuit �Fig. 1�a��. Upon holding the tip-sample distance, the
excitation signal for the tip vibration was also halted. The tip
vibration gradually decreased to zero. The sample stage was
translated toward the tip by applying a ramp voltage to the
piezoelectric tube scanner �Figs. 1�b� and 1�c��. During trans-
lating the sample stage, a bias voltage was applied between
the Au electrodes, and the current flowing through the
SWCNTs was measured by an electrometer �Keithley: 6487�.
After the measurement of the current-to-load characteristic,
the sample stage was translated back to its prior position, and
the tip vibration and the tip-sample distance was resumed.
From the collected current-to-load characteristics at each
pixel, we can obtain the current image at each load. All mea-
surements were performed in a 1 atm nitrogen atmosphere.

Figures 2�a� and 2�b� are the topographic image and its
corresponding differential current image at the load of
350 nN. The diameter of the bundled SWCNTs was about
3.2 nm. The bias voltage was 0.5 V and the conductance
without the loading force �G0� was about 220 nS. The latter
image was obtained by subtracting the current image at the
zero loading force from that with the load. Figures 2�c� and
2�d� are the set of images taken on a different bundle. The
diameter of the bundle was about 4.8 nm. The bias voltage
was 50 mV and G0 was about 11 �S. The differential current
image �Fig. 2�d�� shows the conductance change for the load
of 1 �N.

These results indicate that the conductance of the
bundled SWCNTs was modulated by the applied radial force.
However, the polarity and amount of the conductance change

were different for every bundle, as shown in Figs. 2�b� and
2�d�. The SWCNTs in Fig. 2�b� exhibited an increase in the
conductance, and the SWCNTs in Fig. 2�d� showed a de-
crease. We also found that some SWCNTs showed both
bright and dark contrasts in the differential current image, as
shown in Figs. 2�e� and 2�f�. The diameter of the bundle was
about 3.7 nm. The bias voltage was 50 mV and G0 was about
5 �S. The differential current image �Fig. 2�f�� shows the
conductance change for the load of 1 �N.

As a further discussion, the applied force �F� was con-
verted to a pressure �P� using the following equation, the
Hertz model for a cylinder in contact with a sphere,17

P= �C /���6FE*2 /R2�1/3, where E* and R are effective
Young’s modulus and the equivalent radius of curvature,
respectively. C is a correction factor for cylinder and
sphere, which is determined by their radii. E* and R were
defined by the following equations: E*= ��1−�tip

2 � /Etip+ �1
−�CNT

2 � /ECNT�−1 and R= �Rtip
−1+RCNT

−1 �−1. Young’s modulus
and Poisson’s ratio for the tip are Etip=166 GPa and
�tip=0.217,18 and those for the CNTs are ECNT=30 GPa �Ref.
19� and �CNT=0.27,20 respectively. The radius of the CNTs,
RCNT, is assumed as half the measured height in the AFM
topography, which is actually the radius of the bundle. We
assume the tip radius, Rtip, as 30 nm from the measured line
profile of the bundle in the AFM topography. The correction
factor C for these radii is about 1.2.17

Figure 3 shows two plots of the differential conductance
normalized to G0 depending on the applied loading pressure,
measured on the point indicated by the arrows in Figs. 2�e�
and 2�f�. As illustrated in Fig. 3, the measured curve can be
divided into three regimes showing �1� almost no change, �2�
a sharp increase or decrease, and �3� a gradual change.

According to the molecular dynamics simulations,21–23

both the bundled SWCNTs and isolated SWCNT show
abrupt structural changes around a certain pressure, which is
called the critical pressure �Pc�. The SWCNT is expected to
deform into an elliptical shape from its original circular
shape around the Pc. The value of Pc depends on the diam-
eter of the SWCNT, but it is on the order of several GPa. The
existence of Pc was proved by Raman spectroscopy24 and
x-ray diffraction measurements.25

As shown in Fig. 3, we observed an abrupt conductance
change at the pressure of about 35 or 40 GPa. We speculated
that the observed conductance change is related to the defor-
mation of the SWCNTs. Therefore, the observed three re-
gimes correspond to �1� below the Pc, �2� around the Pc, and
�3� above the Pc. The difference in the value of Pc from the

FIG. 2. �Color online� Three sets of topographic images and the differential
current image measured at a specific load. �a�, �c�, and �e� are the topo-
graphic images and �b�, �d�, and �f� are the differential current images,
which were simultaneously taken on the same area, respectively.

FIG. 3. �Color online� Plots of the conductance change normalized to that
measured without the load �G0� as a function of the applied pressure, which
was calculated using the Hertz model, for the case when the conductance
was increased �a� and decreased �b� upon increasing the pressure.
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theoretical studies can be attributed to the fact that these
simulations are for the SWCNTs under a uniform pressure,
such as the hydrostatic pressure and the pinching between
two parallel plates, while the tip-induced radial force is not
always uniform. Application of the simple Hertz model for
converting the applied force to the pressure may be another
source of error.

In our experiments, we measured the sum of the conduc-
tance change in all the SWCNTs in the bundle. The conduc-
tance change in the individual SWCNTs can be explained by
one of the following mechanisms. It was predicted by Lam-
mert et al. that the metallic CNTs become semiconducting as
a result of the coupling between the opposing internal
faces.26 It was also reported by Kılıç et al. that semiconduct-
ing nanotubes become metallic under radial deformation due
to the enhanced �*-�* hybridization.27 Capaz et al. calcu-
lated dEg /dP �Eg is the band gap width and P is the pres-
sure� for several SWCNTs with the so-called zigzag chirali-
ties, and showed that the band gap will be modulated by the
pressure.28 We consider that the bundle contained both me-
tallic and semiconducting SWCNTs. Therefore, some
bundles showed an increase while the others showed a de-
crease. It is even possible that the bundle shows either an
increase or decrease depending on the location at which the
force is applied if the bundle is not uniform. We actually
found that some SWCNTs have their ends in the halfway of
the bundle. It was not possible to determine the detailed
structures of the bundle in our experiments. It would be de-
sirable to bridge the single SWCNT whose chirality is deter-
mined by some other techniques �scanning tunneling micros-
copy, for example� and to measure its piezoresistive property,
which will be our future task.

In summary, we investigated the piezoresistive proper-
ties of the bundled SWCNTs under a tip-induced radial force.
Our results showed both a conductance increase and decrease
depending on the samples and on the position at which the
radial force was applied. The conductance change went
through three regimes. These three regimes can be explained
by the existence of the critical pressure Pc at which the CNT
deforms. The deformation causes a modulation of the band
structure, which leads to the conductance change.
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