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Axial strain is introduced into individual single wall carbon nanotubes 共SWCNTs兲 suspended from
a trench-containing Si/ SiO2 substrate by employing the van der Waals interaction between the
SWCNT and the substrate. Resonance Raman spectroscopy is used to characterize the strain, and up
to 3% axial strain is observed. It is also found that a significant friction between the SWCNT and
the substrate, on the order of 10 pN/ nm, governs the localization and propagation of the strain in the
SWCNTs sitting on the substrate. This method can be applied to introduce strain into materials
sitting on a substrate, such as a graphene sheet. © 2007 American Institute of Physics.
关DOI: 10.1063/1.2749870兴
Due to their remarkable electronic and optical properties,
single wall carbon nanotubes 共SWCNTs兲 have been under
intensive investigation.1 Being a one dimensional system, it
is predicted that strain can dramatically modify the electronic
and optical properties of SWCNTs.2 Thus, strain is envisioned as a method for tuning the electronic and optical
properties of SWCNTs for device applications.2,3 However,
most of the investigations have relied on manual manipulations to introduce strains in the SWCNTs.4,5 In this work, we
report an alternative way of producing strain in many individual SWCNTs simultaneously by employing the van der
Waals 共vdW兲 interactions between the nanotube and the substrate. Resonance Raman spectroscopy 共RRS兲 is used to confirm and characterize the strain in the SWCNTs. Our study
suggests a possible method for introducing strain into
SWCNT devices on a large scale.
We start the discussion by presenting a simple model for
how strain is generated by the vdW interaction in SWCNTs
bound to a substrate. Line ABC in Figure 1 shows a molecular wire contacting a substrate with an angle ␣. Assume that
the wire is inelastic so that we can exclude elastic energy for
simplicity. If the wire in the initial form 共ABC兲 is pulled
from one end 共point A兲 to the final form 共A⬘B⬘C兲 while keeping the contact angle ␣ constant, the work done in this process must be equal to the change in the total binding energy,

T共1 − cos ␣兲dx = EBdx,
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At a small angle ␣, T has a much larger value than EB,
thereby possibly introducing a large strain to the molecular
wire. For SWCNTs on a H-passivated Si共100兲 surface, EB is
about 2 – 3 eV/ nm for SWCNTs with 1 – 2 nm diameter.6 As
long as the surface is not chemically active, EB on a different
surface is expected to be similar since the Hamaker constants
for different materials are similar.7
To introduce strain in individual SWCNTs, we used a
silicon substrate with 300 nm deep trenches with different
widths: 1.5, 3, and 6 m. The trenches were patterned on a
300 nm silicon oxide film by dry etching. Well-separated ultralong aligned SWCNTs were grown across the trenches
using an ethanol chemical vapor deposition method at
900 ° C.8 Figure 2共a兲 shows a scanning electron microscope
共SEM兲 image of the SWCNTs grown on the substrate. Figure
2共b兲 is an atomic force microscope 共AFM兲 image of a single
SWCNT grown across the trenches 共dark兲. From the AFM
and SEM images, we found that the SWCNTs often touch

共1兲

where EB is the binding energy per unit length, dx is the
length of BB⬘, and T is the tension of the wire. Thus,
a兲

T = EB

FIG. 1. Molecular wire making contact with a substrate at an angle ␣. The
wire in the initial form 共ABC兲 is pulled by a force T to the final form
共A⬘B⬘C兲. The vdW binding energy EB between the substrate and the wire
can sustain the tension in the wire.
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FIG. 2. 共Color online兲 共a兲 SEM image of long aligned SWCNTs grown
across trenches. The SWCNT described in Fig. 3 is indicated by the arrow.
共b兲 AFM image of a SWCNT grown across the 1.5, 3, and 6 m wide
trenches. The SWCNT falls down to the bottom of the 6 m wide trench.

the bottom of the 6 m wide trenches 关Fig. 2共b兲兴 at a certain
angle like in Fig. 1; therefore, it is expected that strain will
develop in these SWCNTs.
RRS was employed to characterize the vibrational
modes of the SWCNTs along their lengths. A micro-Raman
setup in a backscattering geometry with a 50⫻ objective
共numerical aperture= 0.8兲 is used for collecting spectra with
laser excitation wavelengths of 514, 621, 633, and 647 nm.
The laser spot size is about 1 m2. Using an automated
stage, Raman spectra are taken over the region near the
trenches. Spectra are taken at two different laser power levels
共0.9 and ⬃3 mW兲 to ensure there is no heating effect. By
plotting the integrated peak intensity of a vibrational mode in
a two-dimensional 共2D兲 map, we can construct an image of
the SWCNT. Figure 3共b兲 shows such an image constructed
from the G band between 1500 and 1600 cm−1, where the
color bar shows the intensity scale. Figure 3共a兲 shows the
intensity map of the silicon peak at 520 cm−1 taken in the
same region, as Fig. 3共b兲, which identifies the trench regions.
In Fig. 3共c兲, we plot the Raman spectra of the G band along
the length of the SWCNT and the frequency of the most
intense peak is marked by the red dashed line.9 A downshift
in this frequency as y increases can be clearly seen. We observed five semiconducting SWCNTs 共S-SWCNTs兲 with to-
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FIG. 4. 共Color online兲 共a兲 Schematic of a SWCNT grown across the 1.5, 3,
and 6 m wide trenches. The SWCNT falls down the 6 m trench in this
example. 共b兲 G+ with respect to position y obtained from three SWCNTs
共shown as black triangles, blue squares, and red diamonds兲 in the region
shown in 共a兲. The strain generated at y = 8 m propagates to the left until it
completely relaxes at the points indicated by the green arrows due to the
friction between the SWCNTs and the substrate.

tal frequency downshifts of 3 – 8 cm−1 and three other
S-SWCNTs with total frequency downshifts of 20, 54,
80 cm−1, and these latter three are shown as blue squares,
black triangles, and red diamonds, respectively, in Fig.
4共b兲.10 The G-band frequency at positions far away from the
trench region lies between 1590 and 1600 cm−1. This corresponds to the frequency of the A-symmetry mode of the G+
band 共G+兲 in unstrained semiconducting SWCNTs.11 It has
been reported that G+ downshifts linearly 共28 cm−1 / 1%
axial strain兲 with respect to the axial strain of up to 1.6%
strain in semiconducting SWCNTs.5
Using our modelin Fig. 1, the observed frequency shift
can be explained in the follwing: The axial strain is generated at the trench where the SWCNT falls down to the bottom and the strain propagates along the SWCNT due to the
substrate-SWCNT friction until it relaxes to zero. With a
classical elastic model, the propagation of strain can be expressed as

dT 1
f
d d T
=
=
=
,
dy dy AY dy AY AY

FIG. 3. 共Color online兲 共a兲 2D integrated intensity map of the silicon peak at
520 cm−1. The dark regions correspond to the trench regions. 共b兲 2D integrated intensity map of the G band between 1500 and 1600 cm−1 taken from
a SWCNT in the same region as in 共a兲. 共c兲 Actual G-band spectra along the
length of the SWCNT shown in 共b兲. The peak frequency of the most intense
peak is observed to shift linearly with respect to the position on the substrate
and remains constant across the trenches.

共3兲

where  is the axial strain and A is the cross sectional area of
the SWCNTs, which is 0.34 nm times the circumference of
the SWCNTs,12 Y is Young’s modulus for SWCNTs, which is
1 TPa,12 and f is the friction per unit length of SWCNTs.
The linear frequency shift behavior indicates that f is constant along the length of each SWCNT. We find that f is
about 5 pN/ nm for SWCNTs sitting on a SiO2 substrate,
which is about an order of magnitude higher per carbon atom
than values reported for wall to wall interaction in double
walled carbon nanotubes and multiwalled carbon
nanotubes.13,14
To verify that the vdW interaction is sufficient to induce
the observed strain, we have estimated the strain using the
previously reported EB.6 From the SEM and AFM images,
we measure the angle ␣ for different SWCNTs, which ranges
from about 8.5° to 30°. We calculate the strain based on the
tension using Eq. 共2兲,
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The resulting strain ranges from a negligible value 共less than
0.2%兲 to more than 3%, which is consistent with values observed in our study. Note that although the vdW interaction
is universal, supporting such a large strain solely by the vdW
interaction is possible only in structures with nanometer
thickness. In a general ribbonlike structure, EB is roughly
proportional to the ribbon width 共EB is the energy per unit
length兲, whereas the cross sectional area A is proportional to
the ribbon width times the thickness of the structure. Thus,
the strain is inversely proportional to the thickness of the
structure.
The large variation of the strain observed in different
individual SWCNTs is mostly due to variation in the contact
angle ␣ but not to variation in EB. This is most likely due to
randomness in the amount of slack in the SWCNTs. Therefore, a better engineered trench profile and an improved process of the SWCNTs falling down in a trench in a more
controlled way would significantly reduce this randomness,
making the method more useful for introducing a uniform
strain on a large scale.
In conclusion, we have demonstrated a method to introduce strain into individual SWCNTs using a vdW interaction
without manual manipulation. This method allows measurements of strain up to 3% and opens opportunities for further
exploration of nonlinear effects under large strain. It will
allow the generation of strains in devices on a large scale and
in other interesting nanomaterials such as a graphene
sheet.15,16
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