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We demonstrate a method for inducing strain in carbon nanotubes using standard lithographic
techniques. In this work, aligned nanotubes are partially suspended over trenches made by chemical
etching. Strain-induced downshifts as high as 31 cm−1 are observed in the Raman spectra, roughly
corresponding to 1.1% strain. We also observe significant shifts in the resonant transition energy Eii
and an irreversible increase in the D band Raman intensity. The strains demonstrated using this
technique are capable of creating significant bandgaps in metallic nanotubes, greater than kBT at
room temperature, thereby making it possible to convert metallic nanotubes into semiconductors.
© 2009 American Institute of Physics. 关DOI: 10.1063/1.3159886兴
I. INTRODUCTION

The practical application of carbon nanotubes 共CNTs兲 in
electronic circuits has been severely limited by the inhomogeneity of samples, which contain both metallic and semiconducting nanotubes. The main difficulty in utilizing nanotubes as active elements in electronic devices arises from the
metallic nanotubes, which short circuit the behavior of the
semiconducting nanotubes. Axial straining of CNTs provides
a way to create strain-induced bandgaps in the metallic nanotubes, thereby converting them to the more desirable semiconducting state.1 For practical applications, a top-down
method of inducing strain in nanotubes using standard lithographic techniques is much desired. This paper investigates
the feasibility of this idea.
Many techniques for generating homogeneous, semiconducting nanotube samples have been investigated by several
research groups. These techniques include chemical precipitation of single walled CNTs 共SWCNTs兲 functionalized with
octadecylamine in tetrahydrofuran,2 selective functionalization with diazonium salts,3 centrifugation after addition of
diluted bromine,4 electrophoresis,5,6 chromatography,7 and
tuning of catalyst properties.8,9 In addition, others have tried
preferential growth of semiconducting SWCNTs by controlling the conditions of the growth process, chemicals, catalysts, and substrate material.10 A third approach is to preferentially destroy metallic SWCNTs while leaving the
semiconducting ones intact.11,12 Previous measurements of
nanotubes under strain have shown changes in bandgap,13
electronic transition energies,14 and phonon energies.15,16
Several techniques have been investigated for straining
CNTs, including atomic force microscope 共AFM兲
manipulation,17 stretching of elastomeric substrates
polydimethylsiloxane,16,18–20 and the stretching of membranes and epoxy composites containing nanotubes.21,22
In this paper, we investigate an alternative technique for
straining nanotubes, which involves partially suspending
aligned nanotubes across a trench that is progressively made
deeper through chemical etching. Upon drying, the large sura兲
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face tension of the aqueous solution pulls the nanotubes,
which are hydrophobic, to the water-air interface. When the
water-air interface reaches the bottom of the trench, as the
sample is dried, the nanotube is pinned by van der Waals
forces to the bottom of the trench in an elongated and, hence,
strained state. The large surface forces associated with the
drying of liquids are generally considered to be a problem,
causing delicate microelectromechanical systems 共MEMS兲
structures to collapse upon drying. This problem is typically
avoided by using a critical point dryer, which has become
standard practice in MEMS and nanoelectromechanical systems 共NEMS兲 fabrication.13 Here, we utilize these forces for
the purpose of creating strain in nanotubes. The resulting
strain is quantified using Raman spectroscopy, which also
reveals changes in defect density and electronic transition
energies. The geometric configuration of the nanotubes is
characterized by atomic force microscopy. Samples created
using this method have tens to hundreds of viable nanotubes
across each device that can be strained and measured in parallel, making this a scalable technique.
II. EXPERIMENT

The sample fabrication process consists of several steps,
illustrated in Fig. 1共a兲. Catalyst nanoparticles are deposited
on miscut quartz or sapphire substrates by nanosphere lithography. Aligned nanotubes are then grown by chemical vapor
deposition from these catalyst islands with CH4 and C2H4 as
the gas feedstock.10 The aligned nanotubes are then transferred to a silicon wafer with a 600 nm oxide using a
pressure-based substrate transfer method, reported
previously.10 A scanning electron microscope 共SEM兲 image
of nanotubes grown and deposited using this method is
shown in Fig. 1共b兲. The location of these nanotubes was
noted during SEM imaging, enabling their Raman spectra to
be subsequently measured. Resonant nanotubes are identified
and measured using a Renishaw via Raman microspectrometer. An array of electrodes was deposited by metal evaporation through a shadow mask to produce 50 m wide electrodes separated by 3 m gaps. The shadow mask is aligned
such that the gaps lie perpendicular to the nanotube growth

106, 014306-1

© 2009 American Institute of Physics

Downloaded 24 Jul 2009 to 128.125.124.218. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

014306-2

J. Appl. Phys. 106, 014306 共2009兲

Kumar et al.

laser
spot

NT5

laser
spot

NT5

laser
spot

FIG. 1. 共Color online兲 共a兲 Sample fabrication processing steps. 共1兲 Silicon
with 600 nm oxide. 共2兲 Aligned nanotubes are transferred onto substrate. 共3兲
Gold electrodes are deposited using metal evaporation through a shadow
mask. 共4兲 An oxide etch is performed by immersion in HF. 共b兲 SEM image
of aligned nanotubes between gold electrodes.

direction, as shown in Fig. 1共b兲. The gap is then etched in a
bath of hydrofluoric acid 共Buffer-HF Improved, Transene
Co., Inc., Danvers, MA兲 and then subsequently rinsed in several baths of water and blow dried with an airgun. The HF
acid was empirically found to etch the SiO2 layer of the
substrate at a rate of 2.5 nm/s. All steps performed involved
standard lithographic techniques only. A Digital Instruments,
Dimension 3100 AFM is used to determine the depth of the
trench and to characterize the nanotubes’ configuration.
III. RESULTS AND DISCUSSION

Figure 2 shows SEM images of a CNT, NT5, after a
sequence of HF etch steps. In our experiment, three etches
were performed on five nanotubes that were resonant with a
633 nm wavelength laser. The first etch of 20 s resulted in a
50 nm etch of the underlying SiO2. The second etch of 180 s
resulted in an additional 450 nm increase in depth for a total
of 500 nm. A third etch, lasting 28 s resulted in an additional
82 nm increase in total depth to 582 nm. From these images,
it is apparent that NT5 has broken free from the contact after
the final etch and is no longer strained. The approximate size
and location of the laser spot when Raman spectra were
taken are indicated in these images by the white circles. The
G band mode 共⬃1590 cm−1兲 corresponds to the optical phonon in graphene, which splits into two peaks in the nanotube
due to its curvature. The vibrational frequency of this mode

NT5

FIG. 2. SEM images of nanotubes after intermediate and final etching. Note
the larger width of the trench in 共c兲, as well as the nanotube’s relaxed
configuration. The white circles indicate the approximate size and position
of the laser spot when Raman spectra were taken 共Fig. 3兲.

downshifts with strain, and hence gives a measure of the
amount of strain that is applied.15
Figure 3 shows the Raman spectra of the nanotube NT5,
shown in Fig. 2, taken with a 633 nm laser before and after
each HF etch step. The G band frequency decreases linearly
from 1579 to 1548 cm−1, for a total downshift of 31 cm−1
due to the strain induced by this process. After the first etch
of 50 nm, the G band downshifted by 3.6 cm−1 from 1579.3
to 1575.7 cm−1. The subsequent etch, increasing the trench
depth to 500 nm, caused the G band to downshift by an
additional 27.5– 1548.2 cm−1. After the final etch, the G
band reverted to its original prestrain frequency, as shown in
Fig. 2共a兲, indicating a relaxation in strain from erosion of the
metal contacts or breakage of the nanotube.
The D band intensity increased with these downshifts, as
can be seen in Fig. 2. Figure 2共c兲 shows the ratio of the D
band to G band Raman intensity, plotted as a function of etch
depth. The D band 共⬃1325 cm−1兲 involves phonons with
finite momentum. Since the photon momentum is much
smaller than the phonon momentum, the D band is only observed when momentum conservation is broken by disorder.
Because of this, the D band to G band Raman intensity ratio
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FIG. 4. 共Color online兲 Nanotube height, as determined from AFM crosssectional analysis, plotted as a function of etch depth.
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FIG. 3. 共Color online兲 共a兲 G and D band Raman spectra of sample NT5 after
sequential etches. After the third etch, the high intensity of the D band drops
and the G band upshifts to its pre-etch value. 共b兲 Change in the G+, G−, and
D band center frequencies plotted as a function of etch depth. 共c兲 Ratio of
the D band to G band Raman intensity plotted as a function etch depth.

can be used to quantify the amount of disorder and defects in
nanotubes.23 After the final etch, the D band reverted to a
lower intensity, indicating the relaxation of strain-induced
defects. This final D band intensity, however, was larger than
the initial intensity, most likely due to the accumulation of
residue on the nanotube surface from precipitate created
through the reaction of HF with SiO2.
In addition to etching SiO2, the HF acid is found to
produce a residue on the surface of the nanotubes. This can
be seen in Figs. 2共a兲–2共c兲. Measurements of the accumulated
residue were performed on a prior sample, which underwent
a greater number of etches. Figure 4 shows the nanotube
height data extracted from AFM cross-sectional analysis. We
find the height of the nanotubes to increase rapidly for the
first few etches and then saturate to a final thickness of approximately 20 nm. With each etch, the residue accumulates
incrementally, showing great increases in height with the initial etches and smaller increases with the final etches. This
decline in the rate of accumulation is likely due to particles
having fewer available sites to bind to the nanotube surface
as more etches are performed.

The nanotube shown in Figs. 2 and 3 exhibited a downshift in the G band frequency from 1579 to 1548 cm−1, for a
total downshift of 31 cm−1. Previous measurements have
shown the G band to downshift at a rate of 28 cm−1 / % axial
strain. This implies that roughly 1.1% axial strain was induced in this nanotube by this etched-trench technique. According to tight binding calculations, which have been verified experimentally, strains of this magnitude are capable of
inducing bandgaps in metallic nanotubes as large as 0.1
eV.13,24 The adhesion of the nanotubes to the bottom of the
trench results in an elongation of the nanotube from length ᐉ
to ᐉ + ⌬ᐉ. If the nanotube assumes the configuration shown in
Fig. 1共a兲, part 共4兲, then the elongation is given by
⌬ᐉ =

2h
2h
−
,
sin共兲 tan共兲

共1兲

where h is the etched depth and  is the contact angle. For a
length ᐉ = 10 m, an etch depth h = 0.5 m and a contact
angle  = 20°, ⌬ᐉ / ᐉ is approximately 1.8%. Using this equation, we can calculate the contact angle of the nanotube assuming symmetric contacts for both sides of the nanotube.
The nanotube, here, spans an exceptionally wide trench of
11 m wide due to irregularly shaped contacts. Given a
strain of 1.1% and trench depth of 500 nm, we calculate the
contact angle to be 13.8°. This implies that 6.9 m of the
nanotube is in direct contact with the substrate. For comparison, after the first etch of 50 nm, the contact angle was 15.7°,
with only a 10.6 m length of nanotube in direct contact
with the substrate. Between the first and second etches, almost 35% of the nanotube lost contact with the substrate.
While this assumes that there is no initial slack in the nanotubes, these calculations give a rough idea of the geometry of
the nanotube after etching and drying.
The isotropic etching of the HF, etches underneath the
metal contacts causing many of the nanotubes to break free
at one end. Of the five resonant nanotubes measured in this
study, only one remained pinned underneath the metal electrodes after the third etch. The other four nanotubes measured in this study became detached from the metallic contacts with increased etching. This failure mechanism is
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FIG. 5. 共Color online兲 Anti-Stokes 共left兲 and Stokes 共right兲 RBM Raman
spectra for sample NT5. Note the prominence of the RBM peak for only the
500 nm etch.

understood on the basis of contact erosion, and can be improved by growing longer nanotubes and/or using shorter
trench widths.
The G⬘ band is also observed to downshift significantly
with trench depth for the sample shown in Figs. 2 and 3
共NT5兲. After 50 nm of etching, the G⬘ band frequency downshifts from 2636 to 2625 cm−1. When the trench depth
reaches 500 nm, the G⬘ band splits into two peaks: a broad
peak centered at 2594 cm−1 and a narrow peak centered at
2579 cm−1. After the final etch where the nanotube relaxes,
the peaks cease splitting and upshift to the initial prestrain
frequency. The two-peak structure in the G⬘ band has been
S
peak is within
found in unstrained nanotubes where the E44
S
the resonant window of the laser energy and the E33
peak is
within the resonant window of the scattered photon.25
The radial breathing mode 共RBM兲 corresponds to the
radial motion of atoms in a nanotube. The RBM frequency is
inversely proportional to the diameter of the nanotube.25 Figure 5 shows the RBM of sample NT5 occurring at
185.5 cm−1, with a Stokes/anti-Stokes intensity ratio of 5.3
after 500 nm of etching. This RBM corresponds to a nanotube diameter of 1.3 nm.26 The appearance of the RBM only
after the third etch indicates a strain-induced change in the
resonant electronic transition energy ⌬Eii shifting onto resonance with strain. The intensity of the resonant Raman process in nanotubes can be expressed as
I共El兲 ⬀

冏

1
共El − Eii − i⌫r兲共El ⫾ Eph − Eii − i⌫r兲

冏

2

,

共2兲

where Eii is the resonant transition energy, El is the laser
energy, Eph is the phonon energy, and ⌫r is the broadening
factor for the Raman scattering process.27 Using Eq. 共2兲, we
calculate ⌬Eii to be at least 12.5 meV for a nanotube to shift
completely onto 共or off of兲 resonance using ⌫r = 8 meV, El
= Eii = 1.95 eV, and Eph = 23 meV, which corresponds to the
measured value of 185.5 cm−1.
Since the ends of the nanotubes lie underneath the metal
electrodes, electron transport measurements can be performed on nanotubes spanning the trench after each etch.
However, since many nanotubes span each trench, the electrical measurements reflect an ensemble measurement of all
the nanotubes, including non-resonant and weakly resonant
nanotubes. For the electrodes contacting NT5, we measure

the current-voltage 共I-V兲 characteristics before and after each
etch step. After the first etch, the resistance decreased from
the pre-etch value of 90– 88 k⍀. However, after the second
etch, the resistance increased greatly to 4.0 M⍀. This large
increase in resistance can be caused by 共1兲 the nanotubes
becoming detached from the electrodes, thereby decreasing
the total number of nanotubes carrying current between the
electrodes, 共2兲 increased scattering by defects induced during
the HF etch, and 共3兲 the creation of strain-induced bandgaps
in metallic nanotubes. The 2 k⍀ decrease observed after the
first etch may be due to the removal of residues from the
nanotubes or to a decrease in the nanotube/substrate
interaction.28 Since the precise locations of nanotubes are
unknown between etches, it is not possible to distinguish the
effects of strain, nanotube detachment, and etching of the
underlying oxide on the measured electrical behavior. The
observed results are most likely a combination of these effects.
IV. SUMMARY AND CONCLUSION

In this experiment, we demonstrate a method for inducing strain in CNTs using standard lithographic techniques.
Upon drying, the large surface tension pulls the suspended
nanotubes to the bottom of the trench, thereby inducing
strain. The strain is measured by comparing Raman spectra
taken before and after etching. We observe strain-induced
downshifts in the G band Raman spectra as high as 31 cm−1,
corresponding to approximately 1.1% strain. This strain is
large enough to induce bandgaps in metallic nanotubes larger
than kBT at room temperature. Significant changes in the
resonant transition energy, ⌬Eii, are corroborated by changes
in the resonance condition of the radial breathing mode. The
accumulation of residue on the surface of the nanotubes is
revealed by atomic force microscopy, reaching 20 nm in
thickness. We also observe irreversible increases in the D
band Raman intensity, due to chemical damage by the hydrofluoric acid etch and the accumulation of surface residue.
Electrical measurements are also performed, revealing an increase in resistivity of the nanotubes, also due to the introduction of defects through the etch process. Since erosion
clearly causes the nanotubes to break free from the contacts,
future experiments can improve upon this shortcoming by
using longer nanotubes and/or shorter trenches. These experiments probe the optical properties of individual resonant
nanotubes under strain; however, this technique can be easily
scaled to dense arrays of nanotubes.
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