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ABSTRACT

The effect of uniaxial strain on the photocurrent spectrum of semiconducting single-wall carbon nanotubes is measured. The energy of the
lowest-lying free electron transition is observed to shift with strain as predicted by a simple noninteracting model. The higher-order transitions
also shift with strain, but being excitonic, their strain dependence differs from the predictions for the free carrier states. An anomalous
photocurrent increase is also observed near the ground-state transition and is attributed to the formation of optically active defect states
within the nanotube band gap.

The electronic structure of a single-wall nanotube (SWNT)
can be substantially altered by the application of strain along
the nanotube axis (uniaxial strain). Tensile strain increases
the spacing between nearest-neighboring carbon atoms in the
hexagonal lattice and modulates the nanotube bandstructure.1

The energy spacing between the various bands can either
increase or decrease with increasing strain depending on the
nanotube chirality. Strain can also open up an energy gap in
metallic nanotubes2 or create midgap states due to defect
formation.3 A probe of the strain-dependent band structure
provides insight into the nanotube electronic structure and
allows for identification of the nanotube chirality. Because
strain-dependent changes in carbon nanotube properties are
extremely large, nanotubes can also function as strain sensors
having a gauge factor of 1000% or more.4

While there is a great deal of information contained in
the strain-dependent nanotube electronic spectrum, experi-
ments published so far probe only the influence of strain on
the lowest-lying band-to-band transition. Electrical measure-
ments show a large change in nanotube conductance with
strain,5 while optical measurements use the amplitude of the
Raman signal to show that the SWNT absorption efficiency
near the band gap changes with increasing strain.6 Recently,
photoluminescence experiments show a shift in the low-
energy emission of a SWNT with the application of strain.7

These changes have been attributed to an increase or decrease
in the band gap, or lowest-energy electronic transition of
the carbon nanotube. No experimental studies have been

published on the effect of strain on the SWNT photoexci-
tation spectrum over a broad energy range.

In this paper, we use a recently developed displacement
photocurrent spectroscopy technique to study the influence
of strain on the SWNT photoexcitation spectrum in the
energy range of 0.5-3 eV. This allows us to compare the
influence of strain on the lowest- and higher-order optical
transitions (E11, E22, and E33) of semiconducting SWNTs.
As predicted by a simple noninteracting electron model, we
observe an energy shift of each of the transitions with
increasing strain, however, the sign and magnitude of the
shift is generally not the same for the higher-order optical
transitions as for the ground-state transition. By comparing
our strain-dependent photocurrent spectrum with theory, we
identify the dominant chirality of the carbon nanotubes under
test. Finally, we show that the photocurrent near the lower-
energy E11 transition shows an anomalous increase in
magnitude, which we attribute to reversible strain-induced
defect states opening up within the band gap.

Figure 1a shows our measurement setup. We use a
previously reported displacement photocurrent technique8-10

in which the SWNTs acts as one plate of a parallel plate
capacitor. SWNTs are grown by methane-based chemical
vapor deposition on a quartz slide 280µm thick, 25.4 mm
long, and 6.35 mm wide. Atomic force microscopy shows
that the nanotube diameters range between 1.1 and 1.4 nm,
with a tube concentration of approximately 10-15 SWNTs
in a 25 × 25 sqµm area. A 25 nm thick layer of ITO is
deposited by electron beam evaporation to form a transparent
conducting top contact to the nanotubes, while the back of
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the quartz slide is coated with a conducting layer of silver
epoxy to form the ground electrode. Pulsed laser light
incident on the sample surface generates electron-hole pairs
in the SWNTs, which redistribute to create an ac voltage
across the sample. This signal can then be measured using
a lock-in amplifier referenced to the laser repetition rate (1
kHz). Our optical source is a Spectra Physics optical
parametric amplifier (OPA), tunable between 0.4 and 4 eV,
and the output power is kept constant at 20 mW. The laser
is focused on the sample surface using a microscope objective
with a focal length of 20 mm and a DOF of 30µm.

The quartz slide is loaded into an evacuated chamber and
anchored at one end to form a flexible cantilever. The
SWNTs are strained by pushing down on the free end of
the cantilever using a probe tip, whose height can be
controlled by a micrometer gauge. The amount of strain
acting on the focus point (located near the base of the
cantilever) is calibrated using a commercially available strain
gauge. We measure a strain of 100 microstrains for a vertical
displacement of 5 mm. Because the single-wall nanotubes
experience a strong adhesive force to the substrate,11 a large
percentage of the strain placed on the cantilever is transferred
to the nanotubes. AFM analysis shows that the SWNT’s are
well conformed to the cantilever surface. Because the

cantilever is displaced vertically, and not twisted, the
torsional strain on the SWNTs should be small. Also, because
the incident laser is linearly polarized along the length of
the cantilever, the contribution to the photocurrent signal will
be preferentially from nanotubes that undergo uniaxial strain.

The carrier-generation mechanism in the SWNTs can be
understood using the band diagrams shown in Figure 1b,c.8

E11
bb represents the lowest-lying free carrier (or band-to-

band) transition, whileE11
ex and E22

ex represent the two
lowest-lying optically active excitonic transitions for an
individual SWNT within the ITO/SWNT/dielectric capacitor.
Photon absorption by the nanotube results in the excitation
of an electron from the ground state to form an electron-
hole pair. If the excited carriers are free, the electrons and
holes will separate due to the built-in interface potential and
a measurable displacement current will flow across the
capacitor. If the excited carriers form excitons, then a
displacement current will flow only if the bound carriers
dissociate. For theE11

ex exciton transition, which is below
the band gap energy, dissociation occurs by tunneling into
neighboring states (as shown in Figure 1b), and for theE22

ex

transition and other excitonic transitions, which are above
the band gap energy, dissociation occurs by decay into an
available lower-energy free carrier state (as shown in Figure
1c). The tunneling process is strongly field-dependent, while
the decay process is relatively independent of field.

We have performed zero bias measurements of the three
lowest-energy semiconductor optical transitions as a function
of strain on the sample:E11 (0.6-0.8 eV),E22 (1.0-1.4 eV),
and E33 (2.0-2.4 eV). Figure 2a shows the displacement
photocurrent spectra in theE11 energy regime for increasing
values of strain. In this case, a peak in photocurrent is
observed at 0.71 eV at zero strain, and the peak shifts to
lower energies with increasing strain. This is accompanied
by an increase in magnitude of the background photocurrent.
The peak shifts by 95 meV for 100 microstrains on the
cantilever, and the magnitude of the background photocurrent
increases by 400% when the cantilever is strained by 0.01%.
Figure 3a shows the corresponding displacement photocur-
rent spectra in theE22 energy regime for increasing strain
values up to a maximum strain value of 100 microstrains.
The displacement photocurrent spectra at zero strain shows
a single dominant peak at excitation energy of 1.12 eV, and
the position of this peak shifts by 135 meV for 100
microstrains on the cantilever. In contrast to theE11 transition,
no appreciable change in the background photocurrent is
observed for this transition. The magnitude of the peak
reduces by 4.65% when the cantilever is strained by 0.0025%
and remains unchanged for higher values of strain up to
0.01%. Figure 3b shows the displacement photocurrent
spectra in theE33 energy regime for zero strain (solid line)
and for 0.01% strain (dashed line). The photocurrent peak
in this energy regime is observed at 2.37 eV for zero strain,
and shifts to lower energy by 45 meV when the cantilever
is strained by 0.01%. This is accompanied by a reduction in
magnitude of the photocurrent peak by 13.5%. The back-
ground photocurrent does not change significantly with strain
in this energy regime.

Figure 1. (a) Diagram illustrating the test device structure. The
SWNTs lie parallel to sample surface. The displacement photo-
current is measured by amplifying the out of phase signal generated
by the pulsed laser between the top SWNT/ITO electrode and the
bottom ground electrode. The nanotubes are strained by pushing
down on the free end of the quartz cantilever. (b,c) Band diagrams
illustrating the photocurrent generation mechanisms for excitonic
transitions (b) below and (c) above the band gap energy.
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As described in a previous publication,8 the only observ-
able photocurrent peak in theE11 energy regime at zero dc
bias corresponds to excitation across the lowest-energy free
carrier band-to-band transition. (The photocurrent corre-
sponding to the lowest energy excitonic transition is strongly
field-dependent and is only detectable if a dc bias is applied
across the sample to enhance the tunneling rate into
neighboring states.) It should be possible then to describe
the strain dependence of the observedE11 peak with a simple
tight-binding model, which ignores electron-electron inter-
actions.1 According to this model, uniaxial strain on a SWNT
elongates the bond vectors, causing the band-to-band transi-
tion energy to increase or decrease depending on the chirality
of the nanotube. Figure 4 plots the predicted change in energy
with strain of theE11 band-to-band transition for all (n,m)
semiconductor tubes with diameters between 0.25 and 1.6
nm. The strain dependence can be characterized by the
difference between the index values (n-m). The band gap
increases with increasing strain in nanotubes where [(n-m)
mod 3] is an odd number, and the band gap decreases with
increasing strain in nanotubes where [(n-m) mod 3] is an
even number. Larger values of (n-m) produce more strain
dependence than smaller values of (n-m).

Plotted in this way, it can be seen that the strain-dependent
transition energy provides a clearer identification of the
nanotube chirality than does the zero strain transition energy
alone. Figure 2b shows the shift in position of the displace-

ment photocurrent peak in theE11 energy regime plotted vs
the applied strain, together with the predicted shift in position
of the band gap energy calculated for (17,0), (15,1), and
(13,2) tubes. The band gap change with strain of a (15,1)
tube with a diameter 1.23 nm fits the experimental data well,
and the diameter of this nanotube falls within the average
range of diameters of the CVD-grown nanotubes estimated
using AFM analysis.

The higher energy photocurrent peaks observed in theE22

andE33 regimes are almost certainly excitonic in nature. In
contrast with the ground-state exciton, the higher-energy
excitonic transitions are observable in the photocurrent
without the application of applied bias. This is because of
the lower-energy free carrier states provide a decay path for
exciton dissociation. At the same time, the oscillator strength
of the higher-order free carrier transitions are suppressed
compared with the excitonic transitions.12 Nevertheless, it
is instructive to compare the predictions of the free carrier
model to the strain dependence of theE22 andE33 peaks. As
shown in the insets to Figure 3a,b, the free carrier model
predicts the slope of the strain dependence reasonably well;
the E22 transition increases with increasing strain, and the
E33 transition decreases with increasing strain, in agreement

Figure 2. (a) Displacement photocurrent spectra in theE11 energy
regime measured for a series of strain values from zero up to 100
microstrains. (b) The photocurrent peak positions plotted as a
function of strain (dots), together with the lowest-lying free carrier
transition energy calculated using the tight-binding model for the
(13,2), (15,1) and (17,0) SWNTs. The overlap integralt0 is taken
to be 2.9.

Figure 3. Displacement photocurrent spectra in the (a)E22 energy
regime and (b)E33 energy regime measured for a series of strain
values from zero up to 100 microstrains. The insets show the
photocurrent peak positions plotted as a function of strain (dots),
together with theE22 and E33 free carrier transition energies
calculated using the tight-binding model for (13,2), (15,1), and
(17,0) SWNTs.
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with experiment. However, the simple model overestimates
the magnitude of the transition energies. This is presumably
because the excitonic binding energy leads to an energy
difference between the excitonic and free carrier states.

We now return to the effect of strain on the ground-state
free electron transition. In this case, the peak shift with
increasing strain is accompanied by a large increase in the
background photocurrent. Figure 5 shows the displacement
photocurrent in theE11 energy regime for zero strain and
for a strain of 0.01%. An increase in background photocurrent
is clearly seen and is most prominent in the low-energy
regime. The background increase is reproducible; the inset
in Figure 4 shows the percentage change in magnitude of
the photocurrent for fixed laser energy of 0.66 eV under
repeated strains of 0.01%, and in each case, a similar
photocurrent change is observed.

The increase in background photocurrent suggests that
additional states form near the free carrier band edges under
strain and that these states allow for enhanced photon
absorption at below band gap energies. It has been shown
that structural defects in carbon nanotubes can result in the
formation of additional electronic states.3,13-15 The position
of these levels with respect to the pristine carbon nanotube
band structure depends on the type of defect that is formed.
A common defect that forms in a nanotube under uniaxial
strain is the pentagon-heptagon pair defect or the Stone-
Wales transformation. It has been reported that, beyond a
critical value of strain, the SWNT releases the excess strain
by the spontaneous 90° rotation of a C-C bond in the
hexagonal lattice, which produces a pentagon-heptagon
pair.16 The pentagon-heptagon pair defect acts as an edge
dislocation in the lattice and can wrap itself around the
circumference of the tube, thus creating a small section of
tube with different chirality. This type of defect can strongly
influence the electronic structure of the nanotube, producing
pairs of donor and acceptor levels near the band edges of
the nanotube.17 The formation of these extra defect states
near the band edges could possibly account for the large
increase in the background photocurrent we observe with
strain. We note, however, that the theoretically predicted
magnitude of the critical strain required for Stone-Wales
transformation to occur (>5%) is substantially higher than
the strain that we are able to apply on the SWNT (0.01%)
and that the Stone-Wales transformation is expected to be
irreversible, in contrast with the reversible defect formation
that we observe. More work is needed to account for these
significant discrepancies.

In conclusion, using displacement photocurrent spectros-
copy, we are able to study the effect of uniaxial strain on
the optical transitions of semiconducting single-wall nano-
tubes. We observe a shift in the energy of the ground-state
free electron transition and of the higher-order excitonic
transitions with applied strain. We note that a noninteracting
electron model alone does not accurately describe the
magnitude and slope of the energy shift with strain for
higher-order excitonic transitions. However, this model fits
well with the strain dependence of the ground-state free
electron transition and can be used as a unique fingerprint
for assigning the chirality of carbon nanotubes. The large
change in background photocurrent with strain observed for
the ground-state free electron transition opens up the pos-
sibility of using carbon nanotubes as high gauge factor optical
strain sensors.
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