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ABSTRACT

We have fabricated a new device for applying uniaxial strain to an individual suspended SWNT, and the form and the photoluminescence (PL)
of an individual suspended SWNT under stretching are investigated. The processes of deformation and break of a SWNT under stretching are
directly observed by scanning electron microscopy (SEM). From the PL measurements, the emission energy shifts due to the band gap
change are measured under the elastic strain. The behaviors of the emission shifts can be related to the deformation processes observed by
SEM. Moreover, the emission intensity reduction due to the elastic strain of a SWNT is also observed just before breaking.

Single-walled carbon nanotubes (SWNTs) are attractive directly observed by a scanning electron microscope (SEM).
materials for the building blocks of electronic and optical From the PL measurement for the individual SWNT, the
nanodevices because of their extremely small diameter andemission energy shift due to the band gap change caused by
the various electronic states. The emission energy obtainecthe elastic strain is observed. Moreover, the emission
from photoluminescence (PLf and electrically induced intensity reduction due to the elastic strain of the SWNT is
optical emissiofi® is determined by the band gap that also observed just before breaking.

depends on the chirality of SWNT. It was theoretically  Figyre 1a illustrates the cross section of the fabricated
studied that the band gap is varied by the strain of SWNT geyice for applying strain to the suspended SWNTSs. In this
and the change of the band gap depends on their chiralitygeyice, two L-shaped fittings are bonded to both sides of
and deformation mod¥:** Experimentally, it was reported e stacked piezoelectric device, which extends uniaxially.
that the conductance variation of the suspended SWNT IS two L-shaped fittings, thermally oxidized Si substrate
measured under stretching applied with an atomic force \yit, suspended SWNTs extending over the crack of the Si

microscope tip and is explained by the band gap change duéhirate is bonded. The crack was induced by cutting from
to the strain of the SWNT21°On the other hand, there are o pack of Si substrate with a diamond saw and has the

some reports that the emission energy of PL is shifted duegap of ~1-5 um. One side of the crack is open (Figure
to the strain applied by temperature_ change oréjrying_of the 1b), therefore, the gap of the crack can be freely opened,
surfactant-suspended or polymer-mixed SWRT?In their 54 the gap expansion around the open side almost corre-
reports, the chiralities of SWNTSs is assigned .f“”.“ the PL sponds to the piezo expansion. The other side of the crack
spectra of an ensemble of SWNTTQ‘ and .the chirality depen—is terminated by the slit formed perpendicular to the crack
dence of the band gap change is investigated. In our StUdy'to avoid separation of two substrates on both sides of the

\tﬁi ri]r?(\j/i(\e/i:jigrllC?Jigetsgeze\évvss\g?ijfs?;gaer?ilglr(]j%vsig:mtr:g crack. This slit was also formed with a Qiamond saw. The
processes of the deformation under stretching have, beenSU.SpenOIeOI SWNTs were grown by phemlcal vapor deposition
using ethanol at 808C for 10 min with cobalt catalysts. As
* Corresponding author. E-mail: maki@appi.keio.ac.jp. shown in Figure 1b, on the Si substrate, a large number of
T Department of Applied Physics and Physico-Informatics, Faculty of SWNTSs is grown, therefore, the root of a suspended SWNT
Science and Technology, Keio University. is often entangled in other SWNTs. However, around the
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Figure 2. Left picture: Example of SEM images of the suspended
SWNT under stretching with the piezoelectric device. Indicated
voltage is the applied/piezo The contact position between the
Figure 1. (a) Schematic cross-section of the fabricated device for suspended SWNT and Si substrate is indicated by A, B, and C.
applying strain to the suspended SWNTSs. (b) Thermally oxidized Right picture: The schema of the suspended SWNT under
Si substrate, on which suspended SWNTs extending over the crackstretching. The SWNT lying on the substrate is drawn by the
of Si substrate are grown by CVD. One side of the crack is open, suspended SWNT under stretching, and the contact position is
and the gap of the crack can be freely opened. The other side ofvaried.

the crack is terminated by the slit formed perpendicular to the crack.

(c) The picture of the fabricated device. The length of the device contact position variation is shown in the right side of Figure
is approximately 7 mm. 2. On the right-hand substrate, the curved SWNT lies on

existed because SWNTSs with very small diameter can usuallyth€ substrate. During stretching of the suspended SWNT,
be observed by SEM. In this device, a strain can be applied e SWNT lying on the substrate is drawn by the suspended
to suspended SWNTs by applying piezovoltayee to SWNT bepause the contact between the S\(\(NT_and Fhe
piezoelectric devices. The extension of piezoelectric device SUPStrate is weak, therefore, the contact position is varied
can be directly transmitted to the gap of crack because the@S Shown in the schematic picture of Figure 2.\B;0 =
L-shaped fittings are bonded only at both sides of the 26 V, the right-side of the SWNT is broken or slipped off,
piezoelectric device. The gap extension-25 Nm\/pezo The and the vibration is observed at the free side of the SWNT.
picture of the fabricated device is shown in Figure 1c. The from our many r_eSl_JItS” of the SEM observations, both
size of this device is very small (maximal length-ef mm), breaking” and “slipping” were often simultaneously ob-
therefore, this device can be easily inserted into various S€Tved; therefore, it is not clear whether the right-side of
experimental instruments such as SEM, optical measurementh® SWNT in Figure 2 is broken or slipped off.
systems, and electric measurement systems. In this study, " this study, we have measured PL from the suspended
the form of individual SWNT under stretching was directly Ndividual SWNTs under stretching. Figure 3a shows the
observed by SEM under application of piezovoltage. In Veiezo dependence of the PL spectra for the SWNT (sample
addition, PL spectra from individual SWNTs under stretching /) Which have emission energy around 1.125 eV. As
were also measured using a microscope objective at room2PPlied\Vyiezois increased and the peak width is not changed
temperature in air. For excitation, a HeNe laser (632.8 nm) under stretching; however, the emission peak is shifted
was used. The PL measurements are on different nanotubefoward lower energy. Moreover, the peak goes back to the
than the SEM observations. PL measurements and SEMNOrmal position when the appliede. is reduced to 0 V
observation were carried out around the open side of the following application 0fVyie;o= 39 V. Figure 3b shows the
crack. Vpiezo dependence of the emission energy. The emission
The form of suspended individual SWNTSs under stretching €N€ray is linearly shifted toward lower energy in the range
with piezoelectric devices is observed by SEM. One of the TOM Vpiezo = 15.0-32.4 V (region II). This shift can be
results is shown in Figure 2. Afyiezo= 0 V, slack SWNT understood by the band gap narrowing due to uniaxial strain.
suspended over a crack is observed. Slack indicates that thd" the previous stud.it was reported that uniaxial strain
suspended SWNT is longer than the width of the crack and c@uses the band gap change, whose value depends on the
the SWNT has curvaturé. 2 By increasingVyiezo however, chirality of the SWNT. The band gap changkH;) under
the gap of crack is extended, and the form of the SWNT Small uniaxial strainsd) is given by
gradually becomes straight. OVfic,o = 20 V, the SWNT
has straight-line form and is stretched. During stretching, it AE;=sgn(d + 1)3t,(1 + v)o cos ¥ ()
is observed that the contact position between the suspended
SWNT and Si substrate is varied, as indicated by A, B, and wheret, ~ 3.0 eV andv ~ 0.2 are the carboncarbon
C in Figure 2. This is due to weak contact between the transfer integral and Poisson’s rdfié? and 6 is the chiral
SWNT and Si substrate. The schematic explanation of theangle of the SWNTp = —1, 0, or 1 is obtained from

-,
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a) stretching of the suspended SWNT (as shown in Figure 2).
Therefore, the applied strain of the suspended SWNT is very

[\ small compared to the strain expected from the gap extension
of the substrate. For sample A, obtained maximal energy
39V shift and strain are 19.4 meV and 0.3%, respectively. The

emission intensity is increased during stretching. This reason
is not clear from this measurement, but there is a possibility

that theE,, energy is changed by the strain and the resonance
between thé&,, energy and the excitation energy is enhanced.

However, photoluminescence excitation (PLE) measurement
is needed to argue this mechanism.

The extrapolated line fitted in region Il toward 10Wiezo
does not pass through the observed emission eneidyeat
=0V, therefore, a region, where the emission peak is hardly
shifted during stretching, exists at lowéfye,o region
(indicated by region I in Figure 3b). In region |, the strain is
hardly applied to the suspended SWNT because the sus-
T8 190 197 114 16 pended SWNT is slack; this corresponds to the case shown

Energy (eV) in the Vpiezo = 0—8 V of Figure 2. On the other hand, over
Vpiezo= 32.4 V, the emission peak is slightly shifted toward
higher energy. This reason is not clear, but there is possibility
that the strain of suspended SWNT is decreased due to the
slip at the contact between the suspended SWNT and the
substrate. Moreover, when the appligt,.is subsequently
returned © O V after application 0fVpie,o = 39 V, the
emission peak is returned to the normal position due to the
relaxation of strain. This result indicates that the emission
peak shift is caused by the elastic strain of the SWNT.

Figure 4a shows th¥,ie;0 dependence of the PL spectra
for the SWNT (sample B), which have emission energy
Figure 3. (a) Vyezo dependence of the PL spectra for sample A. .around.0.861 e_V. The emission peak shift is observed as
The appliedVyiezois reducedd 0 V after application 0¥piezo= 39 increasing applie¥yiezo However, oveNpiezo=17.0 V, the
V. (b) Vpiezodependence of the emission energy. |, II, and Il indicate peak position suddenly returns to high emission energy and
the regions Whgre the behaviors of. the emission energy shift arethe emission energy is hardly varied at highéfezo In
different. Solid lines show the line fittings in each region. addition, after the subsequent reductiorVgf,oto 0 V, the
n—m=3q+ p, wheren andmare the chiral vector indices ~ peak position keeps at same emission energy. Figure 4b
and g is an integer. In comparison to the,if) indices shows theVyie;o dependence of the emission energy for
assignment in previous repofiti reasonable assignment for  sample B. In the lowW/pie;o range from 0 to 8.0 V (indicated
sample A is (9,4) SWNT species, taking into account the by region | in Figure 4b), the emission energy is gradually
emission energy of 1.125 eV. The (9.4) SWNT Ipaglue shifted toward low energy. On the other hand, in the,
of —1, therefore AE4 has negative value from the calculation range from 8.0 to 16.0 V (indicated by region Il in Figure
of eq 1: the band gap is narrowed by stretching strain. For 4b), the peak position is drastically shifted toward low
the experimental result of sample A, the band gap narrowing energy. The origin of these behaviors of the emission peak
is observed under stretching, therefore, the assignment ofposition in region | and Il are the same as sample A: in
(9,4) indices is consistent with the experimental result for region |, the strain is hardly applied due to slack of suspended
sample A. From eq 1, it can be calculated tidE /o = SWNT; however, in region ll, the strain is effectively applied
—65.9 meV/% for the (9.4) SWNT. On the other hand, from due to stretching the SWNT and the band gap is narrowed.
the slope of emission energy V&ie,0in region 1l of Figure From the slope in region I, it is estimated thAEj/o =
3b, itis estimated thakEy/c = —0.7 meV/%, assuming that —2.9 meV/% using the SWNT length of¢fn, which is the
the SWNT extension corresponds to the extension of the width of the gap. AtVyie,o = 17.0 V, the strain is relaxed
piezoelectric device (using the SWNT length qir®, which and the emission energy is suddenly shifted to high energy,
is the width of the gap, and extension of 25 hyty. The which is nearly normal position. At high&he,o (region 1V)
value of —0.7 meV/% obtained from the experiment is very and subsequent 0 V, the energy shift is not observed. This
small compared with that of-65.9 meV/% obtained from  relaxation is possibly due to application of strain through
eq 1. This is because the gap extension of the substrate cracknore than one SWNT. Figure 5 shows the SEM images,
does not directly transmit to the strain of the suspended which shows the state of stretching through two SWNTS. In
SWNT. In fact, as mentioned above, the SWNT lying on these images, one SWNT (SWNT no. 1) is stretched through
the substrate is drawn by the suspended SWNT duringthe other SWNT (SWNT no. 2). However, ¥ie,0 = 6 V,
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% 3V Figure 5. Example of SEM images under stretching through two
E hav SWNTs (SWNTs nos. 1 and 2). Indicated voltage is the applied
. Vpiezo SWNT no. 1 is stretched through SWNT no. 2. Wez0 =
LoV 6 V, the SWNT no. 2 is broken, and the strain for the SWNT no.
1 is relaxed. The SWNT no. 1 has large diameter; therefore, this
9V SWNT is an individual SWNT with a large diameter or bundled
8V SWNTSs, however, they cannot be distinguished from this image.
6V,
4V varied, as shown in Figure 6¢. However, 0%l = 8 V
oV (region V), the emission intensity is drastically decreased

- - - - ' as Vpiezo iNcreases and takes minimum value at 8.3 V.
0.84 0.85 0.86 0.87 0.88 S L .
Energy (V) Howev_er, the emission intensity is rgcover_ed_ by reduction
of appliedVpiez0t0 8.0 V, and then the intensity is decreased
again asvpiezo increases finely. This recovery indicates that
the intensity reduction is due to the elastic strain of the
SWNT. The mechanism of the intensity decrease under the
elastic strain is not clear, however, two possibilities of the
mechanism might be proposed. One is the increase of
nonradiative relaxation due to large elastic deformation of
SWNT structure. If the large deformation of the SWNT
structure is locally induced by the large strain, there is
possibility that the electronic structure of SWNT fluctuates,
depending on the position of the SWNT, and the nonradiative
relaxation is increased. The other is the displacement of
Figure 4. (a) Vyiezo dependence of the PL spectra for sample B. resonant energy due to the large change oBh&an Hove
\T/he( tf)i)pslieo\/pdieezo(iasnrdeéllnucceeocl)t]{r ?h\é aeﬂnfiirszfopr:icsrt]gn 0V;;iez|1=a2n% " singularity. The strain induces the change of not only the
indicate Tﬁzeo reg?ions where the behaviors of theg)tlemilssi’on energybé.md gapk.y) butalso thEEZZ energy. ThEEZZ grjergy changg
shift are different. Solid lines show the line fittings in each region. might (?ause the rEdUCt'Qn _Of excitation efﬂmency. In region
V of Figure 6b, the emission energy shifify/o = —2.3
the SWNT no. 2 is broken (or slipped off), and the strain meV/%) is observed; therefore, tl®, energy is possibly
for the SWNT no. 1 is relaxed. There is a possibility that also changed. However, it is unlikely that a shifE causes
the strain relaxation in the region IV of sample B is caused such a large drop in intensity because of the small shift in
by this mechanism. E;1. Further experiment, such as PLE measurement, is needed
For another sample (sample C), the variation of not only to argue the mechanism of the intensity reduction. The
the emission energy but also the emission intensity is emission peak is disappearedvat,o= 8.305 V and cannot
observed just before the breaking of the SWNT. Figure 6 be observed after subsequ&fi,,reduction to 0 V. This is
shows theV,ie;o dependence of (a) PL spectra, (b) emission because the SWNT broken by the large stretching is bent
energy, and (c) emission intensity for sample C. In this into the crack and the suspended SWNT has disappeared.
measurement, aftdfe,0iS applied from 0 to 8.3 VWpiezoiS The disappearance of the suspended SWNT broken (or
returned © 8 V and then is finely increased again. The slipped off) by the stretching is often observed by SEM
emission energy is slightly shifted toward lower energy in measurement, as indicated in Figure 7.
the range oWpie.o= 0—3 V (region I) and is greatly shifted In comparison to the chirality assignment in previous
in the range of 3-6 V (region 1) and then is slightly shifted  reports, the speculated chirality assignment of sample B and
toward higher energy in the range of-8 V (region Ill). Cis (15,1) or (14,3), taking the emission energy (0.86 eV)
These behaviors of the emission energy in region I, Il, and of these samples into account. Both of these chiralities take
[l for sample C are similar to that for sample A shown in p = —1 in eq 1, therefore, thAE, calculated from eq 1
Figure 3. In these regions, the emission intensity is hardly takes a negative value. This result corresponds to the results
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1um
m Figure 7. Example of SEM images under stretching. Indicated
; voltage is the applie¥pie,o Arrows indicate the suspended SWNT.
BY The SWNT is disappeared ¥ie;0= 9 V because the broken (or
m slipped off) SWNT is bended into the crack.
W

O 1.11[(7,6)], and 1.27 eV [(6.5)] takgs= 1, as indicated in
0.84 085 086 087 refs 2 and 14.

Freray (oY) In conclusion, we have fabricated the new devices for
0-859 | 080 E——T applying uniaxial strain to the suspended SWNTSs, and the
form and the optical properties of the individual suspended
SWNT under stretching are investigated. The processes of
the deformation and the break of the SWNT under stretching
were directly observed by SEM. In addition, from the PL
v measurement, the emission energy shift due to the band gap
change is observed. The band gap change is caused by the
elastic strain of the SWNT under stretching. Moreover, just
before breaking, the emission intensity reduction due to the
elastic strain of the SWNT is also observed. As stretching
increases, various behaviors of the energy shifts are observed.
These behaviors can be explained by the deformation
processes observed by SEM. In this device, the strain is
directly applied by the extension of piezoelectric device,
therefore, it is expected to realize the fast modulation of the
band gap. In addition, the unprocessed and uncovered SWNT
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o} s rrdrrt Lo is used in this device, therefore, the electrodes can be formed
. > . . to the SWNT. Hence, this device is also expected to be
Voes (V) applied to the tunable light-emitting devices.

Figure 6. (a) Vpiezo dependence of PL spectra for sample C. In Acknowledgment. We acknowledge Dr. B. P. Zhang and
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