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arbon nanotubes present a unique

mechanical system that is harder

than diamond in the axial direction
(Y = 0.97TPa) yet extremely flexible in the
transverse direction.'? Unlike diamond,
however, carbon nanotubes are not brittle
and can be elongated considerably before
breaking.? Nanotubes’ tremendous
strength-to-weight ratio has been explored
for a number of applications including elec-
tromechanical resonators with attoNewton
(1078 N) and zeptogram (1077 g)
sensitivity,*> high strength, lightweight
composites,®” and even space elevators.8®
However, the exceptional mechanical prop-
erties of nanotubes have been difficult to
realize experimentally and utilize for practi-
cal applications, mainly because the
strength of the nanotube interface has
been the limiting factor.

For more than 10 years, theoretical cal-
culations of carbon nanotubes under stain
have predicted the formation of 5—7 de-
fects for strains above 6%.'° Several experi-
mental groups corroborated these predic-
tions, observing breaking strains of 5.3 and
5.8%.""12 However, a few years later, revised
theoretical calculations reported that nano-
tubes should be stable against defect for-
mation beyond strains of 15%.'* They calcu-
lated an activation barrier for 5—7 defect
formation of 2 eV at 15% strain, making
nanotubes very stable against defect forma-
tion at room temperature. The authors
stated that the “ultimate strength limit of
carbon nanotubes has yet to be reached ex-
perimentally”.”® It is likely that these early
experimental measurements merely re-
flected the strength of the
nanotube—substrate contact and, hence,
represent only a lower limit of the true
breaking strain of carbon nanotubes.
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ABSTRACT We apply immense strain to ultralong, suspended, single-walled carbon nanotubes while
monitoring their Raman spectra. We can achieve strains up to 13.7 = 0.3% without slippage, breakage, or defect
formation based on the observation of reversible change in Raman spectra. This is more than twice that of previous
observations. The rate of G band downshift with strain is found to span a wide range from —6.2 to —23.6 cm™"/
% strain. Under these immense strains, the G band is observed to downshift by up to 157 cm™" (from 1592 to 1435
«am™"). Interestingly, under these significant lattice distortions, we observe no detectable D band Raman intensity.
Also, we do not observe any broadening of the G band line width until a threshold downshift of Awg > 75
«m™ " is achieved at high strains, beyond which the fwhm of the G band increases sharply and reversibly. On the
basis of a theoretical nonlinear stress —strain response, we estimate the maximum applied stress of the nanotubes
in this study to be 99 GPa with a strength-to-weight ratio of almost 74 000 kN - m/kg, which is 30 times that of
Kevlar and 117 times that of steel.
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Several research groups have performed
Raman measurements of nanotubes under
strain. In a majority of this previous
work, 14719 pulk quantities of nanotubes
dispersed in polymer composites were
measured simultaneously, giving an en-
semble average of many nanotubes. These
measurements indicated that only a small
fraction of the strain applied to the compos-
ite was transferred to the nanotubes within
the composite. In later measurements, indi-
vidual nanotube bundles were measured
under strain.2’~2 These studies showed
that only 10% of the applied strain was
transferred to the individual nanotubes
within the bundle and that the primary
effect of the strain was to debundle the
nanotubes.?? As a result of this reduced
transfer of strain, previous experimental
studies have not been able to provide suffi-
cient strains to achieve mechanical break-
down in nanotubes.
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According to SEM images (Figure 1),
the density of nanotubes is around 1 per
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Figure 1. Photograph images of our experimental setup
and SEM images of suspended SWCNTSs: (a) breakable
H-chip, (b) broken H-chip with suspended SWCNTs mounted
on the translation stage, and (c) SEM image of SWCNTSs span-
ning a trench.

10 wm separation, although they sometimes form small
bundles. The small laser spot size (0.4 um) and sharp Ra-
man signals indicate that only one nanotube contrib-
utes to the data in each measurement. The long
nanotube—substrate contact length is essential to
achieving large strains in nanotubes. Son et al. deter-
mined the frictional force between a nanotube and its
underlying Si/SiO, substrate to be 10 pN/nm. This rela-
tively small frictional force per unit length, integrated
over these long lengths, yields large net strains.?® For
every 1 wm of nanotube—substrate contact length, up
to 10 nN can be exerted without slippage. Assuming a
diameter of 1 nm, this corresponds to approximately
10 GPa per 1 um of contact length. Using this tech-
nique, we are able to achieve sufficient strains in car-
bon nanotubes, far exceeding those of previous reports,
which were limited by the effects of nanotube—
substrate slippage and nanotube debundling.

Spatial mapping of these Raman spectra allows us
to find the angle between the nanotube and the direc-
tion of strain, 8, and determine a more accurate value of
strain by the relation e=AL cos 8/L, where L is the ini-
tial length of suspended SWCNTs and AL is the length
change due to strain. Also, we find that suspended
SWCNTs grown by the high flow rate method lie
straight across the trench with very little slack. We
quantify the amount of slack by monitoring the G band
Raman shift. Typically, during the first few displace-
ments of the translation stage, we observe no down-
shift of the G band mode, as the slack is taken up. Once
a downshift is observed, we define this as 0% strain.
From this point on, Raman spectra are used to ensure
that only reversible changes occur in the nanotube. In
these samples, the nanotubes lie on SiN-coated silicon
substrates, which produce a strong background signal
that obscures the relatively small nanotube signals. By
checking that the 0% strain spectrum remains the same
before and after applying strain, we carefully rule out
any possible slippage of the nanotubes on the underly-
ing substrate, as observed previously by Kumar et al.??
In each strain cycle, the strain was incrementally in-
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creased while checking that the slack spectra remained
unchanged. The last data point taken before an irrevers-
ible change is observed is defined as the maximum ap-
plied strain (emay). It should be noted, however, that &
is a lower limit of the actual breaking strength of the
nanotube since the irreversible changes observed here
correspond to slippage events rather than breakage of
the nanotubes, as evidenced by the presence of a Ra-
man signal, as described below.

Figure 2a plots the G band frequency as a function
of strain, showing a strain-induced downshift rate of
—6.2 cm™ /% strain. This downshift is remarkably lin-
ear with strain and is understood on the basis of weak-
ening of the carbon—carbon bonds, which lowers their
vibrational frequency. Several data sets depicting
stretching and relaxing of the nanotube show consis-
tent and reversible data in which the G band frequency
reverts to its original prestrain position after the strain
is relaxed. This indicates that the nanotube was able to
endure these enormous strains without breaking, form-
ing 5—7 defects, or slipping on the underlying SiN sub-
strate, which would result in irreversible shifts in the Ra-
man frequency. Figure 2b shows the G band Raman
spectra of the nanotube before, during, and after apply-
ing 12% strain. Before applying strain, the Raman spec-
trum shows a single, sharp G band peak, signifying
that this is a semiconducting nanotube.?® No D band
was observed for this nanotube, even at large applied
strains, indicating that there are very few defects in this
nanotube.?® At 12% strain, the spectrum shows two
peaks at 1490 and 1580 cm™'. The 1490 cm™' peak is at-
tributed to the G- Raman mode, while the 1580 cm™!
peak is attributed to amorphous carbon since it does
not respond to strain at all. Remarkably, after such a
large distortion of the lattice, the G band reverts back
to its original prestrain line shape and frequency. Fig-
ure 2c¢ shows the Raman intensity plotted as a function
of Raman shift (cm~") and strain (%). Here, the continu-
ous modulation of the G band peak can be seen clearly,
varying all the way down to 1487 cm ™. Our last data
point was taken at a strain of 13.7%. Beyond this strain,
the G band shifted back to 1567 cm™', indicating that
the nanotube slipped off the substrate but was not bro-
ken. Figure 2d shows the G band line width under the
applied strains. Here, we have plotted the fwhm as a
function of the G band downshift. We see essentially
no change in the line width until a downshift of 75
cm™!, which corresponds to a strain of 9.5%. Beyond
this threshold, we observe a sharp increase in the fwhm
of this Raman mode. Somewhat surprisingly, the fwhm
reverts back to its original prestrain line width after re-
laxing the applied strain, indicating that no permanent
defects or damage have been induced in the nanotube.

Figure 3 shows the data from another suspended, ul-
tralong CNT across a 170 pm wide slit. While this
sample could only endure strains of 6.2%, we observe
a much higher rate of G band downshift with strain
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Figure 2. (a) G band Raman frequency of an individual, suspended carbon nanotube under applied strain. (b) Raman spec-

tra before, during, and after applying 12% strain. (c) Raman spectra (vertical axis) mapped chronologically as the sample is
strained and unstrained. (d) Full width at half-maximum plotted as a function of G band downshift, |Awg].

(—23.6 cm™'/% strain), resulting in a maximum G band

downshift of 157 cm ™! (from 1592 to 1437 cm ™). Figure

3a shows the G band frequency plotted as a function
of strain. Again, several data sets depicting stretching
and relaxing of the nanotube show reversible (elastic)

changes in the G band, indicating no occurrence of de-

fect formation or slippage. The raw Raman spectra
taken before, during, and after 6.2% strain are shown
in Figure 3b. Here, two peaks can be seen in the spec-
tra, corresponding to G- and G_. Figure 3c shows the
Raman spectra mapped as a function of strain. The G

and G_ bands here downshift at different rates of —10.8
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Figure 3. (a) G band Raman frequency of another suspended carbon nanotube under applied strain. (b) Raman spectra be-

fore, during, and after applying 6.2% strain. (c) Raman spectra (vertical axis) mapped chronologically as the sample is strained

and unstrained. (d) Full width at half-maximum plotted as a function of G band downshift, |Awg].
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TABLE 1. Summary of Raman Data Taken on Nanotubes under Strain

sample dg (nm) L (pum) A®pay (cm™")
#1_suspend 62 68 (1583 —1515)
#2_suspend 98 32 (1591—1559)
#3_suspend 13 42 51(1582—1531)
#4_suspend 33 59 47 (1575—1528)
#5_suspend 174 157 (1592 —1435)
#6_suspend 34 195 86 (1573 —1487)

and —23.6 cm™'/% strain, respectively. These differing
rates of downshift with strain were predicted
theoretically*>3' and were also observed expermental-
ly,*? as described below. The G band line width, plotted
in Figure 3d, shows no change until a downshift of 80
cm™! (4% strain) is achieved, above which the fwhm in-
creases sharply, but reversibly. Upon relaxation of this
strain, both the frequency and line width of the G band
revert back to their prestrain conditions. No D band
was observed in either of the nanotubes shown in Fig-
ures 2 and 3 during the course of these measurements.

The deviation of the data points taken at 0% strain
in Figure 2a is due to the poor mechanical precision of
translation stage, rather than irreversible changes in the
nanotube. In Figure 3a, the different data sets deviate
significantly from each other due to the large downshift
rate of —23.6 cm™'/% strain as compared to that in Fig-
ure 2a, which is only —6.2 cm™'/% strain. Therefore, in
Figure 3a, a relatively small uncertainty in strain results
in a large variation in the G band frequency.

On the basis of our observations, the Raman inten-
sity also changes with applied strain. Figure 2c shows
the Raman intensity drop by a factor of 19 at 13.7%
strain, due to the strain-induced change in the elec-
tronic transition energy of the nanotube.?33~40 This
shifts the resonance window of the nanotube away
from the laser energy. Since the strain-induced shift de-
pends strongly on chiral angle, a 13.7% strain can shift
the electronic transition energy by anywhere between 0
and 760 meV.” Therefore, the 19-fold decrease in Ra-
man intensity observed for the nanotube in Figure 2 is
reasonable. The nanotube in Figure 3 shows a weaker
strain dependence of the Raman intensity on strain, im-
plying that the chiral angle of this nanotube is closer
to 30°.%2733

Table 1 summarizes the results observed in six sus-
pended nanotube samples strained in this way. The
table lists the diameter of the nanotube/bundle as de-
termined by atomic force microscopy (AFM) (ds), the ini-
tial length of the unstrained suspended segment of
the nanotube (L), the maximum observed downshift of
the Raman frequency (Awmay), the rate of downshift
with strain (dw/de), the maximum strain observed
(emax), and the estimated tensile stress corresponding
to the maximum observed strain. On the basis of previ-
ous experimental*' and theoretical* reports on the
nonlinear stress—strain behavior of carbon-based ma-
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dw/de (cm~"/%) Emax (%) tensile stress (GPa)
=17 4+08 38.1
-10.6 305 29.3
—6.5 83+12 70.6
—6.9 6.8 0.8 60.2
—10.8/—23.6 6.2+03 55.8
—6.2 137 £03 98.9

terials, a quadratic function was used to represent the
nonlinear stress—strain behavior, in which o = Ae +
Be?, where o is the stress in units of GPa, ¢ is the dimen-
sionless applied strain, A is the Young’s modulus in
units of GPa, and B is the third-order elastic modulus

in units of GPa. Liu et al.*? have used ab initio methods
to calculate coefficients of A = 1047.3 GPa and B =
—2375.2 GPa. The maximum applied stresses of our
nanotubes were obtained using these coefficients and
our maximum applied strain values in this equation.
Again, our samples exhibited partial slippage of the
nanotube between 3 = 0.5 and 13.7 * 0.3% strain. That
is, we observe a relaxation of strain, but the nanotube
was still suspended. The large variation of observed
maximum strain results from the different contact
length and contact quality from sample to sample.

In Table 1, the rate at which the G band downshifts
with strain (dw/de) spans a wide range from —6.2 to
—23.6 cm /% strain for different nanotubes measured
in this study. Using molecular dynamics simulations,
Yang et al. have predicted a strong chirality depen-
dence of the rate of G band downshift with strain, rang-
ing from —6.25 to —27.5 cm™'/% strain.° Similar re-
sults were also observed by Wu et al. using ab initio
method®' and by Gao et al. experimentally.3? This range
is in excellent agreement with our experimental re-
sults. In particular, they found strain-induced down-
shifts of dwg:/0e = —8 cm™'/% strain and dwg_/de =
—24 cm™ /% strain for armchair nanotubes (n,n), and
dwg./de = —25 cm /% strain and dwg_ /de = —10
cm™1/% strain for zigzag nanotubes (n,0).3° However,
they only performed calculations on these highly sym-
metric armchair (n,n) and zigzag (n,0) nanotubes, which
have relatively few atoms per unit cell compared to
achiral nanotubes. Nevertheless, we can estimate the
approximate chirality from the relative downshifts of
the G, and G_ band Raman modes. For the nanotube
in Figure 3, dwg-/de < dwg-/de, indicating that its chiral-
ity is close to that of an armchair nanotube (6 ~ 30°).
Since the downshift in the G band frequency gives a
measure of the weakening of the C—C bond, it is rea-
sonable to expect breakage to occur at similar G band
downshifts rather than similar values of strain. The line
width data (Figures 2d and 3d) further support this no-
tion, showing thresholds for line width broadening that
occur at similar G band downshifts, rather than strain.
Since we do not see any evidence of defect formation
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in these nanotubes, it is not clear from our data whether
these maximum applied strains (emax) were limited by
slippage or indicate the true threshold strain for me-
chanical breakdown. While sample #6 exhibited a maxi-
mum strain of 13.7 = 0.3%, we believe that the lower
values of maximum strain observed in the other nano-
tube samples are due to slippage between the nano-
tubes and their underlying substrates since a Raman
signal can still be observed from the nanotubes after
the maximum strain is reached. We, therefore, ascribe
the emax values given in Table 1 as lower limits for the ul-
timate strength of carbon nanotubes. Four out of the
six nanotubes in this study have relatively low initial G
band frequencies (1573—1583 cm™'). We have ruled
out the possibility of prestrain induced during the nano-
tube growth process by making the nanotubes slack
and verifying that no further upshift occurs. In a previ-
ous publication, we reported laser heating of sus-
pended carbon nanotubes,* which required laser pow-
ers higher than 3 mW focused to a 0.4 wm spot size in
order to observe G band downshifts due to laser heat-
ing of the nanotube. We are, therefore, confident that

METHODS

Breakable H-Chip Fabrication. An H-shaped pattern is etched
through a double-sided SiN/Si/SiN wafer, as shown in Figure 1.
A breakable segment of the chip, consisting of partially etched
Si, enables the two sides of the slit to be separated easily after
they have been mounted on a translation stage equipped with
half micrometer step resolution (Figure 1b). That gives up to
0.25% strain resolution in long suspended nanotubes (195 pwm).
This technique is very similar to the sample fabrication devel-
oped by Huang et al.?’

Carbon Nanotube Growth. Ultralong suspended single-walled
carbon nanotubes are grown across the slit by chemical vapor
deposition following the general procedure reported by
Brintlinger,?*?> as shown in Figure 1c. We use ferric nitrate,
Fe(NOs)s, catalyst and flow H,:CH,;:C,H, at rates of 1500:1500:50
sccm at 900 °C for 25 min.

Raman Spectroscopy. A Renishaw inVia micro-Raman spectrom-
eter is used to take Raman spectra of these individual nano-
tubes under various degrees of applied strain with a 532 nm
Spectra Physics solid-state laser at a power of 2 mW.
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0854118.

Supporting Information Available: Selected Raman spectra of
the nanotube in Figures 2 and 3 at various degrees of strain,
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pubs.acs.org.
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