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ABSTRACT Abnormal Raman scattering from a large-diameter ultralong single-walled carbon nanotube
(SWCNT) is studied in detail. Along the SWCNT, the Raman spectra show the frequencies of 1553, 1563, and 2597
en~'for G*, G~, and G’ peaks, respectively, much lower than the corresponding frequencies well-reported both

experimentally and theoretically. The significant downshifts in the peaks frequencies can be attributed to self-built

tensile strain, which is likely caused by carbon nanodots decorated on the tube. After infrared laser heating is

performed to one point of it, all of the Raman modes are found to shift to higher frequencies and approach their

conventional values. We suggest that the SWCNTs with larger diameters easily possess such self-built strain

compared to small-diameter SWCNTSs because of the weaker curvature effect for the larger ones.
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strain - deformation - microscopy

tudying the impact of mechanical de-

formations on the electronic struc-

tures and electronic transport proper-
ties of single-walled carbon nanotubes
(SWCNTs) is of both fundamental and appli-
cation interests. Several experimental ob-
servations have confirmed that the band
gap of the SWCNTSs can be altered signifi-
cantly by the strain."? The magnitude of the
band gap change under uniaxial strain is
found to be about 80 meV per 1% strain, in
good agreement with theoretical predic-
tions.® This opens an opportunity of engi-
neering the band gap of the SWCNTs
through introducing a controllable strain.
In order to fully embrace such an opportu-
nity, the mechanism of structure deforma-
tion under different strains must be studied
first.

Resonance Raman spectroscopy is
widely used to characterize the structure
deformation of the individual SWCNTSs be-
cause of its strength on studying the struc-
tural properties under various external per-
turbations, including electrostatic gating,
electrochemical gating, temperature and
strain, etc.*® For example, the deformation
of carbon fibers as a function of the ap-
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plied strain has been studied using in situ
Raman spectroscopy.”® It has been re-
ported that the tangential Raman modes
(G band) of the SWCNTs shift to lower wave-
numbers under a uniaxial tensile strain. A
moderate strain can adjust the Van Hove
singularities of SWCNTSs, which can be seen
from the Raman intensity changes.® Cronin
etal.’®'" have observed that the in-plane vi-
bration frequencies are lowered by as much
as 1.5% (40 cm ™" for G’ band), while the ra-
dial breathing mode (RBM) remains un-
changed for tensile strains from 0.06 to
1.65%. Duan et al. have found that torsional
strain can induce a large downshift in the E,
symmetry mode in the G* band but slight
upshift for the rest of the G mode and the
RBM mode."? All of those experimental re-
sults indicate that Raman spectroscopy is a
powerful tool for identifying any small struc-
tural change and capable for quantitative
study of the strain in the SWCNTs.

In this study, abnormal Raman scatter-
ing, indicated by the Raman spectrum
frequencies of 1553, 1563, and 2597 cm ™!
for G-, G*, and G’ peaks, respectively,
has been observed from a semiconduct-
ing large-diameter (~1.9 nm) and ultra-
long (~1 mm) SWCNT. These Raman fre-
quencies are much lower than the
corresponding frequencies well-reported
both experimentally and theoretically.
The Raman features remain identical
along the whole SWCNT. However, the
peaks shift back to higher frequencies
and approach their normal values after
the SWCNT is heated by an infrared la-
ser. The big downshifts in the Raman fre-
quencies and the subsequent recovery
caused by the heating can be attributed
to the self-built tensile strain induced by
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Figure 1. (a) Typical SEM image of a large-diameter and ultralong SWCNT that is used in this study. The total length is more
than 0.1 cm, and only the initial part of 250 um long is shown here. (b) AFM image of the section in the rectangle area shown
in (a). Three AFM height profiles were obtained at the three dashed lines. The dashed circle marks the 785 nm laser heat-

ing spot.

decorated carbon nanodots and the laser-heating-
induced strain relaxation, respectively.

RESULTS AND DISCUSSION

The SWCNTs used in this work were synthesized by
ethanol chemical vapor deposition on Si/SiO, sub-
strates.® The tubes are found to be well-separated
from each other. Most of the SWCNTSs are longer than
100 wm, and many extend in length up to a centime-
ter."* Figure 1a is a scanning electron microscopy (SEM)
image of such SWCNTSs, showing one straight SWCNT
starting from the left edge of the substrate. The atomic
force microscopy (AFM) image of this SWCNT and its
height profiles are shown in Figure 1b. From the AFM
height profiles measured at different locations (indi-
cated by dashed lines shown in the AFM image), one
can find that the tube diameter is around 1.9 nm. (Note
that the diameters are measured in the locations where
there are no carbon nanodots; see Figure 3.) A series
of Raman scatterings along this tube, with a step of 10
pm from the left to the right, have been performed. All
of the measured Raman spectra are identical to the
one shown in Figure 2a. The enlarged RBM, G, and G’
bands are shown in Figure 2b—d, respectively. The
RBM peak is centered at wggy = 132 cm ™" with a nar-
row line width of 5 cm™', from which the tube diam-
eter can be calculated as d; ~ 1.88 nm using the rela-
tion of d, = 248/wgem.'> This value is consistent with our
AFM observations. The G band shows two peaks, with
wg* at 1563 cm™' and wg- at 1553 cm™ . Their shapes
suggest that this SWCNT is a semiconducting tube.'®
The G' band can also be divided into two peaks located
at 2597 and 2664 cm~'. The 2664 cm ™' peak can be at-
tributed to the amorphous carbon coated on the sub-
strate surface during the SWCNT growth, which can also
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be observed in the area (of the same substrate) where
there is no SWCNT.

To understand our Raman observations, we first cal-
culate the theoretical values of wg+, wg-, and wg for a
1.88 nm semiconducting SWCNT. Since the value of
1591 cm ™ for wg+ is widely accepted and is insensitive
to the tube diameter, we can calculate wg-, and wg us-
ing the expression w = wy + B/d", where wy, B, and n
are the frequency of two-dimensional (2-D) graphite,
the coefficient, and the exponent of the diameter de-
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Figure 2. (a) Full Raman spectra of the SWCNT (horizontal one in Fig-
ure 1). (b—d) Expanded spectra of RBM, G, and G’ modes, respectively.
In addition, the D band is also shown in panel c with 100 times enlarge-
ment in intensity. Note that the Raman spectra were measured along
the tube axis with a step of 10 um from the left to right, up to 0.1 cm
in total. All of the spectra acquired are identical. Peak positions are la-
beled. The isolated nanotube is sitting on a SiO,/Si substrate whose
Raman peaks are denoted by : and are used for the calibration pur-
pose. The two kinks in panel b indicated by the arrows are caused by
the Raman system.
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Figure 3. High-resolution AFM images of different locations of the same SWCNT shown in Figure 1.

pendence, respectively.'®'” With the w, B, and n of
1591 cm™', —45.7 cm™ ™*nm (for semiconducting
SWCNTSs), and 2, respectively, the theoretical value of
wg- for a 1.88 nm SWCNT should be 1578 cm™"."® Simi-
lar for the double resonance G’ mode, we have wy =
2708.1 cm™ ! (for excited photon energy £, = 2.41 eV),
B = —35.4cm ¥nm, and n = 1."® Because the depend-
ences of the wg on d, and excited photon energy (E,)
must be considered, we use the dispersive relation of
e With E. as Awg' = 90 cm ™' eV~ 1."8 Then the theoreti-
cal G’ frequency under the 1.96 eV laser (the laser line
used in this study) conditions can be calculated as
~2650 cm~ . These calculated values are also con-
firmed in experimental measurements.'”'® Comparing
these values with our Raman measurements, one can
easily find that wg-, wg+, and wg for our SWCNT are
downshifted by a large quantity of 25, 28, and 53 cm ™,
respectively.

Possible reasons for such big downshifts in phonon
frequencies include the variations in temperature,
charge density, chemisorption and strain, etc. Since all
of the Raman measurements were carried out at room
temperature and no broad line width has been ob-
served, we can safely exclude the temperature effect.
In addition, a charge of ~6 X 10°e cm™' (where e is the
unit charge of 1.6 X 107" C) could account for the 5
cm™ shift of the G band according to the results of
gate-voltage-tuned Raman spectroscopy of SWCNTs.>®
Thus, even if we assume that the variation of the charge
carrier density from the substrate or chemical absor-
bants to the SWCNT is at the level of 8 X 10°e cm™!
(the saturated charge of the tube itself), the shift in G
band frequency should be less than 7 cm™', much
smaller than our observed shift of ~28 cm™'.2! There-
fore, charge effect should not be the dominate origin of
the significant downshifts. Recent experiments re-
ported that hydrogen chemisorption onto SWCNTs
can result in the carbon—carbon bond (C—C) expand
in both axial and radial directions.?>* Such a hydroge-
nation process only can occur at the condition of high
energy treatments in order to break sp? C—C and form
sp> C—H, which always induces a relative strong D
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band. However, as shown in Figure 2¢, the D band is
still very weak even after 100 times enlargement in in-
tensity. Thus, self-built strain seems to be responsible
for the large downshifts. A tensile strain can elongate
the C—C bonds and weaken their energy and, there-
fore, lower the vibrational frequency.

How could the strain be built up in our SWCNT?
Two possibilities: substrate-induced tensile strain
and/or self-built tensile strain. If thermal contraction is
different for SWCNTs and Si/SiO, upon cooling after the
growth process, the SWCNTs should, in fact, be ex-
pected to be under strain stress. However, the coeffi-
cient of the thermal expansion calculated for SWCNTs
is very close to that of Si/Si0,.2* Another concern is that,
as the substrate is not smooth due to the existence of
defects and steps and the cooling rate is not uniform,
the strain induced by the SiO, substrate (if any) should
be localized spatially. These are not in agreement with
our observation where the tensile strain is uniform at a
large distance in the SWCNT. Thus substrate-induced
tensile strain is not the key factor.

The distinctly abnormal Raman spectrum implies
that the structure of the tube we studied should have
some differences to normal cases. Figure 3 shows the
AFM images collected from different parts of the same
tube. A structure of SWCNT with nanodots can be
clearly seen (similar structures have been found for all
tubes we studied). The tube may serve as a template for
the ordering and orientation of the nanodots along
the nanotube axis. The nanodots are decorated on the
tube with an average height of 5 nm and an average
distance of 90 nm between them. These nanodots may
form from accumulation of carbon species from etha-
nol CVD during the synthesis process. Compared to a
pristine SWCNT, the decorated carbon nanodots could
cause structural disturbance and physical strain in the
tube, leading to the significant downshifts. Similar to
the strain induced by AFM tip, the strains caused by the
carbon nanodots are also not confined to a small re-
gion where the tube is distorted, but rather extend for
long distances along the length of the SWCNT.
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Figure 4. (a) High-resolution AFM image near the laser heating point. The red arrow indicates the burnt-off spot. (b) SEM

image after the laser heating.

The existence of the tensile strain is supported by
the following laser-induced strain—relaxation process.
A beam of 785 nm laser (with a power of 15 mW and a
beam diameter of 600 nm through a 100X air objective)
has been introduced to heat the SWCNT at the loca-
tion circled in Figure 1b for 10 min. After the heating,
we viewed the SWCNT at the location using SEM and
AFM (see Figure 4). The AFM image shows that the tube
has been burnt off with a gap of 1T um. Com-
pared to Figure 1a, the SEM image of Fig-

D band, is not exactly twice wp (1315 cm™"). How-
ever, it shows a roughly twice as large shift when
compared to the D band. Although the upshifts in
Region Il are slightly different from Region III, such
upshifts are almost identical within each region (Il or
I1). One can find, from Figure 5f, that the 2664 cm ™!
peak from amorphous carbon does not show a sig-
nificant difference before and after the heating, sug-
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In Regions Il (Il), such upshifts are slightly
moderate, at 2 (5.5), 13 (13.5), 18 (18.5),

17.5(18.5), and 36 (39) cm ™', respectively,
for the corresponding Raman peaks. The
G’ mode, as an overtone of the first-order
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Figure 5. (a—d) Profiles of wrgm, w¢, ®wp, and we vs the position along the tube shown in
Figure 1. Open and filled squares (dots) are the frequencies before and after the laser heat-
ing. Red dots and black squares in panel b denote the frequencies of G~ and G*, respec-
tively. (e—h) Raman spectra of RBM, G, D, and G’ modes, respectively. The black line is the
spectra before the heating, while red and green lines are spectra after the heating from Re-
gion lll and x = 0, respectively.
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TABLE 1. Frequencies of the Raman Modes of Six Different
SWCNTSs on the Same Substrate”

ey [am~] d; [nm] g-[em™'] g+ [em™'] wg [am™']
174 1.43 1560 1591 2648
162 1.53 1569 1590 2654
159 1.56 1572 1596 2658
132 (138) 1.88 (1.80) 1553 (1573) 1563 (1586) 2597 (2643)
135 (140) 1.84(1.77) 1555 (1567) 1567 (1582) 2617 (2644)
124 (125.5) 2.00(1.98) 1568 (1578) 1577 (1590) 2613 (2649)

“The listed values are the original frequencies before laser heating. For some un-
usual peaks, the maximum frequencies after heating are also listed in the parenthe-
ses. The diameters are determined from the equation d; = 248/wggy.”

gesting that the laser heating does not affect amor-
phous carbon. More interestingly, from Figure 5a,d,
one can see that the RBM mode demonstrates be-
havior simiar to that of D, G, and G’ bands, showing
up to 8 cm ™" upshift in frequency. This finding is to-
tally different from previous studies on AFM tip-
induced strains by other groups, in which no observ-
able shift in RBM frequency was observed even when
a uniaxial strain of 1.65% was applied.'®'? Theoreti-
cal results also suggest that the radii of the nano-
tubes do not change under a substantially large
uniaxial strain, even the C—C bond length varies up
to 6%.%2 This is because the bonds along the circum-
ference, partly strengthened by curvature effects,
are not significantly affected by uniaxial strains or-
thogonal to them. The upshift in RBM frequency in
Regions Il and Il can be tentatively attributed to the
recovery from possible axial deformations caused
by the carbon nanodots, while further upshift in Re-
gion | might reflect the fact that the tube is thinner
and even burnt off. The G band phonons typically re-
sult from the motion of the carbon atoms tangential
to the surface of the nanotube. The two compo-
nents of this band for semiconducting SWCNTSs cor-
respond to the vibrations along the nanotube axis
G* and in the circumferential direction G-, respec-
tively.2® From the depression and subsequent recov-
ery in wg-, g+, we suggest that the C—C vibration
along both directions could be affected by the ini-
tial strains.

The relaxation profile in Region | can be easily un-
derstood because it covered the whole broken part,
where the most strain was released due to the elas-
ticity of the deformations. Generally, the strain relax-
ation in one spot would cause a larger strain in other
parts of the tube if it cannot move freely. However,
in our case, even though the van der Waals bonding
between the SWCNT and SiO; layer is strong, the
strain relaxation is not confined in Region | but
rather extends to the whole length of the tube in a
very large distance (the range of our measurement
was up to 300 wm). The observed strain relaxation is
very uniform in Regions Il and Ill. This is reasonable
as the tensile strain could be released when the tem-
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perature along the tube exceeds a critical value be-
cause of the high thermal conductivity of SWCNTs.
The higher the local temperature, the more relax-
ation will result. The asymmetry of the frequency re-
laxation in Region Il with respect to Region Il could
be attributed to a smaller heat dissipation in Region
Il than in Region Ill as the tube length in the two re-
gions are different (70 wm for Region Il and 1000
wm for Region Ill). The frequencies of the relaxed Ra-
man modes are still slightly smaller than the theo-
retical values, especially for Regions Il and llI, imply-
ing that the relaxation is not fully completed and a
small residue of strain still remains in the SWCNT.

One way to quantify the initial strain is the formula
for the Grlineisen parameter ry,,.. of the G* mode:

1 0.
Yoee = 7 "0
s 02 ae

where 0l is the G* peak position at zero strain; & rep-
resents the longitudinal strain.”® The parameter v,,.. has
been successfully determined as 1.8 in graphene and
2.3 in the (8,0) SWNT, thus we can have vy,,.. = 2 for our
1.9 nm SWNT.?%?” Then, the strain can be calculated
as

1 Awg:

Ae = — 0 =
W+ Y(uG+

_-28
1591 x 2

= 0.9%

Cronin et al. reported a shift of the G* of 14.8 cm™! for
a strain of 0.53% in their SWNCTs, which is actually in
reasonable agreement with our results.'®

Statistically, we have carried out the Raman scat-
tering from more than 40 different individual
SWCNTs on the same substrate. Only six SWCNTs
show clear RBM peaks due to the sharp resonance
window. The peak positions of these SWCNTSs are
summarized in Table 1. For the three small-diameter
SWCNTs, the G bands are normal and all of the frequen-
cies of different Raman bands are consistent with the
well-reported theoretical and experimental results. How-
ever, the large-diameter SWCNTSs in Table 1 show large
downshifts in the Raman frequencies. Similar laser heat-
ing process did cause upshifts in the frequencies (listed in
parentheses of Table 1). However, the amount of the
strain-induced frequency shifts and their recoveries vary
from tube to tube, probably due to the chirality depen-
dence of the strain.

Further experimental and simulation studies are
needed to clarify the relation between the exist-
ence of carbon nanodots and the induced strain in
SWCNTSs. Another important evidence to support our
viewpoint is that we did not find similar strain in
bundled SWCNTs. This finding makes sense to us be-
cause the strain acted on each single tube in the
bundle can be mitigated by its neighboring tubes.
Figure 6a shows the SEM image of a tube with RBM
peak at 135 cm ™. This tube grows from the left to
right and extends more than 1 cm. The Raman spec-
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tra from different locations along the
tube are quite different, as shown in Fig-
ure 6b—e. From Point 1 to Point 6, the Ra-
man spectra are different from each
other, while all spectra are identical after
Point 6. Only one strong RBM peak at 135
cm™~ ' (d; ~ 1.84 nm) is observed at Points
1 and 2. From Points 3 to 6, in addition

to the 135 cm™! peak, three other peaks
at 163, 216, and 353 cm ™' are also clearly
observed. This implies the tube has
evolved from an individual 1.84 nm
SWCNT at Points 1 and 2 to a small
bundle containing several smaller-
diameter SWCNTs after Point 3. The G

(b)

Intensity (a.u.)

—
Intensity (a.u.) O

band at the single tube part (Points 1 and 100

2) shows a strong peak at 1567 cm™!
1

200 300 400 1500 1550 1600 1650

Raman frequency (em’')

and gradually changes to 1591 cm™
when measuring it along the length to-
ward Point 3. Similar evolutions can also
be observed in the G’ peak (Figure 6d,e).
This finding indicates that formation of a
bundle can indeed prevent from the gen-
eration of strains.
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CONCLUSION 2550
Significant downshifts in the Raman
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Raman frequency (¢m™") Test peint

spectra from large-diameter semicon-
ducting SWCNTs have been observed.
The Raman frequencies for the G—, G,
and G’ are 1553, 1563, and 2597 cm ™', re-

Figure 6. (a) SEM image of another SWCNT. The arrows show different measurement
points, i.e., from Point 1 (left) to Point 6 (right), where Raman spectra were collected.
(b—d) RBM, G, and G’ Raman modes, respectively. From the bottom to top, the spectra
were obtained from the test Points 1—6 in panel a. Note that the Raman spectra show
identical features from the Point 6 up to the right end.

spectively, much lower than their theoretical
and reported values. The Raman peaks can
shift to higher frequencies and approach those normal
values after the SWCNT is heated by an infrared laser
beam. The big downshift in the Raman peak frequencies
can be interpreted through a self-built tensile strain which

EXPERIMENTAL SECTION

The SWCNTs used in this work were synthesized by chemical
vapor deposition on Si/SiO, substrates, with ethanol as the carbon
source and Fe particle as the catalyst. The grown tubes are found to
be well-separated from each other, and the length extends up to
a centimeter. It is found that all SWCNTs grown here have numbers
of carbon nanodots on them regardless of their diameters (see Fig-
ures 3 and 4a. The resonant micro-Raman spectra were excited us-
ing @ 632.8 nm (1.96 eV) laser and collected through a 100X air ob-
jective. During the entire measurements, we selected a quite lower
laser power (<0.2 mW) to avoid any heating effect. The polariza-
tion direction of the laser beam was adjusted along with the tube
axis. For the laser heating process, the tube was exposed under a
785 nm laser beam (with power of 15 mW) for 10 min.
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is probably caused by the carbon nanodots on/in the
SWCNT. The large-diameter SWCNTSs are more easily af-
fected by this strain due to the weaker curvature effect,
but the branching bundling process can help to prevent
the generation of the self-built strain.
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