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S
ingle-walled carbon nanotubes
(SWNTs) possess a combination of ex-
ceptional electrical and mechanical

properties that may help to advance mul-

tiple areas of technology including elec-

tronic and electromechanical systems.1,2

However, as with many nanoscale materi-

als, there remain challenges to overcome

before SWNTs can be considered for inte-

gration into high performance devices be-

yond those of proof-of-concept. In general,

most applications exploiting unique proper-

ties of nanoscale materials will require ro-

bust means of patterning/positioning of in-

dividual components into ordered

assemblies or arrays. Near perfect horizon-

tal alignment on crystalline substrates is ar-

guably the biggest recent advance that has

been made toward overcoming this chal-

lenge for SWNTs.3�6 Direct chemical vapor

deposition (CVD) of parallel arrays of SWNTs

has been achieved on both single crystal

quartz and sapphire substrates.3,5,6 Levels

of alignment �99.9% have been demon-

strated with growth on quartz.7 This high

degree of alignment is exemplified in Fig-

ure 1 where SEM images of two different

density samples are shown. For spatially

guiding SWNTs perfectly along a particular
crystallographic direction at high growth
temperatures, relatively strong interaction
with the substrate is expected and has been
shown to be necessary.8�10 However,
whether or not such an interaction alters
the characteristics of the resulting SWNTs
has not been considered.

Understanding interactions with the sur-
rounding media including the substrate and
controlling them are key challenges to over-
come for any nanoscale material en route
to applications. However, how the inherent

properties of SWNTs are af-
fected by forces that allow
horizontal alignment on
quartz has not been exam-
ined. The local chemical en-
vironment and its possible
variations can and have led
to controversies on our in-
terpretation of observed
behavior of SWNTs.11�20

Elucidating how the inter-
action with the substrate
that enables alignment
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Figure 1. Scanning electron microscope images of aligned SWNTs
on single crystal quartz with high (A) and low (B) densities. The
scale bars are 2 �m.

ABSTRACT Interactions with the substrate that allow near perfect horizontal alignment in combination with

large difference in the coefficient of thermal expansion are shown to lead to uniaxial compressive strain in as-

grown single-walled carbon nanotubes on single crystal quartz. Temperature dependence of Raman G-band

spectra along the length of individual nanotubes reveals that the compressive strain is nonuniform and can be

larger than 1% locally at room temperature. A response of 27 cm�1 upshift per % compressive strain is estimated

for the G-band longitudinal optical phonon mode of semiconducting nanotubes. Comparison of Raman and atomic

force microscope images suggests that the nonuniformity of the compression arises from the surface roughness

induced by polishing. Effects of device fabrication steps on the nonuniform strain are also examined and

implications on electrical performance are discussed.

KEYWORDS: carbon nanotubes · Raman spectroscopy · compressive
strain · alignment · quartz · nanotube devices

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 8 ▪ 2217–2224 ▪ 2009 2217



affects desired properties is then critical. Here, we show

that the substrate�SWNT interaction leads to nonuni-

form mechanical strain in aligned SWNTs grown on

single crystal quartz. These strained SWNTs in turn al-

low experimental observation of how difficult-to-

achieve uniaxial compression affects vibrational proper-

ties of SWNTs. Consequences of device fabrication steps

on the nonuniform compressive strain and implica-

tions on electrical performance are also discussed.

RESULTS AND DISCUSSION
Compressive Strain Induced G-Band Phonon Frequency Up-

Shift and Thermal Response. The Raman spectra of as-grown

SWNTs aligned on crystalline quartz often exhibit an

anomalous upshift in the G-band phonon mode fre-

quencies. High G-band frequencies have been reported

in the very first report of aligned growth on crystalline

quartz3 as well as in Supplementary Figure S3B of ref 21

but have not been explained. The bottom spectrum in

Figure 2A demonstrates this anomalous upshift for an

as-grown semiconducting SWNT where the G-band lon-

gitudinal optical (LO) mode, the G� peak, appears at

1605 cm�1. For comparison, the top spectrum is of a

typical semiconducting SWNT grown on Si/SiO2 sub-

strates. For this nonaligned SWNT, the G� peak appears

at 1593 cm�1. Since metallic SWNTs’ Raman spectra

are complicated by softening and broadening22�25

caused by the Kohn anomaly,24,26,27 our discussion here

is limited to semiconducting SWNTs and therefore all

acquired G-band spectra have been fitted to Lorentz-

ian peaks.

The insets in Figure 2A show the radial breathing

mode (RBM) regions of the two semiconducting SWNTs.

The same RBM frequency does not necessarily guaran-

tee that these two are of identical chirality since local

variations in the substrate may cause slight shifts in
RBM frequencies.28 However, given nearly identical RBM
frequencies, it is possible that these two SWNTs are of
the same chirality. More importantly, both theory and
experiments indicate that Raman G� frequency (�G�) is
independent of diameter and chirality for semiconduct-
ing SWNTs.29,30 Figure 2B compares histograms of �G�

of 127 isolated semiconducting SWNTs on Si/SiO2 and
on crystalline quartz. From Gaussian fits (solid lines), the
average �G� for SWNTs aligned on quartz is up-shifted
by �8 cm�1. These observations verify that the anoma-
lous upshift is not a result of chirality-dependent prop-
erties but rather a consequence of different interactions
with the substrates.

At a fixed temperature and laser energy and inten-
sity, there are three known processes that can affect
the G-band Raman spectra of SWNTs: (1) defect
introduction,31,32 (2) doping/carrier injection,33�35 and,
(3) mechanical strain.36,37 We can minimize potential de-
fect contributions by examining SWNTs with little or
no D-band intensities. The histograms in Figure 2B in-
clude data only from SWNTs with a D/G intensity ratio
�0.05, but including SWNTs with a relatively large D/G
ratio does not change the frequency distribution signifi-
cantly. Most semiconducting SWNTs do not exhibit sig-
nificant D-band intensities on both types of substrates.
When the D-band is observable, the average value and
the distribution of D/G ratios are similar for both cases
indicating that there is no significant difference in the
degree of disorder between SWNTs grown on Si/SiO2

and single crystalline quartz. Furthermore, in Figure 2,
an individual SWNT grown on Si/SiO2, despite its larger
D/G ratio, exhibits �G� much closer to the expected
phonon frequency than the individual SWNT aligned
on quartz, which does not exhibit a detectable D-band
intensity. Based on all of these observations, we rule out
physical disorder as a possible origin of the anomalous
upshift in the G-band frequency.

If we consider the upshift in the G-band frequency
to arise solely from doping effects, the degree of dop-
ing corresponding to the observed G-band frequency
shift may be estimated in the following two ways. First,
if we follow Tsang et al.35 and consider phonon energy
renormalization due to doping, then the 8 cm�1 upshift
should correspond to a minimum of �0.013 (0.004) car-
riers per C atom for 1 nm (2 nm) diameter semiconduct-
ing SWNT. Note that 1 to 2 nm is the diameter range ob-
served for SWNTs grown on both substrates. These are
rather high doping levels comparable to those of
graphite intercalation compounds and are unlikely to
be sufficiently explained by phonon energy renormal-
ization which considers low doping limits. Second, if we
then assume that the G-band frequency shift is compa-
rable to that of graphite intercalation compounds fol-
lowing Rao et al.,33 then the 8 cm�1 upshift corresponds
to an even larger doping fraction difference of 0.017
carriers (holes) per C atom. While the degree of

Figure 2. (A) Raman D- and G-band spectra of two different as-grown
semiconducting SWNTs on Si/SiO2 (top, black) and single crystal quartz
(bottom, red) substrates. Insets are the corresponding radial breath-
ing mode (RBM) regions. Two SWNTs exhibit nearly identical RBM fre-
quencies indicated by the arrows at148 cm�1 for the top spectrum and
at 147 cm�1 for the bottom spectrum. Peaks indicated by the asterisk
(*) are Raman peaks of the substrates. Blue curve in the bottom inset is
the Raman spectrum of quartz substrate only. (B) Histograms of G� Ra-
man peak frequency distribution of as-grown SWNTs on Si/SiO2 (black)
and single crystal quartz (red) substrates. Histograms are fitted to
Gaussians. The average G� Raman peak frequency of SWNTs on quartz
is up-shifted by �8 cm�1.
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substrate-induced doping may vary lo-
cally,34 given that quartz and the thermal
oxide on Si are both highly insulating, it is
unlikely that such a large difference in the
average G-band frequency can be ac-
counted for by doping effects. We are then
left with the possibility of mechanical strain
as the origin of the anomalous upshift in
the G-band frequency.

Previous experimental studies have
shown that the G-band phonon energy de-
creases when SWNTs are under uniaxial
tension.38,36,37 Especially with the possibility
of electronic structure modification with
strain,39,40 elucidating both tensile and com-
pressive responses of SWNTs is important
in terms of fundamental understanding of the materi-
al’s property as well as enabling new technologies such
as nanoelectromechanical systems and flexible elec-
tronics. A recent theoretical study has indicated that
uniaxial compression of SWNTs should lead to signifi-
cant up-shifts in the G-band phonon frequencies.41

However, because of difficulties in applying uniaxial
compression, only hydrostatic pressure, often on en-
sembles of SWNTs, has been experimentally
explored.42�44 Given that relatively strong interaction
with the substrate is needed to align along [21̄1̄0] direc-
tion at growth temperatures and that the degree of
thermal contraction upon cooling should be different
for SWNT and crystalline quartz, SWNTs should, in fact,
be expected to be under compressive stress. If so,
aligned SWNTs on quartz may provide readily acces-
sible experimental conditions to examine often hard-to-
achieve uniaxial compression.

To verify that aligned SWNTs grown on single crys-
tal quartz are under compression, we now compare
the temperature (T) dependence of Raman G-band fre-
quencies of samples grown on single crystal quartz with
that of samples grown on Si/SiO2. Raman G-band spec-
tra at different T for a typical SWNT grown on Si/SiO2

and one grown on single crystal quartz are shown in
Figure 3, panels A and B, respectively. The near linear T
dependence of �G� of SWNT on Si/SiO2 as shown for
three different SWNTs in the bottom data set in Figure
3C is expected in the T range studied here and is in
quantitative agreement with previous reports.45�48

From linear curve fits, we obtain the slope for the ther-
mal response of SWNTs on Si/SiO2 substrate as (d�G�/
dT)Si/SiO2

� �0.03 cm�1 K�1. We have observed (d�G�/
dT)Si/SiO2

ranging from �0.025 to �0.035 cm�1 K�1.
Previously reported values range similarly from ca.
�0.02 to �0.04 cm�1 K�1.45�48 SWNTs grown on single
crystal quartz that start out with anomalously up-
shifted �G� � 1600 cm�1 at room temperature also ex-
hibit decreasing �G� with increasing T as shown in Fig-
ure 3B. However, there is a distinct quantitative differ-
ence with T response being more than twice as large

[(d�G�/dT)Quartz ca. �0.075 cm�1 K�1] as shown for three
different SWNTs on quartz in the upper graph of Fig-
ure 3C. When �G� starts out �1600 cm�1 at room tem-
perature, we have observed (d�G�/dT)Quartz to vary from
�0.07 to �0.08 cm�1 K�1, consistently lager than that
of SWNTs on Si/SiO2.

The T response of SWNTs grown on Si/SiO2 (as well
as on quartz when the initial �G� is near 1590 cm�1) is
similar to the reported results for SWNTs suspended
above the substrate (�0.025 cm�1 K�1 as reported by
Zhang et al.48). They are also very similar to theoretical
expectations for graphene E2g mode (G-band) that in-
clude 3- and 4-phonon scattering and lattice thermal
expansion contributions.49 Given the similarities be-
tween our results for SWNTs on Si/SiO2 to both theory
and experiments including suspended SWNTs, we as-
sume (d�G�/dT)Si/SiO2

ca. �0.03 cm�1 K�1 to be the intrin-
sic response of semiconducting SWNTs in the absence
of mechanical strain. Since the coefficient of thermal ex-
pansion (CTE) of Si/SiO2 and the calculated CTE of
SWNTs are similar,50 it is not surprising that SWNTs on
Si/SiO2 exhibit similar behavior as those suspended
above the substrate. Single crystal quartz, on the other
hand, exhibits a much larger thermal expansion upon
heating. Within the T range studied here, single crystal
quartz expands nearly linearly along the SWNT growth
direction with CTE � 1.7 � 10�5 K�1.51,52

Although the axial CTE of SWNTs may depend on
chirality, it is expected to be at least about an order of
magnitude smaller than that of single crystal quartz
along the growth direction.51�53 Assuming, then, direct
thermal expansion of SWNT to be negligible compared
to that of the quartz substrate, a change in the uniaxial
strain, d	, of �0.5% on SWNTs is expected for a T
change, dT, of 300 K or d	/dT � 0.0017% K�1. For sim-
plicity, if we assume that the substrate induced strain
does not alter the inherent anharmonic contributions
to T dependent �G� shift, we can estimate the mechan-
ical strain component of the observed T dependence
as (d�G�/dT)Strain � (d�G�/dT)Quartz � (d�G�/dT)Si/SiO2




�0.075 cm�1 K�1 � 0.03 cm�1 K�1 
 �0.045 cm�1 K�1.

Figure 3. Raman G-band spectra of individual as-grown semiconducting SWNTs on Si/
SiO2 (A) and on single crystal quartz (B) substrates at the indicated temperatures. (C) Tem-
perature dependence of G� Raman peak frequencies of several SWNTs grown on quartz
(upper graph) and Si/SiO2 (lower graph) substrates. The dashed lines are linear fits.
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Since the multiphonon terms are expected to domi-

nate over the lattice expansion contribution in the in-

herent T dependence of �G�,45,47�50 this is a reasonable

assumption. We then have d�G�/d	 � �27 cm�1/%

strain in excellent agreement with calculated value of

ca. �24 cm�1/% strain for a semiconducting (17, 0)

SWNT in the small strain limit.41 These results, com-

bined with the fact that compressive stress leads to an

upshift in �G� whereas tensile stress leads to a down-

shift, indicate that horizontally aligned SWNTs grown

on single crystal quartz substrate are, on average, un-

der significant axial compression. The range of ob-

served upshift in �G� corresponds to a maximum com-

pressive strain of up to �1.1% (assuming zero-strain

�G� to be 1590 cm�1). This is already a substantial

amount, but we suspect that there may be local re-

gions of even higher degree of strain as discussed in

the next section.

Non-Uniformity of Axial Strain and its Origin. Having estab-

lished that the observed anomalous average �G� up-

shift and the large T response arise from single crystal

quartz substrates inducing uniaxial compression, we

now examine �G� along the length of individual SWNTs.

Figure 4 compares �G� along a SWNT grown on Si/SiO2

with that of one grown on quartz. As expected, there

is very little variation (�1 cm�1) on SWNT grown on Si/

SiO2 substrate as shown in Figure 4A. However, large

and apparently random fluctuations (standard devia-

tion of �7 cm�1) in �G� of SWNTs aligned on single crys-

tal quartz are evident. The G� peak frequency (�G�)

variations along the length of the same SWNT, shown

in Figure 4B, follow �G� fluctuations closely. The line

width (�G�), on the other hand, appears to be indepen-

dent of the G-band peak frequency variations (Figure 4

inset). While there is no obvious periodicity or trend,

these �G� fluctuations with the minimum value always

being greater than 1590 cm�1 suggest nonuniform

compressive strain along the length of SWNTs.

To verify the nonuniformity of the substrate-induced

compressive strain, we again examine how �G� varies

with T. Figure 5 shows the T dependence of �G� at two

different locations of the same SWNT. Red circles are

from a location with anomalously up-shifted �G� at

room temperature (1607 cm�1), and the blue circles

are from a nearby location with “normal” (or unstrained)

�G� at room temperature (1595 cm�1). Results from a

SWNT grown on Si/SiO2 are also shown for comparison.

The anomalous initial �G� region has a large d�G�/dT

� �0.07 cm�1 K�1, whereas the “normal” initial �G� re-

gion follows the same trend as SWNTs on Si/SiO2. That

is, only regions with initial high �G� values are under

compressive strain. The inset shows the near linear de-

pendence of thermal response of �G� shift on the initial

room temperature �G� values for SWNTs on both Si/

SiO2 and quartz substrates. The spatial variations both

in �G� and d�G�/dT support the idea that the compres-

sive strain in as-grown SWNTs on quartz is nonuniform

in nature.

Given the necessity of strong interaction for align-

ment and the large difference in CTE with the sub-

strate, the presence of significant compressive strain in

SWNTs aligned on quartz is, at least in hindsight, not

surprising. However, the nonuniformity may be some-

what unexpected. To address the origin of this nonuni-

formity, we now consider surface roughness of the sub-

strate. Figure 6 compares Raman G-band image with

the corresponding AFM image of two adjacent aligned

SWNTs on single crystal quartz. One of the gold markers

deposited prior to CVD growth to ensure that the same

location is being studied is also visible on the right

edge of both images. Figure 6B is the G-band intensity

map where we have integrated area only between 1590

Figure 4. (A) Spatial profile of Raman G� peak frequency
along the length of an as-grown semiconducting SWNT on
a Si/SiO2 (black circles) and quartz (red squares) substrates.
(B) Spatial profile of Raman G� peak frequency along the
length of the same SWNT on quartz (red squares) as in panel
A. Inset shows the variation of the line width of the G� peak
along the aligned SWNT on quartz.

Figure 5. Temperature dependence of Raman G� peak fre-
quency of individual SWNTs grown on quartz and on Si/SiO2.
The dashed lines are linear fits. Inset shows the relation be-
tween the thermal response of G� peak frequency shift and
the room-temperature G� peak frequency for various SWNTs
grown on both types of substrates. In both the inset and
the main panel, blues circles correspond to the less frequent
regions of low-room-temperature G� peak frequency and
the red circles correspond to the more common cases of
high-room-temperature G� peak frequency on quartz. Black
triangles are data from SWNTs on Si/SiO2.
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and 1600 cm�1. This selective Raman map highlights
parts of SWNTs where there is minimal strain (i.e., re-
gions where �G� values are close to the “normal” ex-
pected frequency of �1590 to 1595 cm�1 correspond
to the bright spots). Figure 6A is a composite of 2 AFM
images where the middle part has been collected at a
higher resolution and has been adjusted to highlight
the surface roughness of the single crystal quartz sub-
strate. The parallel lines that are at �30° to the SWNT
alignment direction are presumably polishing
scratchesOthe vendor has indicated that the sub-
strates have been polished with cerium oxide slurry
with a polyurethane pad. While the polishing scratches
are mostly parallel with each other and unidirectional at
this magnification; their density, depth, and width ap-
pear to vary randomly. Comparison between the Raman
G-band map and the AFM image reveals a striking cor-
relation in the direction of the polishing scratch lines
with the alignment of locations of �G� minima in the
two neighboring SWNTs as indicated by the double-
headed arrows. That is, the alignment of regions of
minimum strain in the neighboring SWNTs coincides
with the direction of polishing induced roughness. On
the basis of this observation, we propose that the non-
uniformity of compressive strain along the SWNT arises
from variations in the interaction with the substrate
due to the surface roughness caused mainly by polish-
ing scratches. The random variations in �G� and in
d�G�/dT along the length of a SWNT are then likely to
be arising from the distributions of density, depth, and
width of these scratches. While the strong interaction
with the substrate and the large difference in CTE lead
to compressive strain, these scratches create small
“trenches” underneath the SWNTs that provide regions
free of or at least reduced degree of strain.

We note that the widths of the polishing scratches
are much smaller than our laser spot size of �1 �m.
Therefore, each Raman spectrum obtained here actu-
ally provides an average �G� value that reflects the den-
sity of these scratch lines on the substrate. That is,
within the laser spot, some parts of the SWNT will be
over the polishing scratches while other parts will not.
This then implies that there are local regions where the
compressive strain may be significantly larger than the
maximum �1% that we have estimated based on the
maximum �G� observed at room temperature.

Effects of Device Fabrication on the Nonuniform Strain. Previ-
ous studies have shown that the electronic band gaps
of SWNTs can be altered by mechanical stress.40 The
substrate-induced nonuniform uniaxial compression
on as-grown SWNTs horizontally aligned on single crys-
tal quartz may then affect electrical characteristics of
SWNT-based devices. On the contrary, transistors con-
sisting of SWNTs grown on quartz exhibit performances
comparable to those of SWNTs on Si/SiO2 substrates.
For example, the inferred average per tube mobility of
devices made of parallel arrays of thousands of SWNTs

on quartz has been shown to be similar to the mobility

of individual SWNTs on Si/SiO2 substrates.4 The sign

and the magnitude of the change in the band gap due

to strain depend on the chiral angle.40,54 Roughly the

same percentage of SWNTs will have widening of the

gap as those that have gap closing. The magnitudes of

changes in the band gaps are also expected to be rela-

tively smallOmost are within �100 meV range for 2%

uniaxial strain.54 Therefore, the net effect of compres-

sive strain due to the substrate in devices consisting of

large numbers of SWNTs in parallel arrays is expected to

be negligible at room temperature. In individual SWNT

devices, on the other hand, there may be significant dif-

ferences for certain chiralities. While it is difficult to

quantify differences in the electrical properties of indi-

vidual SWNT transistors fabricated on quartz vs on Si/

Figure 6. Side-by-side comparison of a composite AFM image (A)
with Raman intensity map integrated between 1590 and 1600
cm�1 and (B) of the same area showing SWNTs on single crystal
quartz at room temperature. Scale bar of the AFM image corre-
sponds to 1 �m. Raman map is at the same magnification. Inten-
sity scale bar for the Raman map is shown on the right of panel B.
The blue arrow in panel A indicates the direction of the polishing
scratches. Three red arrows in panel B point in the same direction
as the arrow in panel A and are placed over the bright spots in the
Raman image indicating the alignment direction of low-strain
points being coincidental with the polishing scratches.
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SiO2 substrates due to large device-to-device varia-
tions (e.g., contact resistance variations, different
degree of disorder, etc.), our Raman studies suggest
that such differences should not even be expected. Fig-
ure 7 shows that the average �G� down-shifts from
1603 to 1591 cm�1 upon photolithography and metalli-
zation. The right inset in Figure 7 shows �G� along the
length of two different semiconducting SWNTs after de-
vice fabrication steps. While some of the fluctuations
in �G� remain, the standard deviations are less than 1.5
cm�1 and the actual �G� vales are now much closer to
the expected range of 1590�1595 cm�1 for unstrained
semiconducting SWNTs. These results indicate that
most of the compressive strain due to the quartz sub-
strate is relieved during device fabrication steps.

Finally, we note that the average �G� of SWNTs on
Si/SiO2 substrates also down-shifts after device fabrica-
tion steps. Upper left inset of Figure 7 shows that

SWNTs grown on Si/SiO2 substrates also exhibit a down-
shift from 1595 to 1592 cm�1 upon lithography and
metallization. While the magnitude of this down-shift
is smaller, it may not be negligible. We suspect that a
combination of changes in doping level and in defects
may be responsible for the down-shift in these un-
strained SWNTs.

CONCLUSIONS
We have shown that, on average, as-grown SWNTs

horizontally aligned on single crystal quartz exhibit
anomalously up-shifted G-band phonon energies. The
magnitude of the upshift can be as large as �30 cm�1

and it is nonuniform along the length of SWNTs. The
nonuniformity arises from the surface roughness of the
polishing scratches. Comparison of T dependences of
�G� of SWNTs grown on quartz and on Si/SiO2 sub-
strates has revealed that these unusual phonon fre-
quencies are the consequences of mechanical compres-
sion induced by the substrate. Strong interactions with
the substrate that allows nearly perfect alignment when
combined with a large difference in CTE leave the
SWNTs under nonuniform but uniaxial compressive
strain at room temperature. These strained SWNTs in
turn allow effects of difficult-to-achieve uniaxial com-
pressive stress to be experimentally examined. Our re-
sults open up the possibility of comparing metallic vs
semiconducting SWNTs’ responses and verification of
chirality dependent responses to uniaxial compressive
stress. We have also shown that typical device fabrica-
tion steps relieve the compressive strain in horizontally
aligned SWNTs and the resulting electrical characteris-
tics are expected and are observed to be similar to
SWNTs grown on Si/SiO2 substrates.

METHODS
SWNTs were grown by CVD on both preannealed ST-cut

single crystal quartz7 (Hoffman Materials) and Si/SiO2 (300 nm
thermal oxide). Ferritin or e-beam evaporated Fe patterns and
EtOH vapor were used as catalyst and the carbon source, respec-
tively, following previous reports.3,7 To check for possible varia-
tions from growth to growth affecting the results, samples on
quartz and Si/SiO2 substrates grown in the same furnace simul-
taneously were also compared, but the results were the same as
comparison across samples grown at different times. Only
samples with low density (�1 SWNT/�m) were used to ensure
that the results were not complicated by Raman signals from
multiple SWNTs. Raman spectra were collected using a
Jobin�Yvon confocal Raman microscope through a 100� air ob-
jective with a 633 nm laser source. The laser spot size was �1
�m and the laser power was kept at 4.5 mW. The backscattered
light was collected through a confocal hole and 1800
grooves/mm grating to a thermoelectrically cooled CCD detec-
tor with each pixel representing �0.3 cm�1. Unless otherwise
noted, all spectra were collected on as-grown SWNTs where the
last step before data collection was the CVD growth. For
temperature-dependence measurements, SWNTs were heated
under Ar flow in a controlled environment chamber with an op-
tical window for Raman measurements.55 To examine the effects
of device fabrication steps, two terminal Ti/Au electrodes were
deposited on as-grown SWNTs on both quartz and Si/SiO2 sub-

strates by electron beam evaporation after patterning via photo-
lithography (Shipley 1805 and PMMA resists) or e-beam lithogra-
phy (PMMA).56,57
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