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The role of oxide substrate with respect to O2 adsorption induced changes in the Raman spectra of individual
metallic carbon nanotubes is examined. A chiral metallic nanotube suspended over a trench exhibits a relatively
simple two-peak G-band feature with no observable D-band intensity. On the other hand, a much more
complex Raman G-band feature along with significant D-band intensities are observed on the part of the
nanotube resting on the oxide substrate. O2 adsorption induced charge transfer and enhancement of physical
disorder are considered to explain the differences observed. Spectral changes upon Ar annealing/O2 exposure
cycles on the on-substrate segment of a single nanotube are compared with those on the suspended part of the
same nanotube. Complexity of the line shape and narrower linewidths are much more pronounced in the
on-substrate part of the nanotube but continued annealing/O2 adsorption cycle eventually leads to similar �but
smaller� changes in the suspended part as well. Direct correlation between D-band intensity enhancements and
the changes in the G–band �increasing complexity and the removal of phonon softening via the Kohn anomaly�
suggest that O2 adsorption not only causes charge transfer and physical disorder but also leads to otherwise not
observable double-resonance G-band phonon modes to have significant intensities.
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I. INTRODUCTION

Resonance Raman spectroscopy is an important technique
to characterize carbon nanotubes. In addition to chiral index
�n ,m� assignment,1–4 Raman-scattering measurements can
also be used to understand various physical and chemical
processes from electron-phonon coupling5–9 to chemical
reactions10–14 and charge transfer/doping15–19 in single
walled carbon nanotubes �SWNTs�. SWNTs are extremely
sensitive to the local chemical environment due to all atoms
being at the surface and in particular O2 adsorption on
SWNTs and its effects on the observed electronic character-
istics have been given much attention. However, most stud-
ies have been concerned with semiconducting SWNTs.20–28

Less consideration has been given to O2 adsorption on me-
tallic SWNTs and its consequences. One of the debated is-
sues of O2 adsorption is its potential doping/charge-transfer
effects. Such effects would be more pronounced in metallic
SWNTs where there are available free electrons and elec-
tronic states at the Fermi level to participate in the charge-
transfer process. We have previously shown that O2 adsorp-
tion can indeed lead to changes in individual metallic
nanotubes that are consistent with charge-transfer effect.29

Namely, comparison between Raman G-band spectral
changes under electrochemical gating with those induced by
O2 adsorption/desorption indicates that O2 adsorption leads
to a significant downshift of the Fermi level �i.e., electron
removal� to several hundreds of meV below the Dirac point
where the bands cross. Near this band crossing point, broad-
ening and softening of G-band LO mode are expected to
arise from the strong electron-phonon coupling due to the
Kohn anomaly.5,30–35 Hence this broad softened mode with
an asymmetric Fano line shape has been attributed as intrin-
sic to single metallic nanotubes29 without the need to invoke
bundling effects.36,37 The varying degree of O2 adsorption
causes variations in where the Fermi level lies with respect to

the Dirac point and therefore variations in the degree of pho-
non softening and broadening.

Effects of O2 adsorption are important to consider in un-
derstanding inherent properties of SWNTs. It is especially
important in interpreting observed Raman G-band modes of
metallic SWNTs where both charge transfer and physical dis-
order have been observed.29 Hence a better understanding of
the O2 adsorption mechanism and the effects on Raman-
scattering processes in metallic SWNTs is needed. Raman
measurements at the single nanotube level almost always
involve SWNTs grown directly or deposited on substrates
with the most common substrate being SiO2. Several studies
have recently reported that the oxide substrate can have a
strong influence on the observed Raman spectra with the
most notable effect being the radial breathing mode �RBM�
frequency variations.38,39 O2 adsorption effects may be facili-
tated, amplified, or entirely mediated by the substrate. In this
paper, we examine the possible role of the oxide substrate
with respect to O2 adsorption induced variations especially
on Raman G-band processes of individual metallic SWNTs.
Comparisons between the part of a single nanotube that rests
on the oxide substrate with the part of the same nanotube that
is suspended over a trench patterned on the substrate are
made. Increasing complexity of the G-band line shape and
line narrowing upon continued annealing/O2 adsorption
cycle on both parts of the same metallic SWNT are observed.
Strong correlation between D /G intensity ratio and the com-
plexity of G-band features are also observed. Implications on
the interpretation of Raman G-band features of metallic
SWNTs are discussed.

II. EXPERIMENT

SWNTs were synthesized by chemical vapor deposition
�CVD� using ferritin �Sigma-Aldrich� as catalyst on Si sub-
strates with thermal oxide. SWNT growth was carried out at
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900 °C with 300 cm3 /min of CH4 and 100 cm3 /min of H2
for on-substrate nanotubes. For the suspended SWNTs, CVD
growth was carried out on Si /SiO2 substrates with litho-
graphically defined �4 �m deep and �10 �m wide
trenches. Growth for suspended nanotubes was carried out at
925 °C with flow rates of 10 cm3 /min of CH4 and
20 cm3 /min of H2. The CVD growth step was always the
last step of sample preparation to ensure that no postprocess-
ing induced defects are present. SWNTs were placed in a
controlled environment chamber with optical window and a
heating stage for measurements. Annealing was carried out
under continuous Ar flow �99.99% purity and �20 cm3 /min
flow rate� at 450 °C for 15 min unless indicated otherwise.
Samples were cooled down in Ar to room temperature and
kept under Ar flow for the Raman measurements �referred to
as “Ar annealed”�. For oxygen adsorption experiments, Ra-
man measurements were carried out under continuous O2
flow �99.99% purity and �20 cm3 /min flow rate� at room
temperature. Raman-scattering measurements were carried
out with a JY LabRam HR 800 using 1.96 eV �633 nm� laser
excitation source with a long working distance 100� air ob-
jective �laser spot diameter of �1 �m�. Laser power was
kept at or below �1 mW for all measurements.

III. RESULTS AND DISCUSSION

The G-band phonon modes of SWNTs derive from the
in-plane E2g modes of graphene. Symmetry considerations
lead to six possible modes for G-band of SWNTs.40 How-
ever, in single resonance Raman scattering with the experi-
mental conditions used here, where the polarizations of the
incident and detected light are both parallel to the nanotube
orientation, only the totally symmetric A1 modes are
expected.41–44 For armchair tubes, only the A1

TO mode is then
expected whereas only the A1

LO mode is expected for zigzag
tubes. For chiral nanotubes, both LO and TO modes may be
observed. However, unlike these expectations, many, if not
most, individual metallic SWNTs on substrates exhibit much
more complex G-band spectra even in the parallel
polarization/nanotube orientation configuration. This is ex-
emplified in Fig. 1 lowermost spectrum where the G-band of
the as-synthesized metallic nanotube measured in air is fitted
with four peaks. These peaks are labeled P1–P4 with the
lowest frequency P1 being the asymmetric Fano line and the
rest being Lorentzians. The D-band peak at �1320 cm−1 is
also shown and is fitted with a single Lorentzian. This is the
same fitting scheme used for all metallic tubes on substrate.
In addition to the minimum four peaks observable for the
G-band, this particular metallic tube, as well as many metal-
lic tubes, exhibits relatively narrow linewidths and signifi-
cantly upshifted G-band features.

Many of these observations about the individual metallic
nanotubes’ G-band features can be explained by Fermi-level
shift induced by O2 adsorption. When the Fermi level is near
the Dirac point, softening and broadening of the LO mode
are expected to arise from the Kohn anomaly.30–35 Adsorp-
tion of O2 shifts the Fermi level away from the Dirac point
and the strong electron-phonon coupling is alleviated leading
to upshifted and narrow G-band features. What the combina-

tion of O2 induced Fermi-level shift and the phonon soften-
ing via Kohn anomaly cannot explain is the presence of more
than two peaks �in most cases, described fairly well by four
peaks� observed in the G-band Raman spectra of individual
metallic tubes in the current experimental geometry. How-
ever, O2 adsorption leads not only to a Fermi-level shift but
also to an actual increase in the physical disorder and the
enhanced disorder may be a key factor that complicates the
G-band line shape. To elucidate the potential role of O2 in-
duced disorder, we examine how the Raman spectra of indi-
vidual metallic SWNTs are altered by Ar annealing �O2 de-
sorption� and O2 exposure cycles. First, measurements on
metallic tubes on SiO2 substrates are discussed. We then
compare on-substrate and suspended segments of a single
nanotube under Ar annealing/O2 exposure cycles to sort out
the possible role of the oxide substrate. In analyzing the Ra-
man spectra, we consider the G-band LO mode linewidth
decrease and stiffening as an indication of charge transfer
shifting the Fermi level away from the Dirac point and the
increasing D /G integrated intensity ratio as an indication of
increasing physical disorder.

Figure 1 shows the Raman G-band map �inset� of a single
metallic tube along with its D- and G-band spectra at differ-
ent stages of Ar annealing/O2 exposure cycle. As synthesized
refers to the spectrum in air prior to any treatments. The
CVD growth is the last step for sample preparation. Double-
headed arrow in the Raman map indicates the laser polariza-
tion. Raman-scattered light is also detected in the same po-
larization. The circle indicates the spot at which the spectra
were recorded. Based on RBM frequency of 190 cm−1, we
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FIG. 1. �Color online� Raman spectra of D- and G-band regions
of a single metallic nanotube under different conditions as indi-
cated. Spectra are shown along with the curve fitting as described in
the text. The second and the third spectra from the bottom corre-
spond to the first Ar annealing/O2 exposure cycle and the top two
spectra to the second cycle. G-band Raman map of the nanotube is
shown in the inset with the scale bar corresponding to 5 �m,
double-headed arrow showing laser polarization, and the circle in-
dicating the spot at which the spectra were obtained.
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tentatively assign this SWNT to a �12, 6� tube. If we assume
single resonance process for the G-band, only the two totally
symmetric A1 modes should be observed for this chiral me-
tallic tube in the given experimental condition. The G-band
region contains three obvious features �P1–P3� of compa-
rable intensities. Adding the fourth peak P4 leads to a much
better fit but this peak usually has a relatively small intensity
compared to the other peaks and less well defined. Therefore,
we will limit our discussion to the three main peaks. Upon
annealing under Ar �second spectrum from the bottom�, there
is a large broadening and softening of P1. The linewidth
increases from 24 to 60 cm−1 and the peak position down-
shift from 1550 to 1545 cm−1. The linewidth here refers to
equivalent of full width at half maximum for the Fano line.
Based on its being the broadest and the most softened of all
G-band peaks and on its being the most dominant peak upon
O2 removal along with its peak position being closest to the
expected value of �1540 cm−1, we assign P1 to the A1

LO

mode arising from single resonance Raman scattering. The
broadening and softening of the A1

LO mode upon Ar anneal-
ing are consistent with Fermi-level shift toward the Dirac
point—i.e., adding electrons �or removing electron accep-
tors�. The third spectrum from the top in Fig. 1 indicates that
this charge-transfer effect arises mainly from adsorbed O2.
That is, upon exposure to O2, the peak position and the width
of A1

LO mode as well as those of all other G-band peaks
recover to similar values as the as-synthesized case measured
in air. As shown in the top two spectra of Fig. 1, the Ar
annealing/O2 exposure cycle can be repeated and gives es-
sentially the same results as the prior cycle with the excep-
tion of slight net increase in the D-band intensity in each
cycle.

When the nanotube is annealed in Ar, P1 �the A1
LO mode�

and P3 become the two dominant features of the G-band.
However, unlike the A1

LO mode, P3 shows relatively small
changes in the peak position throughout the Ar annealing/O2
exposure cycles. Some tubes exhibit slightly larger P3 spec-
tral shifts and even broadening. We suspect that the small
shifts and broadening observed in P3 peak may be due to the
unresolved P4 peak or another overlapping peak. However,
the changes in P3 are always much smaller than those ob-
served in the A1

LO mode. Based on these observations �i.e.,
being one of the two dominant peaks when annealed and
having little or no change with respect to O2 adsorption/
desorption� and its peak position being around 1580 cm−1,
we assign P3 to the single resonance A1

TO mode. As will be
discussed later, comparisons between on-substrate and sus-
pended segments of a single nanotube further confirm this
assignment.

Contrary to P1 and P3, P2 exhibits an opposite response
with respect to its relative intensity change upon Ar anneal-
ing and O2 exposure. In air, P2 is one of the most prominent
peaks. After Ar annealing, it nearly disappears but re-
emerges as the dominant peak again upon O2 exposure.
These changes in P2 are directly correlated with the intensity
changes in the D-band. Figure 2�a� shows how the Raman
spectrum evolves over time as the nanotube is exposed to O2
after Ar annealing. Relative D-band intensity �integrated
D /G ratio� increase and progressive narrowing of G-band
are observed. Highlighted in red is the P2 peak which exhib-
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FIG. 2. �Color online� �a� Evolution of D- and G-band Raman
spectra of the same metallic nanotube as in Fig. 1 at the indicated
duration of O2 exposure after Ar annealing and �b� the correspond-
ing correlation between integrated P2 �highlight in red� and D-band
intensities both normalized to the overall G-band integrated inten-
sity. The blue triangles in �b� correspond to, from left to right, Ar
annealing carried out at 450, 300, and 150 °C. For these three
measurements, Ar annealing was carried out in steps from low to
high temperatures with the sample continuously kept under Ar flow.
After annealing at the given temperature, the sample was cooled to
room temperature for the measurements then heated again to the
next annealing temperature. Inset in �b� shows changes in the
D-band �open squares� and P2 �open circles� integrated intensities
normalized to the G-band intensity with O2 exposure time.
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its increasing intensity with O2 adsorption. The inset of Fig.
2�b� shows the changes in P2 and D-band intensities �both
normalized to overall G-band intensity� over O2 exposure
time. The main panel plots normalized P2 intensity as a func-
tion of normalized D-band intensity. Results from two Ar
anneal/O2 exposure cycles are shown along with results from
Ar annealing at different temperatures. Both P2 and D-band
increase with increasing O2 exposure time after Ar anneal-
ing. Higher annealing temperatures lead to larger decrease in
both P2 and D-band. The linear dependence between P2 and
D-band with a slope of 1 �indicated by the line shown in the
main panel of Fig. 2�b�� strongly suggests that the observa-
tion of P2 peak is a direct consequence of physical disorder
in the nanotube.

Keeping this direct linear relation between P2 and D-band
intensities �and therefore the double-resonance process� in
mind, we now compare and contrast on-substrate and sus-
pended parts of a single nanotube in order to elucidate the
complexity observed in G-band features of most metallic
nanotubes. Figure 3�a� shows a scanning electron micro-
scope image of several nanotubes suspended over a series of
trenches. The bright area on the left side of the trenches
corresponds to the catalyst area. Raman measurements are
carried out in the trench regions far away from the catalyst.
Figure 3�b� shows a typical isolated single nanotube sus-
pended over a trench on which Raman spectra are obtained.

Figure 4�a� shows the G-band Raman intensity map for a
suspended metallic nanotube. The double-headed arrow cor-
responds to the incident laser polarization which is also same
as the polarization of the detected light. The brighter back-
ground regions on the left and right ends of the map corre-
spond to the oxide substrate and the suspended part of the
nanotube is over the darker background. Based on the RBM
frequency of 195 cm−1 for the suspended part and the on-
substrate RBM frequency of 197 cm−1 �Fig. 4�b��, we tenta-
tively assign this nanotube to �13, 4� chiral nanotube. Figures
4�c� and 4�d� show D- and G-band spectral regions for the
on-substrate and the suspended segments of this nanotube as
synthesized �bottommost spectra�.

There are two obvious and striking differences between
the on-substrate and the suspended parts of the nanotube.
First, the G-band of the on-substrate part is rather complex
with four or more features whereas the G-band of the sus-
pended part can be described very well with only two peaks
�see bottom fitted spectra of Figs. 4�c� and 4�d��. We note
that Zhang et al.38 also observed very similar spectral differ-
ences between suspended and on-substrate parts of a single
nanotube but they have not elaborated on the differences.
The two-peak G-band of the suspended part is what is ex-
pected for the chiral metallic tube under single resonance
condition with current experimental configuration. The lower
frequency broad and asymmetric Fano line corresponds to
the softened A1

LO phonon. The higher narrow Lorentzian cor-
responds to the A1

TO mode. Peak positions of 1540 and
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FIG. 3. �a� Scanning electron microscope image of nanotubes
extending from the catalyst region on the left to lithographically
patterned trenches and �b� an isolated suspended nanotube in the
trench region at higher magnification. The arrows in �b� point to
where the nanotube is located.
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FIG. 4. �Color online� �a� G-band Raman map of a suspended
metallic nanotube, �b� RBM spectra of suspended and on-substrate
parts of the nanotube as synthesized, D- and G-band spectra of the
same tube under different conditions as indicated for �c� the on-
substrate and �d� the suspended parts, and �e� change in the A1

LO

linewidth with D /G integrated intensity ratio. Double arrow in the
G-band map indicates the laser polarization.
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1584 cm−1 further confirm these assignments for the sus-
pended part. The second salient difference is in the D-band
being observed only in the on-substrate region. The complex
G-band features observed only in the on-substrate segment
are consistent with the direct relation between P2, an unex-
pected peak based on single resonance process, and the de-
gree of disorder we have shown in Fig. 2. These differences
imply large degree of O2 adsorption induced electron re-
moval and physical disorder when the nanotube rests on an
oxide substrate. Suspended part of the tube is essentially free
of these O2 induced effects. These observations are also con-
sistent with what has been observed in semiconducting tubes
where scanning probe gate measurements have shown on-
substrate segment to be p doped while the suspended part
remains intrinsic.45

Although at first glance, the responses of the on-substrate
and suspended parts of this nanotube to Ar annealing/O2 ex-
posure cycle appear different, both can be explained by the
same O2 adsorption effects of charge transfer and induced
disorder. The on-substrate part starts out with relatively
broad and softened G-band compared to the nanotube in Fig.
1 but its response to Ar annealing/O2 exposure cycle is quali-
tatively the same as in Fig. 1. It is consistent with what is
expected from removal and introduction of O2 induced
charge transfer and disorder �i.e., broadening and softening
of A1

LO mode and decrease in the D-band intensity upon an-
nealing and the opposite changes upon O2 adsorption�. The
suspended part of the nanotube, on the other hand, shows
only very small changes upon annealing. Since the G-band
already appears very broadened and softened and the D-band
is not present to begin with, we expect little or no O2 induced
charge transfer and disorder that can be undone by Ar an-
nealing. There is a slight broadening of the A1

LO mode indi-
cating that O2 adsorption effects may be present but not
enough to cause any noticeable D-band intensities. However,
when this annealed tube is exposed to O2, the D-band inten-
sity becomes non-negligible. The width of the A1

LO mode
Fano line decreases and upshifts slightly as well. Figure 4�e�
shows that the changes in the A1

LO mode linewidth of the
suspended region extrapolate well to that of the on-substrate
part. That is, whether the metallic nanotube rests on the ox-
ide substrate or not, O2 adsorption can induce both disorder
and charge transfer. Furthermore, these results suggest that
the O2 adsorption needs to be activated �e.g., by heating� to
observe significant effects when the nanotube is freestanding.
Much more pronounced and readily observed changes for the
on-substrate part of the nanotube indicate that both the
charge transfer and disorder introduction are facilitated by
the oxide substrate. A possible reason for enhanced O2 in-
duced charge transfer and disorder may be that the immedi-
ate substrate surface sites �e.g., defect sites� catalytically ac-
tivate O2 into a more reactive form. Further studies are
needed to elucidate atomic details of how the substrate en-
hances these effects.

In addition to the slight narrowing and upshifting of its
G-band A1

LO peak and the appearance of the D-band, the
suspended part of the nanotube exhibits much less distinct
A1

TO peak upon postannealing O2 exposure. With the reduced
A1

TO intensity, the Raman spectrum of the suspended part
begins to appear similar to that of the on-substrate section

�after Ar annealing�. Figure 5 shows that second Ar anneal-
ing step followed by O2 adsorption continues to change the
G-band features especially in regions around the A1

TO mode.
The arrow in Fig. 5 indicates what appears to be a new peak
showing up in the spectral region between the A1

LO and the
A1

TO mode peak positions—i.e., analogous to the P2 peak in
Fig. 1. This increasing complexity �i.e., appearance or en-
hancement of P2� in the G-band spectrum concurrent with
disorder increase is observed in all metallic nanotubes �12 on
substrate and 2 suspended� that we have measured.

Given the fixed experimental geometry, the appearance of
new peaks or the enhancement of peaks other than the A1

LO

and A1
TO modes �e.g., the P2 peak� in the G-band of metallic

tubes cannot arise from variations in the polarization with
respect to nanotube orientation allowing E1 and E2 modes to
be observable. Symmetry breaking by the substrate causing
complexity in the G-band can also be ruled out based on the
appearance of additional peaks upon continued Ar
annealing/O2 adsorption cycle in the suspended segment of
the nanotube. Then, given the strong and linear dependence
�with a slope of 1� of P2 intensity on the degree of disorder
�Fig. 2�b��, we suggest that the peaks other than A1

LO and A1
TO

modes observed in the G-band arise from the double-
resonance process46 much like the D-band. Although single
resonance has been shown to be the dominant G-band
process,47 double-resonance scattering is expected to become
more significant with increasing disorder.48 The second reso-
nance is more likely in metallic tubes than in semiconducting
ones given the continuous finite density of states. The in-
creasing disorder also provides increasing probability of
momentum-conserving elastic scattering by defects. Hence,
in metallic tubes resting on SiO2 substrates �or freestanding
but with heat activated O2 adsorption�, the Raman G-band
spectra become complex due to the presence of both single
and double-resonance modes with the latter arising from O2
induced disorder.
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FIG. 5. �Color online� Raman D- and G-band spectra from sus-
pended part of the nanotube in Fig. 4 as synthesized and after O2

exposure. Each O2 exposure is carried out after Ar annealing at
450 °C. The arrow points to the appearance of additional peak in
the second O2 adsorption cycle.
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IV. CONCLUSIONS

We have shown that metallic tubes free from ambient O2
adsorption induced effects show simple single resonance
G-band spectral profile dominated by totally symmetric A1
modes. We have pointed out three consequences of O2 ad-
sorption on the Raman spectra of metallic tubes: �1� intro-
duction of disorder and therefore an increase in the D-band
intensity, �2� narrowing and stiffening of G-band A1

LO mode
via charge-transfer induced Fermi-level shift, and �3� the ap-
pearance of double-resonance modes complicating G-band
spectra. By comparing spectral responses of on-substrate and
suspended regions of the same nanotube to annealing/O2 ex-
posure cycles, we have shown that the substrate enhances
these O2 adsorption effects. However, the substrate is not
solely responsible for the observed complexity in the G-band
features since the same effects can result from heat activated
adsorption of O2 on the freestanding segments of nanotubes.
These results have several important implications on our un-

derstanding of fundamental processes in metallic nanotubes.
For example, polarization dependence of metallic tube Ra-
man G-band scattering will need to be re-examined in light
of double-resonance processes if more than two peaks are
observed in the experimental configuration where the inci-
dent and scattered light polarizations are both parallel to
nanotube orientation. With respect to experimental verifica-
tion of Kohn anomaly induced phonon softening, we suspect
that the varying degree of softening and broadening observed
in the A1

LO mode and sometimes in what appears to be the
A1

TO mode with Fermi-level shift29,35 are due to the presence
of double-resonance features complicating the Raman spec-
tra.
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