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 2 

ABSTRACT  

We report on the polarization analysis of the Raman spectrum of highly vertically aligned multi-

wall carbon nanotubes (MWCNTs). A simple model considering the average angle distribution 

across the MWCNT axes accounts for the observed angular dependent Raman mode intensity. The 

model fully fits the experimental data, allowing to derive an average waving angle of  

about 37° around the MWCNT axes, and explaining the apparent discrepancy of previous 

experiments reported in the literature. Furthermore, we can distinguish two components in the 

Raman G band, associated to the longitudinal and transversal modes. Their intensity dependence 

as a function of polarization clearly suggests the metallic nature of these MWCNTs, 

experimentally verified by the valence band photoemission analysis. The present study provides a 

simple effective spectroscopic method to determine physico-chemical and specific  

morphological characteristic of carbon nanotubes. 

 

Introduction 

Since their discovery, carbon nanotubes (CNTs) have attracted huge interest in a large and varied 

scientific community due to their unique electronical, optical, and mechanical properties. These 

indeed enable a number of applications ranging from electron field emitters to batteries and 

quantum resistors, transistors, atomic force microscopes, mechanical memory elements, solar 

cells1-15.  

Single-wall carbon nanotubes (SWCNTs) have been intensively theoretically and 

experimentally investigated16-24. Their intrinsic structural anisotropy, due to the high aspect ratio, 
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 3 

strongly influences electrical, optical and magnetic properties, and it has been the subject of several 

polarization dependent Raman studies20, 25-30. Results show that the Raman signal intensity exhibits 

a maximum when the incident light is polarized along the tube axis, while it is strongly suppressed 

when the light is polarized perpendicular to the axis. These observations are fully explained and 

described by theoretical calculations on isolated SWCNTs21, 31, 32.  

Multi-wall CNTs (MWCNTs) consist of two or more SWCNTs coaxially arranged and held 

together by weak van der Waals interactions. A much less extent of experimental as well as 

theoretical efforts have been devoted to the study of these much complex systems. In particular, a 

strong depolarization effect has been reported in a few papers focused on polarized Raman 

scattering of MWCNTs33-35. This effect has been also observed from a rope of aligned double-wall 

CNTs (DWCNTs), which are special MWCNTs with only two shells36. Similarly to SWCNTs, the 

intensity of the Raman signal is indeed strongly dependent on the orientation of the polarization 

vector with respect to the MWCNT axes, but remarkably different angular dependences of the 

peak intensity have been observed33-35. However a specific theoretical approach is, at present, 

lacking. In SWCNTs, main peaks of the Raman spectrum are37: the G-band at ~ 1600 cm-1 due to 

vibration along the tube surface, common to graphite and graphene-like systems, the defect-

induced D-band at ~ 1300-1400 cm-1 and their second-order modes, named G’- or 2D-band at ~ 

2650 cm−1, and D’ band at ~ 1620 cm−1. The G-band can be deconvolved into two main 

components, denoted G- and G+ (at lower and higher frequency) whose frequency separation, 

specific shapes, and relative intensities depend on the semiconducting/metallic character of the 

nanotubes21. The experimental observation of a multicomponent spectral feature at ~1600 cm-1 has 

been only seldom obtained in MWCNTs38-40, and an unambiguous G- - G+ spectral deconvolution 
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 4 

is actually missing39. In any case, their assignment remains an open problem also because of the 

absence of well-developed theoretical models for multi-wall systems. 

Here we report a detailed polarized Raman study on bundles of vertically aligned metallic 

MWCNTs grown on a silicon substrate. The high quality of the MWCNT forest, monitored by a 

combined microscopic and spectroscopic study, allowed us to obtain high quality Raman spectra, 

which only present spectral bands associated to CNT vibrations. Although nanotubes are on 

average highly aligned along the vertical direction at the micrometric scale, they show a non-

negligible buckling at the nanometric scale. By explicitly considering the role played by this local 

disorder, we proposed a novel analysis of the Raman spectra, which provided an optimal 

agreement with present data and allowed us to solve an apparent disagreement among the previous 

results reported in the literature. Moreover, the detailed lineshape analysis of the spectral feature 

at around 1600 cm-1 allowed us to disentangle the D’-peak contribution at ~ 1620 cm-1 and, for the 

first time in MWCNTs, to discriminate the G- and G+ polarization angle dependence. These peaks 

have been ascribed to longitudinal optical (LO) and transversal optical (TO) modes, and the 

observed behaviour confirms the one theoretically predicted for metallic SWCNTs21. 

 

Experimental section 

Conventional thermal catalytic chemical vapor technique (CCVD) was used to synthesize the 

vertically aligned MWCNTs41. Si wafers (2.0 x 2.0 cm2) are used as substrate. First the Si substrate 

is covered by an Al2O3 layer (30 nm thickness) followed by the deposition of a thin (6 nm) Fe 

layer; metal sputtering deposition was used to deposited both layers. After the Fe deposition, the 

substrate is heated to 750 °C under hydrogen and argon flow (120 SCCM) for few minutes, the 
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 5 

heating causes the mobile Fe atoms to form nanoparticles that will act as catalysts for the CNT 

synthesis. The Ar is replaced by ethylene. The synthesis was performed using an 

ethylene/hydrogen mixture (50 SSCM/50 SSCM). MWCNTs of 200 m long were obtained after 

~ 20 minutes of synthesis. 

SEM measurements have been carried out at the CNIS laboratory (Sapienza University), using 

a field-emission Zeiss Auriga 405 instrument, with a nominal resolution of 1 nm at maximum 

magnification, at a beam energy of 10 keV, and at a working distance of about 3.5 mm. 

The XPS experiments were carried out at the LoTUS surface physics laboratory (Sapienza 

University) in ultra-high vacuum chambers, with base pressures in the low 10-10 mbar range. The 

photon sources for the XPS measurements were a double-anode X-ray tube and the Al K photon 

energy (h = 1486.7 eV). Photoelectrons were measured with a hemispherical electron analyser 

(VG Microtech Clam-2), using a constant pass energy mode set at 50 eV and an overall energy 

resolution of 1 eV. Valence band measurements were performed at the BadElph beamline of the 

Elettra synchrotron (Trieste, Italy) with a photon energy of 31 eV, further details in Ref.42. 

Raman measurements were carried out at the HPS laboratory (Sapienza University) using a Horiba 

HR-Evolution micro-spectrometer in backscattering geometry, equipped with a He-Ne laser, λ = 

632.8 nm and 30 mW output power (≈15 mW at the sample surface). To avoid laser heating and 

sample degradation, the power on the sample was kept below 1 mW using proper optical filters. 

The elastically scattered light was removed by a state-of-the-art optical filtering device based on 

three BragGrate notch filters43, which also allows to collect Raman spectra at very low frequencies 

(down to 10 cm-1 from the laser line). Polarization dependent Raman measurements were 

performed in backscattering configuration, Y(εiεs)Y̅, using Porto notation44. In particular, we 
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 6 

exploited the so-called Vertical-Vertical (VV) configuration, where the polarization vectors of the 

incident and scattered radiation εi = εs = ε were kept parallel (i.e. Y(𝛆𝛆)Y̅). These polarization 

vectors were rotated by varying the angle  between the polarization vector and the sample vertical 

direction, thanks to a λ/2 wave-plate placed along the laser optical path. An analyser was placed 

before the grating so to select the vertical component of the scattered light. The detector was a 

Peltier-cooled charge-coupled device (CCD) and the resolution was better than 1 cm-1 thanks to a 

1800 grooves/mm grating with 800 mm focal length. The spectrometer was coupled with a 

confocal microscope supplied with a set of interchangeable objectives with long working distances 

and different magnifications (100X - 0.80 NA was used for the present experiment). The sample 

can be moved with a software-controlled mapping stage with a sub-micrometric precision for 

collecting automatized spectroscopic mapping. Further details on the experimental setup in Ref.45. 

 

Results and Discussion 

MWCNTs appear highly aligned along the vertical direction with an average height of 180 µm 

and an average diameter of about 20 nm, as shown in the SEM image reported in Figure 1a. A 

single MWCNT is constituted by about 25 graphenic concentric cylinders, assuming the minimum 

diameter of about 2 nm for the smallest cylinder46 and an inter-wall distance of 0.35 nm47. The 

morphology of the nanotube packing can be observed in the enlarged SEM image, shown in the 

inset of Figure 1a, where MWCNTs appear wavy and a zig-zag deviation from the vertical 

direction can be clearly observed.  

Angle integrated photoemission spectra from the valence band and from the C 1s core level can 

identify the metallic/semiconducting state and the hybridization of the C atoms bonded in the 
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 7 

honeycomb lattice in the concentric cylinders of the MWCNTs. The C 1s core level spectrum 

(Figure 1c) shows a dominant, slightly asymmetric peak at 284.4 eV, associated to the C sp2 

hybridised bonds, with a tail towards high binding energy (BE) and a broader peak at higher BE, 

the latter ascribed to π-plasmon and π-π* excitation, in agreement with previous reports on 

MWCNTs and on graphene48-50. The asymmetric lineshape of the C 1s peak, apart from the 

expected intrinsic asymmetry due to final state effects, can also be associated to the coexistence of 

many components, among which the one related to the slight distortion of the sp2 hybridization 

towards a sp3-like configuration48-50. This is intrinsically associated to the extent of the tube 

curvature: the smaller is the radius, the higher is the bond distortion. We remark the absence of 

features at the low BE side of the C 1s core level spectra, ruling out the presence of dangling or C-

H bonds51, 52, suggesting the absence of atomic vacancies and unsaturated bonds in the MWCNT 

lattice. 
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 8 

Figure 1. a) SEM image (E = 10 keV) of vertical aligned MWCNTs grown on a Si substrate, in 

the inset a zoomed region of the MWCNT forest; b) Raman spectrum collected at  = 0°, i.e. with 

the electric field vector parallel to the CNT axis (see text); principal peak assignments are indicated 

by capital letters; c) XPS spectrum of the C 1s core level, with a wide binding energy range survey 

spectrum in the inset; d) valence band of the MWCNT sample, in the inset a zoomed  energy region 

close to the Fermi level.  

 

A very small C-O component, due to residual oxygen contamination of graphitic carbon is 

limited to about 2% 48, 53, 54, as determined by the O 1s core level observed in the general survey 

XPS spectrum, reported in the inset of Figure 1c.   

The angle-integrated valence band spectrum of the MWCNTs allows the identification of the -

band, at about 5.5 and 8.0 eV BE, and the π-band centred at about 3.0 eV BE. The linear 

dependence of the spectral density of states towards the Fermi level (inset of Figure 1d) reflects 

the lineshape expected on semi-metallic graphene42, 49, 50, indicating a metallic character of these 

MWCNTs.  It is worth noting that the surface sensitivity of the photoemitted electrons samples the 

outermost cylinders of the MWCNTs with a probing depth of few nanometers.  

A typical Raman spectrum of the MWCNTs is shown in Figure 1b. All the expected spectral 

features37, 55 can be identified, namely the D, G, D’ and 2D bands, and Raman spectra collected in 

different position spaced by ~ 10 µm along the vertical direction are indeed actually almost 

identical (the spatial homogeneity of the sample on the micrometric scale is reported in Figure S2, 

Supporting Information). A standard fitting procedure has been applied to obtain the values for the 

central frequencies  and widths W: the G-band, G = 1580 cm-1, W = 43 cm-1, single band fitting 
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 9 

(sp2 C–C stretching mode), 2D-band, 2D = 2650 cm-1, W = 85 cm-1 (second-order mode, in-plane 

breathing of the hexagonal ring), the D-band, D = 1325 cm-1, W = 47 cm-1 (lattice defects), and 

D' band, D’ = 1614 cm-1, W = 30 cm-1. The 2D’ peak is also measured, even if its intensity is low 

(see Figure S1, Supporting Information), at 2D’ = 2650 cm-1 and W = 90 cm-1. In CNTs, the D’ 

and 2D’ peaks, ascribed to lattice disorder in graphene, can be rather related to induced bond 

distortion, associated to the nanotube intrinsic curvature. Peak widths, as well as ID/IG = 2.5 and 

I2D/IG = 0.8 integrated intensity ratios obtained for our samples, denote high quality MWCNTs, in 

agreement with previous observations37, 56. The high-quality of the Raman spectra herewith 

presented allowed us to deconvolve the G-band into the G- and G+ spectral contributions. 

 

A preliminary polarization analysis of the Raman spectra has been carried out, and series of Raman 

spectra collected from either the top (spaghetti-like nanotube arrangements48) or the side 

(vertically aligned nanotubes) of the sample at different polarization angles have been obtained 

and compared. No angle dependence is found for the top configuration (see Figure S3, Supporting 

Information), whereas a clear depolarization effect is observed for the lateral side, thus confirming 

a high level of nanotube alignment along the vertical direction. Based on these preliminary 

measurements, we focus on the study of the polarization dependent Raman spectra collected from 

the lateral side of the MWCNT brush, by varying the incident light polarization vector from 

parallel to perpendicular to the vertical direction of the CNT axes. The scattering geometry and 

the polarization angle  are shown in the schematic at the bottom of Figure 2b. Spectra collected 

at different polarization angles (0° <  < 90°) are shown in Figure 2a over the 1225-1675 cm-1 
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 10 

spectral range. A clear angle dependence of the spectral intensity is observed, going from a 

maximum of intensity at  = 0° to a minimum at  = 90°.  

 

In order to quantitatively analyse the angle dependence, we defined the depolarization ratio, () 

= I()/I( = 0°), where I() is the intensity (integrated area) measured at angle  and I( = 0°) is 

the intensity measured at  = 0°, according to the literature28, 33. Using a single peak fitting for the 

G peak, the depolarization ratio G() is calculated and shown in Figure 2b as a function of . A 

minimum value G ≈ 0.4 is obtained for  = 90°. 

 

Figure 2. a)  Polarization dependent Raman spectra as a function of the polarization angle ; 

spectra are vertically spaced for clarity; b) spectral intensity, normalized to the  = 0°, as a function 

of polarization (dots); the red curve represents the fitting function IM() (see text for details). A 

 

Y X 

Z MWCNT 
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 11 

schematic of the scattering geometry for a single straight MWCNT is shown at the bottom of panel 

b).    

 

A theoretical angle dependence of the Raman intensity can be found using the following 

equation:  

𝐼𝐺 ∝  |𝜺𝒊 ∙ 𝑅𝐺  ∙  𝜺𝒔|2                                                                                                                  (1)                                                                                                                                                                      

where RG is the Raman tensor for the G-mode31, 33 (nanotube axis is along z direction): 

RG =(

−
1

2
    0      0

    0 −
1

2
     0

    0     0      1

)                                                                                                                       (2) 

and εi and εs are the polarization vectors of the incident and the scattered light respectively. In VV 

configuration, i.e. Y(𝛆𝛆)Y̅ using the Porto notation, we have: 

𝜺𝒊 =  𝜺𝒔 = 𝛆 = (
sin𝜃

0
𝑐𝑜𝑠θ 

)                                                                                                                            (3) 

 

From equations (1) and (2), the angular dependence of the Raman intensity and the depolarization 

ratio can be obtained31: 

𝜌𝐺(𝜃) =
𝐼𝐺(𝜃)

𝐼𝐺(𝜃=0°)
= (𝑐𝑜𝑠2𝜃 −  

1

2
 𝑠𝑖𝑛2𝜃)2 =  

1

4
 (3 𝑐𝑜𝑠2𝜃 − 1)2                                                  (4) 

This equation provides a minimum value: 
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 12 

𝜌𝐺(𝜃𝑚𝑖𝑛) = 0                           (5a)   

for: 

𝜃𝑚𝑖𝑛 = 𝑎𝑟𝑐𝑐𝑜𝑠 (
1

√3
) ≅ 57°                                                                                                         (5b)   

This approach does not reproduce the present results since data show a clear minimum different 

from zero at  min = 90°. This difference can arise from the intrinsic morphology of the MWCNT 

samples analysed. In the present case, indeed, the sample consists of vertical bundles of wavy 

nanotubes. Therefore, the angle between the nanotube axes and the polarization vector of the 

incident radiation cannot be strictly defined on a small spatial scale. Taking into account the local 

deviation of the nanotube axes from the vertical direction, a weighted average of polarization 

angles should be considered rather than a single value. 

Drawing on the strategy previously proposed for SWCNTs in composites57, we introduce a 

Gaussian distribution 𝑔(𝜃) for the polarization angles and calculate the convolution integral to 

estimate the angle dependence of the Raman intensity IM, as follows: 

𝐼𝑀(𝜃) =  ∫ 𝜌(𝜃′)𝑔(𝜃 − 𝜃′)𝑑𝜃′+∞

−∞
                                                                                                  (6) 

 
where 

 

𝑔(𝜃 − 𝜃′) =  
1

√2𝜋 𝜎
 𝑒

−
(𝜃−𝜃′)2

2𝜎2                                                                                                             (7) 

 

In this convolution integral,  results to be the only parameter, representing an estimate of the 

nanotube axis angular deviation from the vertical direction. The  value giving the best agreement 

with the experimental angular dependence results to be  = 37°± 4°, where the error value is an 
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empirical estimate obtained as the maximum variation of the parameter providing a theoretical 

curve still fitting within the experimental error bars. As reported in Figure 2b, the comparison 

between the calculated curve and the experimental data is very good. 

In the literature, contrasting results about the angle dependence of the depolarization ratio have 

been obtained, though. In particular, a minimum value, min ~ 0, has been found at  min ~ 57° in 

Ref.33, whereas more or less pronounced minima, min ~ 0 for Ref.34 and min ~ 0.25 for Ref.35, are 

reached at  min ~ 90°. The absence of a theoretical approach specifically developed for MWCNTs 

makes the realization of a coherent framework even more complex.  The experimental data shown 

in Ref.33 have been modelled exploiting the theory for SWCNTs of Ref.31, which predicted min = 

0 at  min = 57°, despite the not optimal experimental/theoretical agreement (see Figure S7, 

Supporting Information). In Ref.34 the same theory has been slightly modified introducing an 

empirical attenuation parameter for light polarized perpendicular to the nanotube axis, which 

accounts for both min ~ 0 and min ~ 90° 58. In Ref.35, the same explanation has been provided even 

if a min value significantly deviates from the predicted zero value.  

It is worth to underline that the different morphology of the measured samples, namely an 

isolated CNT34 and a bundle of aligned MWCNTs33, 35, could definitely affect the polarization 

response. We thus attempted to extend our approach also in the case of literature data, and, by 

fitting the experimental data reported in Ref.33, we obtain a good agreement (see Figure S7, 

Supporting Information) and a value  = 42°± 4°, comparable with the present results. Good results 

have been obtained for experimental data from Ref.35, with  = 45° (see Figure S7, Supporting 

Information). A comparison of our results with those obtained from a DWCNT sample36 is also 

reported in Figure S8 (Supporting Information), where an almost perfect agreement is observed. It 
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is clear, on the other hand, that the present procedure cannot be applied to the data of Ref.34 since 

in that case the polarization angle is well defined. Apart from correctly reproducing all the 

experimental data, the present approach allows us to determine the  parameter, which can be 

considered as an estimation of the misalignment factor. The wide range of comparison we show 

in the Supporting Information makes us confident about the large validity of our approach. 

A close inspection of the angle dependence of the central frequency of the G-band allows to 

highlight a progressive, small but significant, frequency shift. Going from  = 0° to  = 90°, the 

frequency shifts from 1577 cm-1 to 1583 cm-1, well beyond the experimental uncertainty (see 

Figure S4, Supporting Information). This behaviour cannot be explained considering a single 

component for the G-band; however, if we consider the G-band as composed of the two 

longitudinal and transverse G- and G+ components21, 37, 39, the observed data can be explained. 

Taking this in consideration, we fitted the spectra over the 1450-1680 cm-1 spectral region using 

three Voigt contributions ascribed to the G-, G+ and D’ vibrational modes, respectively. The very 

good agreement between the best-fit curve and the experimental data is shown in Figure 3 for  = 

0° and  = 90°. It is worth to notice that in the single-peak fit procedure the G-band is well 

described by an almost full Gaussian curve, whereas in the case of two contributions, G- and G+, 

it presents an almost full natural Lorentzian profile. This can be considered a further evidence of 

the G- - G+ presence, previously brought to light for SWCNTs21, 37, also in MWCNTs. In order to 

reduce the number of the fitting parameters, the third contribution ascribed to the D’ peak was kept 

fixed, both in frequency and in width. 
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Figure 3.  Raman spectra of MWCNT over the 1480-1680 cm-1 spectral range (gray dots) at  = 

0° and  = 90°, along with the best fit curves: the green peak is associated to the G− mode, the red 

one is associated to G+, and the yellow one represents the D’ mode. In the inset, the intensity ratios 

for G- and G+ are reported as a function of . 

 

In the fitting procedure, the difference of frequency between G- and G+ was also kept fixed, so that 

the spectral weights of G- and G+ components are the only parameters that can change. Very similar 

results were obtained even keeping the frequency difference of G- and G+ free in the fitting 

analysis. 

The intensity ratio for G- and G+ is defined as follows: 
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𝐼𝐺−/𝐺+(𝜃)

𝐼𝑡𝑜𝑡 (𝜃)
 

 

where IG-/G+() is the integrated area of the G-/G+ peak and Itot is the sum of the integrated area of 

the three peaks used in the fitting analysis. Note that their intensity ratios are complementary: at 

 = 0°, when the polarization of the incident radiation is parallel to the tube axes, G- reaches the 

maximum intensity while G+ the minimum; at  = 90°, when the polarization of the incident 

radiation is perpendicular to the tube axes, they tend to the same value.  

As already mentioned in the introduction, the origin of the G-/G+ splitting of the G peak in 

SWCNTs can be traced back to the combined effects of dynamic, curvature and confinement21. 

For both metallic and semiconducting SWCNTs, the position of the G− peak depends on the tube 

diameter, having lower frequency for smaller diameters, while the position of the G+ peak is 

substantially diameter independent21. A direct effect of the metallic nature of the nanotubes can be 

instead found in the G-/G+ peak assignment. DFT calculations within the approximation of 

Electron Zone Folding, which accounts for the electron-phonon coupling, have shown that LO > 

TO for semiconducting SWCNTs, while LO < TO for metallic ones, where LO (TO) is the 

frequency associated to the longitudinal (transversal) optical mode21. Bearing in mind that 

conventionally the G+ peak has a central frequency higher than that of the G-, DFT results thus 

provide an assignment of G peaks in metallic tubes opposite to that in semiconducting ones. This 

has been demonstrated for SWCNTs by reporting the G-/G+ experimental and theoretical 

frequencies as a function of the tube diameter for metallic and semiconducting tubes21. 

Our results (1576 cm-1 for G- and 1589 cm-1 for G+), although obtained from MWCNTs, well 

compare with those reported for metallic SWCNTs at the highest diameters (i.e. around 2 nm, 
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which is the estimated internal tube diameter of present MWCNTs). Moreover, the Raman analysis 

reported in the inset of Figure 3 shows that the intensity of the G- peak is much higher than that of 

the G+ peak when the incident polarization vector is parallel to the tube axis ( = 0°). This is in a 

straightforward agreement with the assignment for metallic SWCNTs that is the LO mode for G- 

and TO mode for G+. Apart from the specific findings, all the present experimental results thus 

coherently support the idea that the theory developed for single-wall nanotubes can be safely 

extended to the multi-wall systems.  

 

Conclusions 

A detailed polarization dependent Raman analysis has been carried out on bundles of vertically 

aligned metallic MWCNTs grown on a silicon substrate. The combined use of microscopic and 

spectroscopic techniques showed that MWCNTs are on the average highly aligned along the 

vertical direction at the micrometric scale. However, on a smaller spatial scale, they result to be 

significantly misaligned with respect to the average tube axis direction. In order to account for this 

effect, we introduced a misalignment parameter , which allowed us to calculate the expected 

values of the G-peak intensity for a bundle of slightly buckled tubes, resulting in an average waving 

angle of 37° across the vertical direction. The calculated curve results to be in a very good 

agreement with the measured intensity as a function of . It is worth to notice that the same 

approach allowed us to solve apparently conflicting experimental results reported in the literature 

for the angular behaviour of the G-peak intensity (see and compare present results and Refs.33-35). 

Moreover, the identification of a quantitative parameter, related to the misalignment on the local 

scale, could play an important role in the characterization of MWCNT bundles, in particular when 

they are used as part of a highly directional detector (e.g. for dark matter48). 
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The polarization analysis of the Raman signal also allowed the identification of the metallic nature 

of our MWCNTs. Indeed, the G- and G+ components of peak G are associated to the longitudinal 

and transversal optical modes and their assignment is strictly related to the 

metallic/semiconducting nature of the system. The present results showed that the G- peak 

(longitudinal mode) is more intense when the incident polarization vector is parallel to the tube 

axis, whereas the G+ peak (transversal mode) reaches its maximum when the incident polarization 

vector is perpendicular to the tube axis.  

These results demonstrate a new important diagnostic capability of the Raman spectroscopy for 

this kind of systems and, as a whole, they are in very good agreement with the theoretical 

predictions reported for SWCNTs. This good agreement suggests a crucial role of the inner tube 

in determining the properties of the whole MWCNT brush and asks for a specific theoretical 

investigation focused to multi-wall systems. 

Supporting Information  

Sample characterization, polarization analysis of the Raman spectra, and comparison with 

literature. 
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Figure 1. a) SEM image (E = 10 keV) of vertical aligned MWCNTs grown on a Si substrate, in the inset a 
zoomed region of the MWCNT forest; b) Raman spectrum collected at θ = 0°, i.e. with the electric field 

vector parallel to the CNT axis (see text); principal peak assignments are indicated by capital letters; c) XPS 
spectrum of the C 1s core level, with a wide binding energy range survey spectrum in the inset; d) valence 

band of the MWCNT sample, in the inset a zoomed  energy region close to the Fermi level. 
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Figure 2. a)  Polarization-dependent Raman spectra, as a function of the polarization angle θ; spectra are 
vertically spaced for clarity; b) spectral intensity, normalized to the θ = 0°, as a function of polarization 

(dots); the red curve represents the fitting function IM(θ) (see text for details). A schematic of the 
scattering geometry for a single straight MWCNT is shown at the bottom of panel b).   
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Figure 3.  Raman spectra of MWCNT over the 1480-1680 cm-1 spectral range (gray dots) at θ=0° and 
θ=90°, along with the best fit curves: the green peak is associated to the G− mode, the red one is 

associated to G+, and the yellow one represents the D’ mode. In the inset, the intensity ratios for G- and 
G+ are reported as a function of θ. 
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