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Raman spectra of individual double wall carbon nano-

tubes(DWs) on silica show a splitting of the G band due to

contributions of the inner and outer tubewhen using a excitation

energy in resonance with the inner metallic tube and outer

semiconducting tube. The spectral splitting indicates strong

coupling while a previous report [Nanoletters 8, 3879 (2008)]

shows uncoupled inner and outer tubes. The spectral linewidths

are comparable to what has been observed for individual single

wall carbon nanotubes (SWs) or graphene. The spectral position

of the inner tube is consistent with previous extrapolations from

measurements under high pressure and on chemically doped

double wall tubes. Bundling of DWs leads to heterogeneous

increase of the G band line width. Increased laser power shifts

the G band of the outer tube to higher energies and modifies its

line shape.

Double wall carbon nanotubes (DWs) are an attractive

alternative to single wall carbon nanotubes (SWs) [1]. The

internal tubewith diameter comparable to SWs, is embedded

in the outer tube making it less susceptible to interactions

with its environment which influences its electronic states.

The outer tube in DWs interacts with the substrate and its

coupling with the environment depends on whether the outer

tube is semiconducting ormetallic. DWs can be grown either

by conversion of peapods [2] or through the catalytic

chemical vapour deposition method (CCVD) [3]. In the case

of DWs grown with the CCVD method, the inner and outer

tubes are formed at the same timewhile in the case of peapod

conversion, the inner tube is formed in the presence of an

already present outer tube.

There exists clear differences between Raman bands of

SWs, DWs and multi-wall carbon nanotubes (MWs). For

SWs, the disorder induced D band and the second order G0
2D

bands have onemain band. For DWs orMWs, the D andG0
2D

band consists of several components or bands with

shoulders.

For SWs, the Gþ mode have a half width at half

maximum (HWHM) of 3 cmÿ1 which is lower than in

graphite (7 cmÿ1) [4]. For DWs, the G band is broad and it

was first assumed to be simply the sum of SW contributions.

Chemical doping and high pressure experiments by Chen

et al. [5] and Puech et al. [7, 6] have shown that the G band is

composed of at least two separated bands attributed to the

inner and outer tubes. The frequency of the inner tube is at

1581 cmÿ1 and the frequency of the outer tube is higher and

close to 1592 cmÿ1. The frequency of the inner tubes has

been found as expected to be less sensitive to external

perturbations than the frequency of the outer tube [8]. An

additional less intense electronic interlayer contribution

which could be fitted by a single lorentzian band has been

observed at lower frequency (1560 cmÿ1). All the G band

contributions together are forming a broad band for bundled
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DWs. The interpretation of DWs based on SWs is

inconsistent. The wall interaction has to be taken into

account as evidenced by findings on doped DWs and the

influence of high pressure on DWs. The coupling of the wall

is essential for DW and MW Raman bands.

The radial breathingmodes (RBMs) are due to collective

radial displacement of the atoms. RBMs can be very intense

within a narrow spectral range, corresponding to van Hove

singularities in the joined density of states. This has been

used to determine the transition energy for both metallic and

semi-conducting SWs versus the tube diameter [9, 10] and

has been compared to photoluminescence excitation spec-

troscopy measurements giving also access to the electronic

transition energies for semiconducting tubes. [11, 12] The

resonance profile for the RBM of individual tubes is

particularly narrow (80meV) [10]. The tube diameter can

be extracted using the RBM frequency and by combining

with the energy transition, one can determine the tube

chirality [13]. However, the exact spectroscopic location of

the resonance is influenced by the interaction of the tubewith

its environment and can shift by up to 100meV [9, 10].

For DWs, the interaction between the tubes can modify

the RBMs frequencies [14, 15]. Comparing DWs grown by

CCVD and obtained from peapod conversion one finds also

differences in the G band lineshape. The pressure trans-

mission on the inner tube is delaying for DWs from peapods

as compared for DWs grown with the CCVD method when

increasing the pressure [6]. The two types of DWs show also

differences in the G0
2D band. The G0

2D band for DWs grown

form peapods has two separated contributions due to inner

and outer tubes while the G0
2D band for DWs grown with the

CCVDmethod shows a single bandwith a shoulder similar to

what is observed for graphite. For a DWs to be electrically

conducting only one of the tubes needs to be metallic.

A recent Raman study [16] of individual DWs shows

spectra for different metallic and semi-conducting tube

configurations for inner and outer tubes. Using S for

semiconducting and M for metallic tubes, we can use the

following notation for the four combinations of tubes for

DWs: M@M, S@M, M@S, S@S (inner@outer). The

frequency of the RBMs and excitation energy provide the

opportunity to determine the tube structure (n,m).

In this paper, we report Raman spectra from an individual

DW excited at three different excitation wavelengths (468–

568 nm).We compare our findings with bundles of DWs. The

spectral position andHWHMare discussed andwe investigate

the influence of laser power on the spectra.

DWs were prepared by the CCVD method as described

in Ref. [3]. High-resolution electron microscopy shows that

the inner tubes of the DW association have a diameter

ranging from 0.6 to 2.3 nm. The DWs have been dispersed

using a 1,2-dichloroethane (DCE) solution and deposited on

an oxidized silicon substrate pre-patterned with secondary

Au electrodes.

The DCE solution with the DW has been sonicated for a

short time (less than 10min) and low power (less than 35W).

This debundles the DW to some degree. Only the top portion

of the solution has been used containing isolated DWNTs.

The samples have been rinsed with acetone and ethanol after

deposition to remove the DCE. From comparative transport

measurements we conclude that the tubes have not been

damaged by the sonication process.

Individual tubes (typical length: 3mm) are localized by

scanning force microscopy. The tubes have been at a later

stage connectedwith Pd electrodes using e-beam lithography

and lift-off technique with a distance of 0.5mm between the

electrodes.We can discriminate tubeswhich are bundled and

individual tubes using scanning force microscopy. From the

scanning force microscopy images we can estimate the tube

height (1.4� 0.4 nm for the individual DW discussed here).

Height variation of the substrate results in a relative large

uncertainty in the tube height. Preliminary gate-voltage

dependent conductance measurements performed under

ambient conditions show that the investigated tube is

conducting.

Raman spectra were acquired on a T64000 spectrometer

from Horiba Jobin-Yvon industry. The laser power was

measured after the objective. Polarization has been selected

along the tube axis according to the scanning force

microscopy images of the tube to have the maximum light

absorption [17].

We find that laser heating is less important for individual

DWs in contact with the substrate or connected to the metal

electrode. We use 1mWwith an objective of magnitude 100.

Bundles of DWs are more sensitive to laser power. To reduce

heating effects on DW bundles we use a low laser power,

typically 0.1mWand anobjective ofmagnitude 40 to increase

the focal spot size (2mm) decreasing the power density. All

spectra have been recorded by integrating the signal from the

scattered light for 100–500 s. For the power dependent

measurements, we increased the laser power up to 3mW.

Figure 1 shows the Raman G band region of the

individual DW and bundled DWs excited at three different

excitation wavelengths. The spectra from the individual DW
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Figure 1 G band of individual DW (left side) and bundles of DWs

(right side) using three different excitation energies.



are narrower and contain up to three spectral bands. Bundles

ofDWs show a larger and asymmetric G band. The spectra of

the DW bundles have been fitted by three Lorentzian line

shapes using fixed spectral position and taking the relative

intensities as a free parameter [6]. The fittedG band positions

are reported in Table 1. The HWHM is much smaller for

individual DWs. The HWHM of the G band of the inner and

outer tube is 4� 1 cmÿ1which is the same HWHMobserved

for individual SWs or for single layer graphene [18]. The

HWHM depends on the decay process [19] and is increased

by the number of defects. It has been shown that for SWs that

the HWHM varies with applied voltage, with a minimum

value at 4 cmÿ1 [20, 21]. For bundles of DWs the HWHM is

10 cmÿ1. This larger HWHM for bundles can be explained

by the interaction with neighbouring tubes leading to

heterogeneous line broadening. For comparison, pyrolytic

graphite has a similar HWHM (7 cmÿ1) [22]. Few reports

investigate the number of tubes in the bundle. Jiang et al. [23]

show that the Fano line which is weak for an individual tube

in air andwithout electrode contact, is strongly enhanced in a

bundle and they observe no change of HWHM.Nguyen et al.

[24] shows that in air, oxygen doping of individual metallic

tubemove the Fermi level leading to the disappearance of the

Fano line but by controlling the gate voltage, the Fano line

shape can be restored. In bundles the atoms in contact with

air, are reduced and this prevents doping and consequently

the Fermi level is positioned close to the K point. The

increase of the broadening for DWs can be connected to the

number of DWs in each bundle and the fact that several

bundles are observed at the same time. A variation in doping

(Fermi level position) of each bundles due to oxygen leads to

a change in frequency and resulting in a broader band when

observing several bundles at the same time. For bothmetallic

[24] and semiconducting [25] tubes, this effect is observed.

We consequently conclude that heterogeneity and not

defects is at the origin of the increase of the measured

HWHM.

For the spectra from an individual DW (Fig. 1), the

spectral position of the G band of the inner tube is at

1580� 2 cmÿ1 and for the outer tube at 1597� 2 cmÿ1. The

spectral position of the inner tube is consistent with the

extrapolated spectral position deduced from high pressure

experiments [7] and when studying the influence by

chemical doping of DWs [5]. The spectral position of the

G band for the outer tube is relatively high. When changing

the excitation energy, we can see considerable changes in the

intensity of the inner tube which we can attribute to changes

in the resonance condition. At 568 nm an additional band is

observed at 1563 cmÿ1 which has been previously observed

and identified as being associated with electronic coupling

with the environment and the outer tube [6]. Nguyen et al.

have shown that SWs exposed to air leads to strong p-doping

of the SWs [24]. The high frequency associated to the outer

tube is consistent with this explanation.

To identify the tube structure we use the electronic

transition energies from the Kataura plot [26] with the

following expression as reported by Araujo et al. [12]:

Eii p; dtð Þ ¼
bpcos 3uð Þ

d2t
þ a

p

dt
1 þ blog

c

p=dt

� �� �

þ
gp

dt
;

where p is the transition index ranging from 1 to 6, dt the

tube diameter, u the chiral angle, a, b, c constant values, bp a

correction due to the chirality for upper and lower branches

and gp a correction associated to exciton localization.

Using this analytical expression and gp¼ 0, one can

estimate accurately the transition energies for ES
11, E

S
22 and

EM
11. For the E

S
33 and E

S
44 or E

S
55 and E

S
66, we use g ¼ 0.305 for

unbound excitonic states as suggested by the authors. For

the EM
22 transition, we use g ¼ 0.305 which fits well with the

experimental results of Sfeir et al. [27] reducing the

uncertainty to less than 0.1 eV for the corresponding

transition energies.

From the possible diameters considering only resonant

Raman scattering experiment, using the Fig. 2, we can find

several configurations with increasing diameter: S@S

corresponding roughly to an inner diameter of 0.6 nm,

M@S corresponding roughly to an inner diameter of 1 nm

and S@M corresponding roughly to an inner diameter of

1.7 nm. When using height estimation from scanning force

microscopy, we conclude that the M@S configuration with

Table 1 G band and band due to interlayer coupling for bundled

and individual DWs.

in bundle

(647 nm)

individual

interlayer HWHM (cmÿ1) 35 8

coupling v (cmÿ1) 1560 1563

G band inner HWHM (cmÿ1) 10 4

tube v (cmÿ1) 1581 1580

G band outer HWHM (cmÿ1) 10 4

tube v (cmÿ1) 1592 1597
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Figure 2 Optical transition energies from Araujo et al. [12]. The

circles show the transition energies for metallic and the triangles

show the transition energies for semiconducting tubes.



an inner diameter of 1 nm and an outer one of 1.7 nm is the

most likely configuration for the DW investigated here. This

configuration agrees with our preliminary electronic trans-

port measurements which show a small on/off ratio in the

source-drain current versus gate voltage dependence charac-

teristic for metallic tubes [28]. From the gate voltage at the

largest variation of the source drain current we find that the

semiconducting tube is p doped.

We note that for a similar DW, M@S configuration and

similar diameter, Villalpando-Paez et al. [16] found aG band

frequency of 1591 cmÿ1 without separating between contri-

butions from the inner and the outer tube although the tube

diameters are similar and the DWs have been grown using

theCCVDmethod. Interestingly no splitting is observed here

for theG0
2D band while Villalpando-Paez et al. [16] observe a

clear splitting of the G0
2D as in the case for DWs grown from

the peapod method. This shows that the two types of

behaviour of DWs, either strongly coupled or decoupled can

be observed for CCVD grown tubes. This can be explained

by the different growth parameters used in the CCVD

method which apparently play an important role in the inter

wall spacing. In our case, the inner and outer tube are

strongly coupled, leading to a clear difference in the spectral

positions.

Figure 3 shows the RBM region and the second order

D band (G0
2D band) of the individual DW and bundled DWs

using 531 nm excitation. The absence of intense RBM bands

in the case of individual tube indicates that the excitation

does not exactly coincide with the resonance maximumwith

neither of the two tubes. Nevertheless, for the individual DW

we observe an RBM band at 250 cmÿ1 consistent with an

inner tube of 0.94 nm diameter. In the range 200–300 cmÿ1,

this is the only feature. In the range 100–200 cmÿ1, several

bands are observed. A less intense spectral band at 150 cmÿ1

consistent with the RBM of a outer tube of 1.61 nm diameter

can be associated to a DW.We use the constants determined

by Telg et al. [9] for the determination of the diameter from

theRBMfrequency. From theKataura plot reported in Fig. 2,

we found an chirality of (12,0) for the inner tube and a

chirality of (20,1) for the outer tube. The wall spacing is

0.34 nm consistent with the interlayer spacing in graphite.

For the attribution so far, we have assumed that the coupling

between the walls does not affect the RBMs frequency. The

(12,0)@(20,1) tube combination is the most likely. We note

that Kuzmany et al. [14] have reported that the inner tube

frequency is dependent to the wall spacing leading to a small

correction. For bundles we observe several RBM’s in the

140–180 cmÿ1 and 240–270 cmÿ1 spectral range. We find

that theG0
2D band for isolated tubes is less broad then for DW

bundles.

Conductance measurements, Raman spectra in the

RBMs range and AFM measurements are consistant with

anM@S configuration. An outer diameter of 1.61 nm and an

inner diameter of 0.94 nmcan be deducedwhen assigning the

tubes to the (12,0)@(20,1) configuration.

By varying the laser power from 1 to 3mW for the

individual DW on SiO2 using 568 nm excitation, we observe

changes in theGband of the outer tube and the disappearance

of the additional spectral band at 1563 cmÿ1 (Fig. 4). The

fitted band positions are reported in Table 2. It has been
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Figure 3 Frequency range of RBM and G0
2D band of individual DW on SiO2 (top) and DW bundles (below) at 531 nm.



previously found that this additional band is correlated to the

G band shift of the outer tube with chemical doping [6]. The

G band of the outer tube shifts to higher frequency and

broadens with laser power while the G band of the inner tube

remains at the same spectral position. A temperature

increase, however, is known to shift the G band to lower

frequency and broadening the band uniformly. The up-shift

and non-uniform broadening can be associated to doping.

Doping can be due to substrate and/or oxygen exposure.

Doping can lead to an upshift of the G band and can increase

the HWHM for semi-conducting tubes [25]. This is

compatible with assuming a outer semiconducting tube for

our observation of an individual tube.

Electrical conductance measurements have shown that

the G band associated to the outer tube can up shift or down

shift and shows hysteresis when scanning the applied voltage

[8].When the tube lies on an insulating SiO2 layer, the Fermi

level of the outer tube can be influenced when illuminated

through its interaction with its environment (oxygen and

substrate). The more or less disappearance of the additional

band observed at 1563 cmÿ1 attributed to electronic coupling

[6], is consistent with a change in the Fermi level position. A

less intense band remains at 1568 cmÿ1 and the background

is strongly reduced. We note that far from the K point,

electronic interlayer coupling is removed [24]. In the present

case, the G band frequency of the inner tube is not influenced

by the laser power. The G band position (1580 cmÿ1) shows

that the interaction with the outer tube is still present and

absence of a power induced frequency shift is consistent with

no large charge transfer to the inner tube as has been reported

by Chen et al. [5].

Consistent withwhat has been reported byNguyen et al.

[24], the integrated intensity of all bands of the G band is

conserved when normalized to the D band intensity. In our

case, the inner tube can be used as a reference. The

integrated intensity of the G band associated to the outer

tube compared to the intensity of the G band associated to

the inner tube is increased by 40% when the laser power

increases from 1 to 3mW. At the same time, the huge

background is reduced as does the band associated with

electronic interlayer coupling. This shows that there is an

intensity transfer from the electronic interlayer signal to the

G band of the outer tube.

In summary, we find that coupled individual DWs show

narrow and separatedG bands corresponding to the inner and

outer tube. The line-widths of the G band of the inner and

outer tube are comparable to what has been reported for

individual SWs and single layer graphene. Bundling broad-

ens the G band considerably. Using height estimation from

scanning force microscopy, excitation wavelength and

preliminary transport measurements, we can identify the

tube configuration to be M@S. An increase of the laser

power at 568 nm leads to a preferential modification of the

outer tube and is correlated with the disappearance of a band

associated to electronic interlayer coupling.
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