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nanostructures, have received intense attention due to their
1. Introduction

The synthesis of mono-dimensional nanocrystals is complex

due to the lack of stability of such structures. One way to sta-

bilize them is to prepare them within a container, such as

CNTs. CNTs are good candidates for this application due to

their inner diameter in the nanometer range, as well as their

good chemical and thermal stability [1–3].

Recently, fabrication of nanomaterials with a controllable

size and shape has gained great scientific and technological

interest, and composite nanostructures, especially core–shell
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improved physical and chemical properties for electronics,

magnetism, optics, and catalysis. Since coaxial nanowires

were discovered in 1991 [4], much effort has been made to de-

sign rational methods to synthesize one-dimensional core–

shell nanostructures, for instance, by laser ablation, chemical

vapor deposition and epitaxy, electrophoretic deposition or

electrochemical deposition, carbothermal reduction method,

layer-by-layer coating and sol–gel methods.

Tellurium (Te), usually in trigonal structure, is a typical p-

type narrow gap semiconductor (direct bandgap of 0.35 eV at
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room temperature) with a unique helical-chain conformation

in its crystal structure. Te exhibits a wealth of unique proper-

ties such as photoconductivity, nonlinear optical response,

thermoelectric, and piezoelectric effect [5] and therefore its

thin film and single crystal have wide applications in gas sen-

sors [6], optoelectronic devices [7], and photonic crystal [8,9].

Despite great progresses made in fabrication of various thin

films devices, people pay nowadays more and more attention

to the devices from 1D nanostructures, primarily because, in

the past decade, 1D nanostructures such as nanowires, nano-

tubes, nanoribbons have become the potential building blocks

for construction and integration of functional nanodevices

such as field effect transistor (FET) [10], light emitting diodes

[11] or ions sensors [12]. FETs are fundamental components

of future nanoelectronics due to their high yield and capabil-

ity to scale down. Some distinctive or superior performances

of these 1D nanodevices have been observed compared with

those of conventional film and bulk devices [13]. We report

in this work the filling of DWCNTs by Tellurium (Te) using a

capillary effect technique with melted Te, and their character-

ization by transmission electron microscopy and micro-Ra-

man spectroscopy under pressure.

2. Experimental

DWCNTs were synthesized by catalytic chemical vapor depo-

sition (CCVD) as described in a previous paper [1]. A system-

atic analysis of TEM images reveals that samples produced

by this method contain approximately 77% of DWCNTs, the

high proportion of DWCNTs was also confirmed by electron

diffraction with a small admixture of about 18% single wall

CNTs (SWCNTs), and roughly 5% triple wall CNTs. The inner

and outer diameters range from 0.53 to 2.53 nm and from

1.23 to 3.23 nm, respectively. The median inner diameter is

1.2 nm and the median outer diameter is 1.9 nm [1–3]. They

were filled using a high filling yield capillary wetting tech-

nique [2]. DWCNTs were mixed and gently ground together

with Te powder (99.999% purity, Strem Chemicals). The

DWCNT were not deliberately opened prior to filling (no spe-

cific treatment was applied in order to achieve this). The co-

grinding with Te powder is only intended to obtain a mixture
Fig. 1 – TEM images of Te-filled DWCNTs at different magnificat

DWCNTs.
as homogeneous as possible, in mild conditions. No opening

should occur during this step. It is thought that at the working

temperature (570 �C), the system is dynamic enough to allow

distortions at the tube tip and to make the filling possible.

Control experiments with DWCNT deliberately opened prior

to filling (with other materials) did not show any evidence

of improvement of the filling yield.

The mixture was vacuum-sealed in a quartz ampoule

which was heated in a programmed furnace at 5 K min�1–

843 K (i.e. above the melting point of Te) followed by a dwell

at this temperature for 10 h followed by cooling first to

743 K at 1 K min�1, then to 673 K at 0.1 K min�1 and then

down to room temperature at 1 K min�1. Because of the

impossibility to dissolve Te due to its very low solubility in

acids, excess of Te located around the DWCNT could not be

removed by washing, as this is usually the case with soluble

compounds [2,3]. In the case of Te, no suitable condition could

be found. The excess of Te is thus partly present in the sam-

ple, coating the outside of DWCNT. The final product was still

powder-like, there was not enough Te to allow the formation

of a CNT-containing Te composite (the density of DWCNT

samples is very low and thus the volume of DWCNT powder

is much higher than the volume of the Te powder used during

the filling experiment). From TEM observations, the DWCNT

appear to be exactly as before the filling as far as bundling

is concerned: the sample contains both individual DWCNT

and small-diameter bundles (typically 20–30 nm maximum).

There is no effect of Te in terms of the bundling state of the

sample after filling.

Filling yield was roughly estimated to be ca. 50%, straight

from transmission electronic microscopy (TEM) observations,

presented in Fig. 1.

At ambient pressure the Raman spectra of the DWCNTs

were recorded in the back-scattering geometry using a mi-

cro-Raman, triple grating system (DILOR XY800) equipped

with a cryogenic CCD detector. The spectral resolution of

the system was about 1 cm�1. For excitation, the 514.5 nm

line of an Ar+-laser was focused on the sample by means of

a 100· objective, while the laser power was kept below

2 mW, in order to avoid laser-heating effects on the probed

material and the concomitant softening of the observed
ions. Te atoms appear as black dots inside the cavity of the



Fig. 3 – Raman spectra at 514.5 nm of the tangential modes

and D band, the solid green lines correspond to the fits by

Lorentzians. Insert normalized tangential modes of the

empty and filled DWCNTs. (For interpretation of the

references to colour in this figure legend, the reader is

referred to the web version of this article.)
Raman peaks. High-pressure Raman measurements were car-

ried out using a membrane cylindrical type diamond anvil cell

(MDAC). The 4:1 methanol–ethanol mixture was used as pres-

sure transmitting medium and the ruby fluorescence tech-

nique was used for pressure monitoring. The DWCNTs were

dispersed by ultrasounds in the pressure medium prior to

loading. For excitation, the 514.5 nm line of an Ar+-laser was

focused on the sample by means of a 20· objective, while

the laser power was kept below 5 mW, measured directly be-

fore the cell. The phonon frequencies were obtained by fitting

Lorentzian functions to the experimental peaks.

3. Results and discussion

3.1. Raman scattering at ambient pressure

In Fig. 2 we present a typical experimental Raman spectrum of

Te-filled DWCNTs. We observed the tangential modes (G

bands) and the D band which correspond to the double reso-

nance induced by the defects in the CNTs, together with the

2D overtones. The fitted Lorentzian shape peaks for the D

and G bands are shown in Fig. 3. The high intensity ratio be-

tween the tangential external mode and the D band indicates

that the crystalline quality of the nanotubes is rather good. In

Table 1 we report the center wavenumbers and full widths at

half maximum (FWHM) of the fitted Lorentzian lines. For com-

parison we have included in Table 2 the values of the fitted

Lorentzian lines for pristine DWCNTs, used in the filling pro-

cess with Te. In the absence of any doping, the G bands of the

outer tubes fall in the same spectral range as the G+ of an iso-

lated semiconducting SWCNT [14–17]. The G band lineshape of

pristine DWCNTs is a mixture of Lorentzian lines, the frequen-

cies of the outer tubes (xG+ = 1591 cm�1 and xG� = 1566 cm�1)

and a metallic shoulder (xG� = 1525 cm�1). This is because both

the inner metallic (M) and the outer semiconductor (S) tubes

are in resonance with the same excitation at 2.41 eV. The Ra-

man spectra of the radial breathing modes (RBM) also confirm

that the outer tubes in our DWCNTare semiconducting and the

inner tubes are metallic and both are in resonance for the
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Fig. 2 – Raman spectrum at 514.5 nm
2.41 eV excitation. From the results of Ref. [18], which estab-

lishes the frequency dependence xG� as a function of diameter

(dt) of the nanotubes, the expected xG� values for the inner (M)

and outer (S) tubes of our DWCNTs are xG� = 1530 cm�1 and

xG� = 1560 cm�1 respectively.

We used the average values of the inner and outer diame-

ters (dt) of the nanotubes (1.2 and 1.9 nm respectively) ob-

tained by TEM [1–3]. As compared with our experimental

values reported in Table 2, there is a good agreement for the

outer (S) tube frequency (1566 cm�1) and for the inner (M) tube

frequency (1525 cm�1).

The frequencies of the tangential modes of the filled

DWCNTs are red shifted with respect to the empty one values.

From the values reported in Tables 1 and 2 we can calculate
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and 300 K for Te-filled DWCNTs.



Table 1 – D and G band phonon wavenumber and FWHM in
Te-filled DWCNTs from Lorentzian lineshape fits.

Wavenumber (cm�1) FWHM (cm�1)

1342 (D) 55.4
1508 (inner metallic G�) 65
1559 (outer G�) 40
1581 (outer semiconductor G+) 24

Table 2 – D and G band phonon wavenumber and FWHM in
pristine DWCNTs from Lorentzian lineshape fits.

Wavenumber (cm�1) FWHM (cm�1)

1346 (D) 50.4
1525 (inner metallic G�) 56
1566 (outer G�) 39
1591 (outer semiconductor G+) 26
the downshifts of the G bands: 10 cm�1 for the G+ outer (S)

tube, 7 cm�1 for the G- outer (S) tube and 17 cm�1 for the G-

inner (M) tube. This effect is attributed to the charge transfer

between the electrons (n doping) of Te nanowires and the in-

ner walls of the CNTs (see insert in Fig. 3) which produces the

softening of the C–C bonds. The blueshift of the G band upon

doping reported in references [14,15] results from the contrac-

tion and stiffening of C–C bonds. A similar red shift of the tan-

gential modes which is produced by the charge transfer

between the electrons of Fe nanowires and the walls of the

CNTs is observed if we fill the DWCNTs with a-Fe [16].

Fig. 4 shows the spectral region of radial breathing modes

(RBM) measured with 514.5 nm (2.41 eV) excitation, corre-

sponding to outer and inner shells of the DWCNTs. As ob-

served the diameters are ranging from 0.7 nm (inner) to

1.7 nm (outer). Table 3 shows the frequencies and the FWHM
Fig. 4 – Raman spectrum of the radial breathing modes

(RBM) of the inner and the outer shells of filled DWCNTs

using the 514.5 nm laser line. Solid green lines correspond

to Lorentzians fits. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web

version of this article.)
of the Lorentzian fitted lines attributed to the RBM modes, as

well as the calculated chiralities and diameters [17]. The inner

and the outer tubes of a DWCNT can be either metallic (M) or

semiconducting (S), therefore there are four possible combi-

nations, that we can label as usually: M–M, M–S, S–S and S–

M, where S–M indicates an S inner and M outer tube. Hence

in Table 3 we can see that there are two simultaneously in

resonance at 2.41 eV: inner metallic (M) and outer semicon-

ducting (S) with diameters of 0.94 and 1.7 nm respectively

(M–S) and inner semiconducting (S) and outer semiconduct-

ing (S) with diameters 0785 and 1.445 nm respectively (S–S).

We can also observe the existence of some SWCNTs in agree-

ment with the results of transmission electron microscopy in

pristine DWCNT. The frequency 176 cm�1 was not assigned

(NA) because it did not correspond to nanotubes of chiral

indices which have van Hove singularities in agreement with

the Kataura plot at 2.41 eV. It may originate from the change

in the band structure of the filled nanotubes, but it is not pos-

sible to affirm it only through Raman spectroscopy. In this

zone, three phonon modes are observed corresponding to Tel-

lurium, at 131, 140 and 148 cm�1. The bulk Tellurium crystal-

lizes in the space group D4
3 (or D6

3) with three atoms per unit

cell arranged helically about the c-axis. The phonons at the

center of the Brillouin zone correspond to one Raman-active

A1 singlet (120.4 cm�1), one infrared-active (extraordinary

ray) A2 singlet, and two Raman and infrared-active (ordinary

ray) E doublets at 92.2 and 140.7 cm�1 respectively [19]. The

high energy E mode is degenerated, however, here the con-

finement breaks this degeneracy and allows three modes in

the Tellurium nanowires to be detected. To analyze the

changes in the region of the radial modes when we fill the

CNTs with nanowires of Te, we have included in Fig. 5 the Ra-

man spectra of the radial breathing modes (RBM) measured

with 2.41 eV excitation, corresponding to outer and inner

shells of the pristine DWCNTs. In the Table 4 we show the cor-

responding wavenumbers and the FWHM of the Lorentzian

fitted lines attributed to the RBM modes, as well as the calcu-

lated chiralities and diameters for the pristine DWCNTs. The

evolution of Raman spectra upon charge transfer is well ac-

counted for by changes of Raman resonance conditions. In

fact when there is charge transfer in CNTs (n or p-doping)

there is a change in the electronic band structure (van Hove

singularities) which produces a shift in the energy of the Fer-

mi level (EF) and a loss of resonance conditions. The Raman

intensity of a specific CNT (n,m) depends on the resonance

conditions. Ref. [14] clearly shows that the loss of resonance

takes place gradually and continuously as a function of the

EF shift. Comparing the Raman spectrum of Fig. 4 (Te n-dop-

ing DWCNTs) with the spectrum in Fig. 5 (pristine DWCNTs),

we generally observe a decrease of the intensities of the radial

modes excited at 2.41 eV in DWCNTs filled with Te, because of

the loss of resonance produced by charge transfer (n-doping)

of the Te nanowires into CNTs. On the other hand the RBM

modes frequencies of the inner and outer DWCNTs filled with

Te (Fig. 4) are not influenced.

3.2. Raman scattering under pressure

In the diamond anvil cell, due to the geometric constraints

and the microscope objective of long working distance the



Table 3 – RBM on Te-DWCNTs excited at 514.5 nm.

x (cm�1) FWHM (cm�1) Chiral Indices Diameter (nm) Type Inner/outer

131 8.3 Te
140 3.8 Te
148 2.1 Te
152 3.2 NT(15.10) 1.70 Semiconductor Outer
166 6.6 NA
176 5.8 NT(14.7) 1.45 Semiconductor Outer
184 6.9 NT(16.3) 1.38 Semiconductor Single wall
204 5.8 NT(12.6) 1.24 Metallic Single wall
208 5.7 NT(10.7) 1.16 Metallic Single wall
230 6.8 NT(12.3) 1.08 Metallic Single wall
264 16.9 NT(12.0) 0.94 Metallic Inner
309 7.0 NT(10.0) 0.79 Semiconductor Inner
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Fig. 5 – Raman spectrum of the radial breathing modes

(RBM) of the inner and the outer shells of pristine DWCNTs

using the 514.5 nm laser line. Solid green lines correspond

to Lorentzians fits. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web

version of this article.)
intensity of the low frequency radial breathing modes (RBMs)

and the Tellurium Raman-active phonons were too low to be

observed (spectral range 70–300 cm�1). Fig. 6 shows the Ra-

man spectra as a function of applied pressure in the high fre-

quency range obtained using the methanol-ethanol pressure
Table 4 – RBM on pristine DWCNTs excited at 514.5 nm.

x (cm�1) FWHM (cm�1) Chiral indices

151 40 NT(15.10)
177 27 NT(14.7)
184 6.9 NT(16.3)
202 4 NT(12.6)
208 13 NT(10.7)
233 6.4 NT(12.3)
264 7.4 NT(12.0)
293 10 NT(8.4)
311 18.7 NT(10.0)
medium. The G band in DWCNTs contains contributions from

both the internal and external tubes, which depend on exter-

nal parameters such as pressure, temperature, and applied

electrical field [20]. We observe a splitting of the G band, the

in-plane optical zone centre phonon mode of graphite. The

splitting can be attributed to the internal and external tubes

[20]. As observed with increasing pressure, the tangential

modes shift towards higher wavenumbers. In addition, the

tangential bands of the external and internal tubes broaden

and decrease in amplitude.

The Raman peaks show a linear dependence up to 11 GPa

and the fitting equations are presented in Eqs. (1) and (2) for

the filled tubes and Eqs. (3) and (4) for the empty ones, where

the wavenumber is expressed in cm�1 and the pressure in

GPa:

xGðouterÞ ¼ 1594þ 7:08p ð1Þ
xGðinnerÞ ¼ 1585þ 3:73p ð2Þ
xGðouterÞ ¼ 1596þ 5:70p ð3Þ
xGðinnerÞ ¼ 1584þ 3:15p ð4Þ

In the diamond anvil cell, as the profile of the Raman

modes strongly depends on pressure, it is extremely difficult

to properly determine the exact number of peaks necessary

to fit each Raman response. This appears to be a consequence

both of the extreme broadening of the peaks and evolution of

their relative intensities under pressure. Hence we fitted

(nonlinear least square) the spectra with two Lorentzians

and a constant background as in Ref. [21]. Therefore the zero

pressure values obtained in air (Tables 1 and 2) are not

comparable to the values obtained from the fits of the spectra
Diameter (nm) Type Inner/outer

1.70 Semiconductor Outer
1.45 Semiconductor Outer
1.38 Semiconductor Single wall
1.24 Metallic Single wall
1.16 Metallic Single wall
1.08 Metallic Single wall
0.94 Metallic Inner
0.83 Semiconductor Inner
0.79 Semiconductor Inner
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of Te-filled DWCNTs.
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After Position 2
under pressure (Eqs. (1)–(4)). However we have a very good

accuracy in the determination of the pressure coefficients of

the tangential bands.

The fitted band positions are shown as a function of exter-

nal pressure in Fig. 7. For comparison we have included the

data corresponding to pristine empty DWCNTs. As noted

the pressure coefficients of external shells are larger than

the coefficients of the inner ones. The external walls do not

transmit all the applied load to the internal tubes and as a re-

sult the pressure coefficient is expected to be reduced. In

addition, under pressure the tangential band of the external

and internal nanotubes broadens and decreases in amplitude.

It is clear that the tangential band of the external shells

broadens much faster than the internal shells, reflecting

again the larger deformation of the outer CNTs and the pres-

sure screening for the internal ones. Similar behavior results

were previously reported for DWCNTS with a very similar dis-

tribution of diameters and the same pressure transmitting

medium [21,22].

The values of the frequencies at atmospheric pressure and

the linear pressure coefficients for external and internal tan-

gential modes of pristine DWCNTs reported in Eqs. (3) and (4)
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Fig. 7 – Pressure dependence of inner and outer shells of Te-

filled DWCNTs.
are close to the values published in Ref. [21] (1595 cm�1,

@x=@P = 5.9 cm�1 GPa�1, 1585 cm�1 and @x=@P = 3.11 cm �1

GPa�1) and [22] (1592 cm�1, @x=@P = 6.1 cm�1 GPa�1, 1579 cm�1

and @x=@P = 3.3 cm�1 GPa�1. The G band position of the inner

tube under pressure is found to be close to the G band

observed for graphite [23] but the pressure coefficient is

significantly lower than the one reported in graphite

(4.7–4.8 cm�1 GPa�1). As observed in Eq. (3) the pressure coeffi-

cient of the outer empty CNT is comparable to what has been

found for SWCNTs which is about 5.8 cm�1 GPa�1 [24]. It is

important to stress that the pressure coefficient of the tangen-

tial modes of Te filled CNTs is greater than the pressure coeffi-

cient of the empty nanotubes. As we noted above (Fig. 3) there

is a charge transfer (n-doping) between the Te nanowires and

the CNTs and this doping increases the pressure coefficient

of the internal and external modes [25,26]. Under pressure

the softening of the C–C bonds due to the transfer of electrons

from the Te nanowires to the CNTs causes an increased in the

pressure coefficients of the internal and external tangential

modes when compared with the ratios of empty nanotubes.

The same behavior has already been observed in high-

pressure Raman spectroscopy studies in DWCNTs filled with

alpha-Iron (a-Fe) nanowires, unraveling a charge transfer

(n-doping) from the Iron to the nanotubes [25]. On the other

hand, upon p-doping the G band is blueshifted owing to the

contraction and stiffening of C–C bonds [25]. Therefore in this

case pressure coefficients of the tangential modes for both

inner and outer tubes are lower [26].

All findings lead to the conclusion that the outer tube acts

as a protection shield for the inner tube (at least up to 11 GPa).

No structural phase transitions was not observed in this

range of pressure.

Between 11 and 25 GPa we increased the pressure rapidly

and then measured the Raman spectrum of the recovered

sample. We observed irreversible changes: the frequency of

the tangential modes (inner and outer) increases significantly

(22 and 13 cm�1 respectively) and the D band increases its
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Fig. 8 – Raman spectra of the Te-filled DWCNTs before and

after the pressure cycle in two different positions of the

recovered sample. For comparison we see the Raman

spectrum of the nanotubes at 11 GPa.



intensity when compared with the Raman spectrum of nano-

tubes before the pressure cycle (Fig. 8). Similar results were

obtained in Ref. [27] reporting the synthesis of super-hard

phases in CNTs.

4. Conclusion

In first instance the adopted chemical wetting method was

successful and Tellurium entered almost all as trigonal Te in-

side DWCNTs giving the opportunity to distinguish pressure-

induced spectral changes from internal and external walls in

MWCNTs. The splitting of the G band can be explained by

considering a tangential discontinuity of the stress compo-

nent as one goes from the external wall to the internal one.

At normal pressure, in addition to the radial modes of CNTs,

we observed the Raman modes of Tellurium confined in

CNTs. This confinement modifies the selection rules of the

Tellurium phonons in the center of the Brillouin zone. Under

pressure, we note that the pressure coefficient of the G bands

of the internal and external CNTs filled with trigonal Te are

larger than the pressure coefficients of empty CNTs and this

has been attributed to the effect of charge transfer of elec-

trons from the Tellurium nanowires to the CNTs. Finally, we

unravel that the outer tubes act as a protection shield for

the inner tubes (at least up to 11 GPa).
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