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A B S T R A C T

Using time-resolved reflectivity measurements on unaligned and aligned bundled single-

wall carbon nanotubes with a pump energy of 1.55 eV, quasi-resonant with the second

Van Hove singularity of semiconducting tubes, a positive sign of the transient reflectivity

is detected in unaligned nanotubes. In contrast a negative sign is detected in aligned nano-

tubes. This discovery addresses a long-standing question showing that in unaligned nano-

tubes the stronger intertube interactions favor the formation of short-lived free charge

carriers in semiconducting tubes. A detailed analysis of the transient reflectivity spectral

response shows that the free carriers in the photo-excited state of semiconducting tubes

move towards metallic tubes in about 400 fs.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In these last years a significant effort has been addressed to

identify the carbon nanotube (CNT) orientation most suitable

for CNT-based electronic devices. The performance of these

devices, ranging from field effect transistors to nano-photo-

voltaic systems, strongly depend on non equilibrium carrier

transport and on charge transfer mechanisms from semicon-

ducting to metallic nanotubes [1–4]. Therefore, a correct

understanding of intertube interactions and charge transfer

mechanisms is a key issue for a significant advance of the

technology of CNT-based devices.
er Ltd. All rights reserved
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. Pagliara).
Here, by performing time resolved reflectivity measure-

ments on aligned and unaligned single wall carbon nanotube

(SWCNT) bundles we unveil the physical mechanism at the

basis of the charge transfer from semiconducting to metallic

tube.

A large number of studies have shown that at equilibrium

[5–7], the intertube interactions in SWNT bundles are weak

and similar to the coupling between adjacent graphene

planes in 3D crystalline graphite or the interball coupling

found in solid C60. This weak intertube coupling is dominated

by the van der Waals interactions with a nonzero covalent

bonds contribution. These behavior have a significant
.
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influence on the vibrational [5,6,8–11] and electronic states of

carbon nanotubes [12–14]. Nonetheless, the effect of the inter-

tube interactions in bundled CNTs, relevant to charge transfer

mechanisms, remains unclear.

A number of theoretical studies have been performed to

address the effects of intertube interactions in bundled nano-

tubes. These studies suggest that the dominating intertube

van der Waals interactions, while promoting the nanotube

bundling, have the effect of energy shifting and broadening

the optical transitions. In particular, the broadening of the

absorption spectral features, in bundled nanotubes, origi-

nates from the intertube electronic properties perpendicular

to the tube axis. Moreover, the curvature of the nanotube wall

in CNTs induces a downshift of the conduction bands by

enhancing the r–p hybridization [6,15,16].

Although these mechanisms are well understood, the ab-

sence of a strong luminescence in CNT bundles remains un-

clear. This is a key question concerning the charge transfer

processes since it has been argued that the non-radiative

channel, quenching the radiative channel (fluorescence),

can originate from possible charge transfer from the semi-

conducting to the metallic tubes [15]. Nevertheless, this is still

an open question and optical spectroscopies in the time do-

main, with a suitable time resolution, might reveal the

changes of the optical properties induced by nonradiative

mechanisms [17–20]. Recently, this kind of experiments have

been performed on CNTs with a well defined chirality. How-

ever, making CNTs with a defined structure and with inter-

tube interactions not affected from other atomic species

(contaminants, surfactants or molecule) still remains a major

challenge [21,22]. In this framework, in order to highlight the

dependence of the charge transfer channel on the bare inter-

tube interactions, time-resolved reflectivity measurements in

the femtosecond timescale have been carried out on aligned

and unaligned SWCNT bundles with different chirality, grown

in the same experimental conditions [23].

The experiments have been performed by using a conven-

tional one-color pump–probe set-up (pump and probe both at

1.55 eV), along with a novel pump-probe set-up in which the

probe is a broadband white light pulse (supercontinuum)

[24]. By using the supercontinuum pulse as a probe, it is pos-

sible to achieve spectral resolution: this allows to detect in the

frequency domain the relaxation dynamics of the carriers ex-

cited through a resonant absorption transition into the con-

duction band. By setting the pump frequency quasi-

resonant with the second Van Hove singularity of the carbon

compounds a positive sign of the transient reflectivity is de-

tected in unaligned nanotubes, whereas a negative transient

reflectivity is detected in aligned nanotubes. This important

difference demonstrates that in unaligned nanotubes the

stronger intertube interactions favor the formation of short-

living free charge carriers in semiconducting tubes that decay

through a charge transfer nonradiative process toward the

metallic tubes. A detailed analysis of the transient reflectivity

spectral response shows that the free carriers in the photo-

excited state of semiconducting tube transfer to the metallic

tubes in about 400 fs.

The important results emerging from our findings are: (i)

bundling and unalignement induce strong intertube interac-

tions yielding a free-electron mobility of the excited carriers
in semiconducting tube; (ii) the photoinduced charge delocal-

ization favours the charge transfer from semiconducting to

metallic tube.
2. Experimental

2.1. Sample preparation

Aligned and unaligned CNT bundles (Fig. 1a, Fig. 1b) were syn-

thesized in the Analytical Division of the TASC-IOM-CNR labo-

ratory, where the catalyst depositions and Chemical Vapor

Deposition (CVD) processes are performed in an ultra high vac-

uum experimental apparatus (base pressure <1 · 10�10 mbar).

In this apparatus it is possible to control the chemical state of

the catalyst (before and after the growth) via X-ray photoemis-

sion spectroscopy (XPS) and to monitor all the CVD parameters

(i.e. precursor gas purity, pressure and pressure gradient, sam-

ple temperature, gas fluxes, etc.).

Pure aligned and unaligned SWNT bundles were grown via

CVD technique by using the same CVD parameters [23]. Only

the precursor gas pressure has been changed in order to ob-

tain aligned and unaligned bundles. SWCNTs were character-

ized by microRaman and SEM measurements (see

Supplementary Data).

2.2. Laser system

Time-resolved reflectivity (TR) measurements have been per-

formed with two laser systems, to investigate different pump

fluence regimes. An amplified 1 kHz Ti:Sapphire laser system,

producing 150 fs, 1.55 eV light pulses, permits to excite the

samples with pump fluences in the range 10–100 mJ/cm2,

whereas with a cavity-dumped Ti:Sapphire oscillator, produc-

ing 120 fs, 1.55 eV light pulses, the samples have been excited

with pump fluences ranging from 0.1 to 0.8 mJ/cm2.

The incidence angle of the laser pump is about 5� with re-

spect to the sample normal direction.

This laser system is also equipped with a supercontinuum

generation unit [24], to collect TR spectra with both time and

frequency resolution, with an energy range from 1.1 to 2.0 eV.

(see Supplementary Data).
3. Results and discussion

Because of the one-dimensional nature of the electronic

bands, the density of states of SWCNT exhibits a series of

characteristic Van Hove singularities (VHSs) detectable in

the near IR and visible spectral regions (Fig. 1a).

Fig. 1b shows a representative reflectivity spectrum, col-

lected on unaligned SWNT bundles. Four structures located

at about 0.8 eV (TA), 1.35 eV (TB), 2.2 eV(TC) and 3.1 eV (TD)

are clearly detected. The features TA,TB and TD are assigned

to the inhomogeneously broadened interband optical transi-

tions from the valence subbands to their respective conduc-

tion subbands in semiconducting SWCNTs as schematically

shown in Fig. 1a. Instead, the band TC is assigned to an inter-

band transition in metallic SWCNTs [17,18].

When the photon pump energy is resonant with a VHS, a

transient photobleaching is usually expected in the one-color



Fig. 1 – (a) Schematic electronic structure of both

semiconducting and metallic unaligned bundled SWNTs.

The energy positions of the bands (A, B, C and D) are

estimated by the reflectivity spectrum reported in (b). The

arrows TA, TB, TC and TD indicate the transitions from the

ground state to unoccupied states. PA1, PA2 and PA3 refer to

photoabsorption processes induced by the laser pump

nearly resonant with TB transition.
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time-resolved optical spectroscopies. Absorption of the pump

pulse excites electrons into conduction band, creating holes

in the valence band. Until these carriers relax, transient filling

effects on the final states are observed. For the photobleach-

ing effect, the transient signal is positive in trasmittivity

and negative in reflectivity (such as in the absorption) [18–

20,25].

Fig. 2 shows the one-color transient reflectivity on una-

ligned SWCNT bundles (Fig. 2b) together with the spectrum

acquired on aligned SWCNT bundles (Fig. 2a).

While the negative TR signal on aligned SWCNTs reveals

the photobleaching process in agreement with literature

[18–20,26], the positive TR signal on unaligned SWCNTs is

the fingerprint of a new relaxation channel that increases

the reflectivity.

We attribute the positive TR signal to a free-electron like

character of the carriers excited in the B band of semicon-

ducting tubes. The TR negative sign of the substrate including

the catalyst nanoparticles suggests that the contribution of

the substrate (inset in Fig. 2b) is negligible. Moreover, the dif-

ferent orientation of the laser polarization with respect to the

CNT axis in the unaligned and aligned bundles can not justify

a different sign in the transient optical response.

At this pump photon energy, the VHS optical transitions

are excited only with an electric field parallel to the tube axis.

Due to the near-normal incidence of the laser pump, we
expect strong excitation mainly in the unaligned bundles,

where the laser polarization, in a statistical sense, can be

found parallel to the tube axis [27]. However, also in the verti-

cally aligned bundles the excitation of the VHS transitions

cannot be excluded even at near normal incidence, consider-

ing the imperfect alignement of the CNTs that prevents them

to be perfectly normal to the incident electric field of the

pump beam. As a consequence, the laser pump excites the

same VHS transition in both samples, the only difference

being the excitation intensity. In agreement with literature

[27–29], due to the dependence of absorption coefficient on

the relative CNT – electric field orientation, we conclude that

only the density of the photoexcited carriers and not the sign

of the transient reflectivity is affected by the excitation of the

VHS transitions.

The positive TR sign can be rationalized considering that

in the aligned SWCNTs the intertube interactions is compara-

ble with the van der Waals interactions among the graphene

layers in graphite, whereas in unaligned SWCNT the intertube

interactions are changed by both the curvature and the spa-

tial anisotropy. In particular, the modified intertube interac-

tions induce an overlap between the p-bands of adjacent

tubes by allowing the delocalization of the electrons photoex-

cited in the VHS. Usually, the presence of VHSs or, alterna-

tively, of the strongly bound excitons inhibit the free-carrier

mobility yielding to a localization of charge carriers on a

length scale of �100 nm [30]. The modified intertube interac-

tions in the unaligned bundles, on the contrary, delocalize the

carriers excited in these bands, inhibiting the photobleaching

and favouring the free-electron mobility.

The delocalized charge optical response is expected to be-

have as a Drude electron gas. In this case the imaginary part

of the dielectric function can be written as [31]:

e2ðxÞ ¼
x2

ps

xð1þ x2s2Þ ð1Þ

where x2
p ¼ ðNe2Þ=ðe0mÞ is the plasma frequency, N the carrier

density, e and m the charge and the mass of the electron, e0

the vacuum dielectric constant.

For an ideal free-electron metal, the reflectivity ap-

proaches unity below the plasma frequency. Above the plas-

ma frequency, the metal is transparent and the reflectivity

decreases rapidly with increasing frequency.

When free-electron carriers are created by the laser pump,

the Drude-like behaviour of the carriers enhances the reflec-

tivity. Therefore, the transient reflectivity, which is the reflec-

tivity signal of the probe modified by the presence of the laser

pump, is positive and it can be directly related to the CNT ori-

entation (aligned or unaligned SWCNT bundles).

To further support this finding, TR measurements on films

with different CNT density, length and substrates have been

performed. The TR positive signal shows no dependence on

these sample characteristics (see Supplementary Data). More-

over, to rule out spurious effects such as nonlinear processes

and sample damage the experiments have been repeated

varying the laser fluence from 10 to 80 mJ/cm2 and from 0.1

to 0.8 mJ/cm2 (shown in Fig. 3a and b). In Fig. 3c and d the

dependence of the maximum of the TR signal on the pump la-

ser fluence is shown. For pump fluence ranging from 0.1 mJ/

cm2 to 0.8 mJ/cm2 (Fig. 3d), TR signal linearly increases with



Fig. 2 – One-color (hm = 1.55 eV, fluence of 0.2 mJ/cm2) transient reflectivity spectra collected on both aligned (a) and unaligned

(b) SWCNT. The TR spectrum of the substrate is also reported (inset in (b)) in order to exclude its contribution on the TR signal

of unaligned bundles. The spectra of unaligned and aligned SWCNTs are well fitted with one exponential curve convoluted

with a gaussian (representing the laser pulsewidth). The SEM images are also reported.
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fluence, whereas the saturation effect takes place (Fig. 3c)

above 40 mJ/cm2. To estimate the carrier density excited

(N(E)) in the p* band the following formula can be used [32]:
Z 1

0

NðEÞdE ¼ ð1� RÞFa
hm

ð2Þ

where hm is 1.5 eV, the reflectivity R = 0.4 and the absorption

coefficient a = 2 · 105 cm�1. Therefore at a laser fluence

F = 40 mJ/cm2, the initial photo-carrier density is

20 · 1021 cm�3. This value is comparable (including non-linear

optical processes that become important at this high pump flu-

ence) with the carriers density from 0 to 1 eV (6.5 · 1021 cm�3)

observed in graphite [32]. This result proves that at the pump

intensity used in this experiment and at a photon frequency

quasi-resonant with the second VHS a very high density of car-

riers can be excited in the p* band of the semiconducting tube.

To obtain information about the dynamics of the excited-

state carriers, the spectra reported in Fig. 3a and b are fitted

with exponential curves convoluted with a Gaussian repre-

senting the laser pulsewidth. The TR spectra of both aligned

and unaligned SWCNT bundles are well fitted by one expo-

nential curve with a decay time (�100 fs) comparable with

the laser pulsewidth (Fig. 2a and b). Moreover, the depen-

dence of the relaxation time on the fluence (Fig. 3e and f) ex-

cludes radiative recombination processes [33].
This result is in agreement with the dynamics of the bun-

dles reported in literature [19,29] and it can be justified consid-

ering that in CNTs the carrier dynamics strongly depend on the

excited state. In particular, when electrons are excited in the

first VHS of the semiconducting tubes (A) the lifetime is �1 ps

[19], whereas in the second (B) the lifetime is �130 fs. Mean-

while, the luminescence from isolated CNT has a longer life-

time (�30 ps) than that on unaligned bundles. This can be

explained considering that the carriers excited into the second

VHS relax very rapidly to the band gap of the semiconducting

tube (intraband scattering). Then in isolated nanotubes the

electron and the hole recombine across the band gap, whereas

in bundled nanotubes the tunneling into nearby metallic tubes

or into semiconducting tubes with a smaller band gap turns off

the luminescence. The excited carriers in the metallic tubes, as

shown in time-resolved photoemission experiments [17,34,35],

lose their energy rapidly, therefore quenching the lumines-

cence of CNT bundles efficiently [15,17,34,35]. In this experi-

ment, the presence of a fast relaxation channel on unaligned

SWCNT bundles confirms that electrons are excited in the sec-

ond VHS. This behavior is compatible with a free character of

the excited carriers in the semiconducting tubes that favors

the charge transfer towards metallic tubes and semiconduct-

ing tubes with smaller energy gap. The mechanisms so far de-

scribed can be understood in more details looking at the optical



Fig. 3 – (a and b) One-color transient reflectivity spectra

collected on unaligned SWCNT bundles by changing the

pump laser fluence. The spectra are collected at different

fluence regimes: high fluence (from 10 to 80 mJ/cm2) and

low fluence (from 0.1 to 0.8 mJ/cm2). (c and d) Pump fluence

dependence of the maximum of the transient reflectivity

spectra and (e and f) of the relaxation time, estimated by

fitting the spectra with one exponential decay curve

convoluted with a gaussian. The solid curves represent the

best fit of these data with a linear (d, e and f) and an

exponential curve (c).
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response of photoexcited SWNT in both the time and fre-

quency domains.

In these experiments the pump photon energy is 1.55 eV,

whereas the probe covers an energy range from 1.1 to 2 eV

(Fig. 4a). In SWCNT, a photobleaching process is usually corre-

lated with different photoabsorption channels [18]. In partic-

ular, carriers excited in the B band rapidly decay on A giving

rise to PA1, PA2 and PA3 photoabsorption processes, where

carriers are photoexcited from A to B (PA1), from A to D

(PA2) and from B to D (PA3) (see Fig. 1a). By considering the

reflectivity spectrum collected on bundled SWCNT sample

(Fig. 1b), the photoabsorption channels could appear at

0.6 eV (PA1), 2.3 eV (PA2) and 1.7 eV (PA3).

The 3-dimensional (3D) TR spectrum is shown in Fig. 4a to-

gether with different extracted line profiles at fixed delay times

(Fig. 4b and c) or photon energies (Fig. 4d and e). The broad red

line at about hm = 1.55 eV (Fig. 4a) covers the laser pump scat-

tered by the sample. The image profile at delay time s = 0 fs

(Fig. 4b) shows two positive features. The first, broadband

and centered at 1.4 eV, is the TB transition; its positive signal

confirms the free-electron character of the excited carriers dis-

cussed in one-color TR at 1.55 eV. This band appears structured

due to the noise in the measurement.
The second positive feature at 1.65 eV is ascribed to the

PA3 photoabsorption process. Electrons are excited by the

probe from the B band to the D band in the pulsewidth. This

picture is confirmed by the lack of relaxation processes before

the photoabsorption (PA3 appears at s = 0 fs in Fig. 4b). To ana-

lyze the relaxation dynamics of the PA3 channel, the line pro-

file at hm = 1.65 eV is shown (Fig. 4d). From the fitting with

exponential curves, the PA3 decay results very fast and after

a pump–probe delay of about 400 fs, a negative TR signal with

a long decay time is observed. In the 3D spectrum, a dark-pur-

ple zone corresponding to a negative TR signal is evident

around the point hm = 1.95 eV, s = 400 fs (Fig. 4e). This negative

zone extends up to 2 eV and appears after s = 400 fs. In the

reflectivity spectrum of Fig. 1b, the feature at about 2 eV has

been ascribed to the TC transition in the metallic tubes. As

the pump photon energy at 1.55 eV is unable to excite any

transition in the metallic tube, the presence of this photoble-

aching channel, which implies a filling of the C band, is the

evidence of a charge transfer from the semiconducting to

the metallic tube.

These observations can be interpreted considering that

the pump laser excites a population in the B band of the semi-

conducting SWCNTs. Some of the delocalized carriers are ex-

cited by the same pump pulse in the D band. By calculating

the area of the TR spectrum at s = 0 fs (Fig. 4b), the intensity

of the PA3 photoabsorption process can be estimated result-

ing comparable with that of free-carriers excited in the B

band. Because of their mobility, the carriers transfer from

the semiconducting to the metallic tube within 400 fs, giving

rise to a photobleaching of the TR when the probe photon en-

ergy is nearly resonant with the TC transition. The lack of the

B and C band photobleaching in the reflectivity spectrum re-

ported in literature [18] confirms that the two mechanisms

are mutually exclusive and that only the free-electron behav-

iour of the excited carriers permits to switch on the semicon-

ducting-metallic charge transfer.

The slow relaxation dynamics of the C photobleaching

(about 2 ps, see image profile at hm = 1.95 eV of Fig. 4e) agrees

with the dynamics of the photobleaching channels reported

in literature on SWCNTs [20].

To perform a quantitative study of the TR spectrum at

s = 0 fs, a differential dielectric function model has been fitted

to the time-resolved-reflectivity data, DR/R = (Re-

x(eex) � Req(eeq))/Req(eeq), where Rex, eex, Req, eeq are the excited

and equilibrium reflectivity and dielectric function, respec-

tively. The eeq has been calculated by fitting Req (Fig. 1b) with

a sum of Lorentz oscillators which represent the transitions

TA, TB, TC, TD.

According to the differential dielectric function model [36],

for reproducing the transient reflectivity spectrum, it occurs to

modify the fitting parameters of the Lorentz oscillators or to

add new oscillators. In our case, to properly fit the differential

spectrum DR/R (Fig. 4b), we need to add one Drude and one Lor-

entz oscillator, the first to take into account the free-electron

mobility of the photoexcited carriers in the B band, and the sec-

ond to reproduce the PA3 photoabsorption at 1.7 eV. The pres-

ence of solitonic structures in the supercontinuum affects

the fitting accuracy of the line profile at s = 0 fs with the differ-

ential model. However it is possible to extrapolate a value for

the plasma frequency in the Drude model (Eq. (1)) of



Fig. 4 – (a) 3D image of the time resolved reflectivity spectrum collected on unaligned SWCNT bundles by using the

supercontinuum probe and a hm = 1.55 eV pump. On the bottom a scheme of the charge transfer. At s = 0 the carriers are

excited in the B band of the semiconducting tubes by the laser pulse. Some of the carriers are excited by the same pulse into

the D band (PA3 transition in (b)). After 400 fs (c), carriers in the excited-states of semiconducting tube move towards the

metallic tube and a negative TR signal due to TC transition appears in the probe spectrum. On the right, image profiles

extracted at photon energies of the probe corresponding to PA3 (d) and TC transitions (e).
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4 · 1015 sec�1 (2.5 eV), that corresponds to a carrier density of

4 · 1021 cm�3. This value, comparedwith the carrierdensity ex-

cited by the laser pump (2 · 1020 cm�3 for a pump fluence of

0.2 mJ/cm2 (Eq. 2)), confirms the delocalized character of the

carriers excited in the B band of semiconducting tubes.

4. Conclusion

Time-resolved reflectivity measurements demonstrate that

intertube interactions in bundled unaligned SWCNTs induce

a free-electron character to the photoexcited carriers favoring

a charge transfer from semiconducting to metallic tube. This
finding paves the road to new and important technologies clo-

sely connected to the intra- and inter-tube conductivity.
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