
Ultrafast far-infrared optics of carbon nanotubes

C. Frischkorn, T. Kampfrath, L. Perfetti, K. von Volkmann, and M. Wolf

Freie Universität Berlin, Fachbereich Physik, Arnimallee 14, 14195 Berlin, Germany

ABSTRACT

The optical properties of single-wall carbon nanotube sheets in the far-infrared (FIR) spectral range from few
THz to several tens of THz have been investigated with terahertz spectroscopy both with static measurements
elucidating the absorption mechanism in the FIR and with time-resolved experiments yielding information on
the charge carrier dynamics after optical excitation of the nanotubes. We observe an overall depletion of the
dominating broad absorption peak at around 4 THz when the nanotubes are excited by a short visible laser pulse.
This finding excludes particle-plasmon resonances as absorption mechanism and instead shows that interband
transitions in tubes with an energy gap of ∼10meV govern the far-infrared conductivity. A simple model based
on an ensemble of two-level systems naturally explains the weak temperature dependence of the far-infrared
conductivity by the tube-to-tube variation of the chemical potential. Furthermore, the time-resolved measure-
ments do not show any evidence of a distinct free-carrier response which is attributed to the photogeneration of
strongly bound excitons in the tubes with large energy gaps. The rapid decay of a featureless background with
pronounced dichroism is associated with the increased absorption of spatially localized charge carriers before
thermalization is completed.

Keywords: ultrafast phenomena, carbon nanotubes, graphite, THz spectroscopy, electron-phonon coupling,
charge localization, interband transition, chemical potential

1. INTRODUCTION

Single-wall carbon nanotubes (NTs) can be pictured as rolled-up hexagonal sheets of carbon atoms.1 Depending
on the wrapping direction and the diameter of the resulting entities, these tubes exhibit either semiconducting
or purely metallic charge transport properties. The energy gap of semiconducting tubes with a diameter of 1 nm
lies in the 10-meV or 1-eV range for so-called small- and large-gap tubes, respectively.2 Carbon nanotubes at the
focus of nanotechnology research3 and as prototypes of an almost one-dimensional solid have attracted significant
attention in particular due to this broad range of conducting properties. Furthermore, the interaction between
an individual NT and its local environment, such as other tubes or adsorbed molecules, can cause an opening
of a small energy gap.4 Consequently, due to this high sensitivity of the electronic structure to environmental
changes along with the large tube surface, NTs have been suggested as effective chemical sensors.5 For instance,
covalently bound side chains to the NT wall6 and also the doping level of the tubes have been shown to crucially
influence the absorption of FIR light.7–9 On the other hand, in nanoelectronics, it is essential to know the charge
carrier dynamics of the used nanoscale elements such as carbon NTs, which promise unique applications due to
their small physical diameters and the high electrical breakdown in conjunction with the various conductivities.
In particular, charge localization potentially induced by defects or impurities significantly affect the electron
mobility.10 Hence, the question of how charge carriers dissipate their excess energy and relax their total current
after a driving electric field has been switched off is of fundamental importance for electronic applications.

Terahertz (THz) spectroscopy and more specifically the time-resolved variant of this spectroscopic method
represents a very potential tool to address these issues of FIR absorption mechanism and the charge carrier
dynamics. Precisely the latter near the Fermi level determine the transport properties of electrons and holes
of a certain sample. In time-resolved THz experiments, a visible pump pulse excites the charge carriers and a
subsequent THz pulse probes the low-energy response of the system (2πh̄ · 1THz = 4.1meV). The transmitted
ultrashort THz pulses (0.1 to 1 ps in duration) are detected as electric field of the radiation, i.e., resolving
its amplitude and phase. Consequently, full information of the complex dielectric function and, equivalently,
conductivity can be obtained without the aid of Kramers-Kronig relations.

Further author information: www.physik.fu-berlin.de/∼femtoweb
e-mail: christian.frischkorn@physik.fu-berlin.de, telephone: +49 30 838 56053

Invited Paper

Ultrafast Phenomena in Semiconductors and Nanostructure Materials XIII, 
edited by Kong-Thon Tsen, Jin-Joo Song, Markus Betz, Abdulhakem Y. Elezzabi, 

Proc. of SPIE Vol. 7214, 72140A · © 2009 SPIE · CCC code: 0277-786X/09/$18 · doi: 10.1117/12.809252

Proc. of SPIE Vol. 7214  72140A-1

Downloaded from SPIE Digital Library on 12 Jan 2011 to 141.14.132.170. Terms of Use:  http://spiedl.org/terms



ii
600

400

200

0

 R
e 

ε ∞

1
2 4 6 8

10
2 4

frequency ω/2π   (THz)

400

300

200

100
 R

e σ
∞    (S

/cm
)

��� Tamb = 4K

ZnTe - ZnTe
GaP - GaP
GaSe - ZnTe

1.00

0.98

0.96

0.94

0.92

R
e σ

∞ (T
am

b ) /  R
e σ

∞ (4K
)3002001000

Tamb   (K)

���

ω/2π = 3THz

model
      fit

absorption   (arb. units)

2.52.01.51.00.5
photon energy  (eV)

E11 E22

���

420
(μm)

���

10
(μm)

���

Figure 1. (a) Topography of our NT sample taken with an atomic force microscope resolving NT bundles. (b) Side view
of the NT film obtained with a scanning electron microscope. (c) Optical absorption spectrum of the NT sample showing
excitonic resonances E11 at 1 eV and E22 at 1.6 eV. (d) Real parts of the measured dielectric function ε∞ and conductivity
σ∞ of the unexcited sample with “∞” denoting an infinite pump-probe delay which is equivalent to the situation without
pump pulse. Different marker colors in this panel represent the crystal pairs used for THz generation and detection. Note
that both physical quantities ετ and στ at pump-probe delay τ connect via ετ = 1− cZ0στ/(iω) where Z0 ≈ 377 Ω is the
vacuum impedance. (e) Reσ∞ as a function of ambient temperature Tamb together with a fit according to Eq. (1) for fit
parameters μ̄ = 0 and Δμ = 120 meV.

2. EXPERIMENTAL

Our THz spectrometer based on Ti:sapphire lasers is either driven by laser pulses of 10-fs duration, 790-nm center
wavelength, 10-nJ energy, and 75-MHz repetition rate from an oscillator (Femtolasers M1) or by 20-fs, 800-nm,
600-μJ, 1-kHz pulses from an amplifier system (Femtolasers Femtopower Pro). The major part of the laser
output is used to excite the NT sample whereas the remaining part is focused onto a ZnTe, GaP, or GaSe crystal
to generate ultrashort and spectrally broad THz pulses by difference-frequency mixing.11 After transmission
through the NT sample, the THz electric field is detected by electro-optic sampling in a 300-μm thick ZnTe or
GaP crystal.12, 13 In order to cover the frequency window from 1 to 40THz, we use various pairs of emitter and
detection crystals, see frequency range covered in Fig. 1. For measurements at low temperatures, the sample is
kept in a microscope cryostat (Cryovac Konti) equipped with diamond windows.

The NT sample is prepared similar to the procedure described in Ref.14 and details of our sample preparation
and characterization are given in Ref.15. First, NTs grown by the high-pressure CO (HiPCO) method are
dispersed in a 2-% sodium-cholate solution. Centrifuging results in a supernatant that is used to produce a
suspension containing a substantial amount of isolated NTs surrounded by sodium cholate molecules. After
vacuum-filtering onto a filtration membrane and washing away the surfactant with purified water, the membrane
is dissolved, and the remaining NT film is transferred to a diamond substrate. Subsequently, the film is annealed
at 600 ◦C under a constant flow of argon for one hour to remove most of the remaining contaminants. Finally,
the film is capped by ≈ 1 μm of parylene, in order to prevent NT oxidation triggered by laser radiation of the
pump pulse.16

Figure 1(a) shows an image of the sample surface taken by an atomic force microscope resolving individual
NT bundles. Note that these bundles are bent with a mean radius of curvature of ∼100nm. Figure 1(b) has
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been obtained by scanning electron microscopy and reveals that the NT film has a thickness of ∼700nm. The
NTs of our sample have a diameter distribution that extends from about 0.8 to 1.2 nm, and roughly 2/3 of
all NTs are large-gap tubes.17 In contrast to our previous estimation of the space filling factor based on the
measured optical density and the absorption coefficient,15 we rely here on atomic-force micrographs, like the
one in Fig. 1(a), which suggest a NT space-filling fraction F on the order of 0.2 (a value similar to Ref.15).
Note that in any case the filling factor is not used directly in the subsequent calculations and hence does not
affect our findings and interpretations presented further below. Figure 1(c) shows an absorption spectrum of the
sample in the visible and near-infrared spectral range. Peaks labeled E11 and E22 arise from the first and second
excitonic resonance in the large-gap tubes.18 Below 0.6 eV, the small-gap and metallic NTs can still absorb
photons whereas the large-gap NTs are transparent.19

3. RESULTS AND DISCUSSION

In the following, our findings regarding the FIR absorption mechanism of the NT sample are presented where
temperature dependent measurements of THz transmission under equilibrium conditions and pump-induced
transmission changes are very well explained by a rather simple theoretical modelling. Subsequently, it is shown
that the time-resolved response of the NTs underlines the photogeneration of strongly bound excitons to be the
dominant process in large-gap tubes. Finally, polarization dependent experiments exhibit charge localization
effects which are attributed to impurities and defects in the tube structure.

3.1 Mechanism of far-infrared absorption

In contrast to the visible spectral range, the microscopic mechanism of the far-infrared absorption is still unclear:
The broad absorption feature at about 4THz was first assigned to optical interband transitions across the
electronic energy gap of small-gap NTs as illustrated in Fig. 2(a). However, for an electronic transition with
such low energy, this peak shows a surprisingly weak temperature dependence.20 As a consequence, phonons21

and, as sketched in Fig. 2(b), particle plasmons22 were suggested as alternative mechanisms.

Figure 1(d) shows the real parts of the conductivity and dielectric function Re σ∞(ω) and Re ε∞(ω), respec-
tively, of the unexcited sample obtained from our time-domain measurements. Re σ∞(ω) quantifies how strongly
the sample absorbs light of frequency ω/2π. It exhibits a broad peak centered at a resonance frequency ωres/2π
of roughly 4THz in agreement with previous reports.6–9, 20–22, 24 As seen in Fig. 1(e), this FIR absorption peak
decreases only by less than 10% when the ambient temperature Tamb is raised from liquid helium to room tem-
perature, 4 to 300K. Furthermore, an additional reduction of the conductivity peak occurs when the sample
is excited, i.e. heated by an ultrashort pump pulse, which is demonstrated by the negative Re Δστ for several
pump-probe delays τ given in Fig. 2(c). Furthermore, Figs. 2(c) and (d) show also that this pump-induced signal
decays uniformly on a time scale of several picoseconds.

For a moment, we assume that the broad peak in Fig. 1(d) was due to a plasmon resonance. An elegant
way to check the validity of this assumption is to excite the sample with a visible pump pulse. As explained in
detail in Ref.23, the electrons inside a NT would feel an additional repulsive force exerted by the surface charges
which are induced by the probing THz electric field, see Fig. 2(b). Consequently, a shift of this 4-THz peak
and, thus, a derivative-like structure of the pump-induced changes Re Δστ [Fig. 2(e)] are expected in case of a
particle-plasmon resonance. Such a transient blue-shift was indeed observed, for instance, in GaAs nanowires in
which the pump pulse increased the plasma frequency.25 However, the pump-probe data of our NTs as seen in
Fig. 2(c) do not show any change in sign below 15THz and therefore clearly exclude a particle-plasmon based
absorption mechanism.

In Ref.23, we developed a microscopic model which shows that the overall reduction of the FIR absorption
peak of the pump-excited sample is a clear fingerprint of interband transitions blocked by transient hot electrons.
Given that the model of independent electrons is valid in the small-gap tubes, the Fermi function fμT (ε) =
{exp[(ε − μ)/kBT ] + 1}−1 describes the occupation of a single-electron Bloch state with energy ε. Here, the
chemical potential μ is determined by the band structure, the electronic temperature T , and the number of
electrons within an individual NT. Note that μ may vary from tube to tube since we have fixed the ε origin at
the gap center for each tube with band gap energy G [see Fig. 2(a)].
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Figure 2. Schematic of proposed mechanisms explaining the far-infrared absorption of NTs. (a) Interband transitions
across the band gap G of a small-gap NT. An impurity-assisted intraband transition in the band structure ε(k) is also
shown. (b) Particle-plasmon resonance. The probing electric field E induces charges on the NT surface which lead to an
additional repulsive force on the electrons inside. (c,d) Pump-induced changes in the sample conductivity and dielectric
function at several pump-probe delays τ . (e,f) Calculated heat-induced changes in conductivity and dielectric function
based on Eq. (1).23 Note the good qualitative agreement between experimental data and calculations.

The effective conductivity might be approximated by summing up the relevant contributions of all NTs of
various types and orientations.23 Equivalently, one can also integrate over all values of μ, T , and G weighted
with the combined probability distribution pμTG. Assuming uncorrelated quantities, pμTG = pμpT pG, and one
and the same electronic temperature T in all tubes, the integration then reduces to

Re σ(ω) ∝ pG

3ω

∫
dμ pμ FμTG =:

pG

3ω
〈FμTG〉 (1)

where the Fermi function difference FμTG = fμT (−G/2) − fμT (G/2) with G = h̄ω determines the strength of a
transition between two levels separated by G, see Fig. 2(a). So-called interband transitions in such a two-level
system mainly connect states near the top of the valence band and the bottom of the conduction band where the
density of states is highest. This is corroborated by tight-binding calculations which predict the transition matrix
elements to be dominant precisely for these transitions.26 The real part Re ε of the dielectric function is obtained
by a Hilbert transformation of Re σ. In case of a sharply defined chemical potential, Δμ = 0, our model predicts
a strong decrease of the conductivity with increasing temperature, in strong contrast to experimental data of
Fig. 1(e). On the other hand, increasing Δμ gradually weakens the temperature dependence of Re σ.23 Finally,
at Δμ = 120meV assuming a Gaussian distribution pμ ∝ exp[−(μ − μ)2/2Δμ2], the modeled Re σ-versus-T
curve matches the measured curve of Fig. 1(e) quite well. Possible origins of the μ variation are spurious doping
and charge transfer between NTs with differing work function.27
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Figure 3. (a) Excitonic levels of a large-gap NT together with a visible pump pulse resonantly exciting the E22 band.
(b) Single-electron density of states of a small-gap NT with a magnification of the small band gap. Wiggled arrows mark
transitions induced by the visible pump and the THz probe photons, respectively. The various gray scales represent
different electronic occupation numbers. Pump-induced changes of the dielectric function of (c) carbon nanotubes and
(d) graphite34 (in-plane dielectric function), both at τ = 0.1 ps after photoexcitation. Note the drastic difference of the
absolute values and the sign as seen in the magnified graph in the inset.

3.2 Photogeneration of excitons

We next consider the changes of the dielectric function Δετ of the NT sample after pump pulse excitation.
Transient absorption measurements19 indicate that roughly half of the absorbed 1.6-eV pump photons resonantly
populate the E22-exciton bands of the large-gap tubes, which is illustrated in Fig. 3(a). The remaining portion
is absorbed by small-gap and metallic NTs as sketched in Fig. 3(b). Figures 3(c) and (d) show the pump-induced
changes Δετ of our NTs and, for comparison, of an ultrathin sample (thickness ≤ 20 nm) of the closely related
graphite under comparable excitation conditions28 at a pump-probe delay of τ = 0.1 ps. For the NTs, Δετ is
quite small and does not exhibit a distinct free-carrier response which should lead to Re Δετ ∝ ω−2. This is in
striking contrast to the model-semiconductor GaAs29 and in particular also to graphite. As seen in Fig. 3(d) for
the graphite sample, the two orders of magnitude larger and negative Re Δετ is indeed a clear signature of free
charge carriers. On the other hand, the lack of such a response from the NT sample has important consequences.
First, it strongly supports the assertion that excitons are the main products of photoexcitation of large-gap
tubes.30, 31 Since the internal excitation energies of these strongly bound electron-hole pairs32 exceed our probe
energies by far, these excitons are invisible in our THz experiment.33 Second, the plasma frequency and the
Drude scattering rate in the small-gap and metallic NTs do not change appreciably upon excitation.34 This can
be traced back to their peculiar single-electron density of states [Fig. 3(b)] which is constant in metallic NTs or
has a gap smaller than the thermal electronic energies occurring in our experiment.35, 36 Moreover, parts of the
electrons near the Fermi energy have been suggested to be localized due to disorder and thus do not contribute
to a free-carrier response.37

3.3 Localized and delocalized charge carriers

For the further discussion of the origin of the pump-induced signal, we analyze the spectral structure of our data
in Fig. 3(c), in particular the imaginary part of Δετ , which is plotted separately in Fig. 4(a). Im Δετ is positive
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Figure 4. (a) Imaginary part of the pump-induced changes in the dielectric function ImΔετ at τ = 0.1 ps parallel and
perpendicular to the pump polarization. The difference between both curves directly shows the pump-induced optical
anisotropy. It is most pronounced in the imaginary part above 20 THz where feature A dominates. Such dichroism is a
direct consequence of excitations in the NTs which are localized on a length scale smaller than the radius of curvature of
the bent tube. (b) Temporal decay of ImΔετ at 10.5 THz (feature B) and 26 THz (feature A). The decay of B is well
described by a single-exponential with a time constant of 1 ps whereas the decay of A is fitted best to a double-exponential
with time constants of 0.2 ps and 1 ps, respectively. (c) Illustration of the origin of the pump-induced anisotropy, where
the tube is represented by a closed ring with a certain radius of curvature. Since the polarizibility of NTs is much higher
along the tube axis, the pump-induced signal is largest for parallel pump and probe polarizations because in this case the
THz pulse mainly probes ring sections which have been excited by the pump pulse. On the contrary, for a perpendicular
polarization configuration, basically unexcited ring sections are probed assuming the initial excitation is localized with
respect to the ring radius. This results in a much weaker THz response. Consequently, the signal ratio of the two
polarization configurations is a measure for the localization of the pump-induced excitations.

above 15THz, which implies increased light absorption accordingly labeled “A”. In contrast, Im Δετ is negative
below 15THz, which means increased light transmission (bleaching) and is labeled “B”. Figures 4(a) and (b)
show that A and B arise from distinct products in the photoexcited NTs. A and B exhibit significantly different
temporal decays [see Fig. 4(b)]: At early times, A decreases much faster than B. Furthermore, A and B respond
differently to a change in the probe pulse polarization [see Fig. 4(a)]: The pump-induced dichroism with “‖” and
“⊥” denoting configurations of parallel and perpendicular pump and probe polarizations, respectively, is defined
as

D =
Im Δ ε

‖
τ

Im Δε⊥τ
(2)

and found to be ∼1.1 for feature B but ∼1.5 for feature A.

Such transient optical anisotropy has been previously observed for visible probe pulses31 and relies on the
greatly reduced NT polarizability perpendicular to the tube axis.38, 39 As a consequence, the probe pulse is most
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Figure 5. Illustrations of the pump-induced THz response of the NTs and the respective time scales. (a) Population
relaxation of the excitonic levels. The pump pulse excites the E22 exciton followed by a rapid redistribution of the exciton
population with a 40-fs time constant.30 Note that the excitonic energy has to be conserved in this process. Feature A
is assigned to transitions between higher-lying excitonic levels with small excitation energy. The excitonic excess energy
and, therefore, feature A decay with a 150-fs time constant due to heat transfer from the excited excitons to the optical
phonons until the exciton is in its ground state. The THz photon energy amounts to about half of the transition energy
between the g and u levels. (b) The initially excited and hot electrons couple to only few, but strongly coupled optical
phonon modes resulting in significant heating of these phonons. Only subsequently these hot phonons dissipate their
energy to the remaining cold phonons, such a process is frequently called phonon bottleneck.

sensitive to tubes parallel to the probe polarization. Likewise, the pump pulse is absorbed most effectively by
tubes parallel to the pump polarization. Therefore, parallel pump and probe polarizations should give a larger
pump-induced signal than in the perpendicular case. This effect is largest if the pump-induced excitations have
a spatial extent much smaller than the mean radius of curvature Rc ∼ 100nm of the bent NT leading to a
dichroism with the maximal value of 3.40 On the other hand, a dichroism of 1 is attained when the excitations
are spatially delocalized with respect to Rc. Therefore, the pump-induced dichroism of A and B provides direct
evidence of the existence of localized and delocalized electrons in the bent NTs. Anderson localization has been
proposed previously by scanning tunneling spectroscopy.10 A simple estimate shows that the excitations giving
rise to signal B have an extent twice as large as those giving rise to A.41 Note that the transient dichroism
remains constant for pump-probe delays τ ≤ 1 ps showing that carrier diffusion is negligible during the first
picosecond after sample excitation.42 The 0.2-ps time constant for the fast initial decay of feature A in Fig. 4(a)
is remarkable since electronic thermalization takes place on the same time scale.43 We explain this finding by
an increased absorption of localized charge carriers before they have thermalized.44

As far as the origin of the bleaching feature B is concerned, phononic contributions are excluded, since no
broad and optically active phonon bands are predicted in the probed spectral region.45 Consequently, B must
arise from electronic transitions. Stimulated emission from excited excitonic levels in large-gap tubes can be
ruled out because the lowest E11 state is attained within 40 fs after optical excitation30 (see Fig. 5(a)). We
conclude that B is due to metallic and small-gap tubes. The single-electron band-structure approach in Fig. 3(b)
can qualitatively explain the observed effect: After pump pulse absorption, the excited electrons thermalize to
a Fermi-Dirac distribution within ≈ 0.2 ps.43 This results in additional electrons and holes around the Fermi
energy. These hot carriers block originally possible optical transitions connecting the van Hove singularities near
the band gap. The contributions of various tube types lead to an inhomogeneously broadened bleaching feature
B as seen in our experiment.26

Finally, the 1-ps time constant measured for the B and the final A decays in Fig. 4(b) reflects the lifetime of
the excited electron distribution of NTs contributing to the signal. As illustrated in Fig. 5(b), the cooling of such
hot electrons occurs via phonon emission leading to a non-equilibrium population of only few vibrational lattice
modes able to scatter electrons. This effect is a general occurence in solids with a Fermi surface that allows
only a restricted number of electronic wavevector changes. Examples are quasi-one dimensional conductors and
graphite.34 Remarkably, the cooling of localized (A) and delocalized (B) carriers is equally fast indicating that
the electron-phonon coupling is not significantly affected by the degree of carrier localization.
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4. CONCLUSIONS

THz spectroscopy has been used to study the far-infrared optics of single-wall carbon nanotubes. We have
presented a simple model based on an ensemble of two-level systems which explains all observed qualitative
features of the equilibrium and non-equilibrium FIR conductivity of small-gap NT ensembles. In particular,
the controversially discussed weak temperature dependence of the FIR conductivity is consistent with the tube-
to-tube variation of the chemical potential, which is about 0.1 eV in our sample. Furthermore, our data lack
a distinct free-carrier response which is ascribed to the instantaneous generation of strongly bound excitons
instead of free charge carriers as seen in graphite. Finally, the transient dichroism directly displays the existence
of spatially delocalized and localized carriers. In summary, our time-domain and time-resolved THz spectroscopy
experiments have contributed to a deeper understanding of the absorption mechanism and the charge carrier
dynamics in carbon nanotubes.
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