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a b s t r a c t

Electrical transport mechanisms of 2D carbon nanotube networks are presently under intensive studies.
The related experimental data are ambiguous and controversial. We report on terahertz-infrared spectra
of optical conductivity and dielectric permittivity of thin transparent films composed of pristine and
CuCl- or iodine-doped single-walled carbon nanotubes (SWCNTs) measured in the frequency range from
7 to 25 000 cm�1 and at temperatures from 5 to 300 K. Controversially to the existing results, we have
not observed a clear signature of the so-called terahertz conductivity peak. Instead, a typical metallic-like
frequency- and temperature-dependent behavior of the conductivity and permittivity has been
discovered. It was attributed to the high quality interconnected SWCNT network providing the almost
free pathways for charge carriers. Applying Drude conductivity model, we have determined the tem-
perature and doping dependences of effective parameters of the carriers in the films: plasma frequency,
scattering rate, mobility, mean-free path. The obtained results demonstrate a great potential of the
material in the field of electromagnetic applications at frequencies up to few terahertz.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Due to their unique physical and chemical properties, single-
walled carbon nanotubes (SWCNTs) attract a lot of attention from
both fundamental and application points of view [1e4]. The di-
versity of these properties is determined by their one-dimensional
geometry and by the way of their rolling up [5]. Since every atom in
a SWCNT is located on the surface the properties of this material
strongly depend on the presence of foreign atoms/molecules as
well as contacts with other tubes and substrates. Moreover, the
properties of the tubes can be tuned by insertion of various com-
pounds inside the tubes.
orshunov), zhukova.es@mipt.
Along with an extensive activity in the field of exploring prop-
erties of individual tubes, two-dimensional layers or films of the
SWCNTs composed of large number of randomly distributed or
aligned nanotubes attract a considerable interest [6,7]. Such
nanotube networks are appropriate for designing novel micro- and
macro-electronic devices and elements, like transparent, flexible
and stretchable electrical conductors, coatings and screens, elec-
tromagnetic shields, chemical and biological sensors, polarizers,
antennas and many others. Implementation of SWCNT films for
such applications strongly motivates studies of their electrical and
optical characteristics that can significantly differ from those of
separate SWCNTs due to the length and diameter distributions,
presence of both metallic and semiconductor types, and intertube
interaction. In this respect, optical spectroscopy in the energy range
of 1 eV is widely used to study electronic transitions related to the
van Hove singularities in the SWCNT density of states. However, the
central interest for the practical purposes is the electronic states
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close to the Fermi level, since they determine the dc charge
transport and low-energy electrodynamics of SWCNTs in a separate
state as well as in the thin film conformation. Corresponding
experimental investigations in the infrared, far-infrared (FIR) and
terahertz (THz) ranges sometimes report controversial results ob-
tained by various groups. One of the discrepancies concerns the so-
called terahertz conductivity peak that is observed in the conduc-
tivity or absorbance spectra at the frequencies that range from
about 30 THz [8] to 0.4 THz [9]. Two different interpretations for the
origin of the peak have been recently proposed. The first one
considered the small energy gap in the density of states caused by
the finite curvature of the quasi-metallic tubes [10e14], whereas
the second interpretation is based on the plasmonic oscillations of
charge carriers within the finite-length of the SWCNTs [8,15e19].
The lack of consensus regarding the nature of the peak together
with the inconsistency in the available experimental data hinder
the revealing of the microscopic mechanisms of the dc charge
transport and low-frequency dynamics of charge carriers in these
objects.

Here, we have performed a comprehensive broad-band spec-
troscopic investigation of high-quality pristine and doped (iodine,
CuCl) SWCNT films. By measuring the terahertz to infrared spectra
of conductivity and dielectric permittivity of the films in the tem-
perature range from 5 to 300 K and analyzing the spectra together
with the dc conductivity data, we show that the THz conductivity
peak is transformed in our samples into a Drude band of
60e80 cm�1 width revealing the metallic response due to the
quasi-free charge carriers. As a result, we were able to determine
the effective parameters of the charge carriers in the networks:
mobility, concentration, mean-free path, collision time, plasma
frequency. In addition to the fundamental importance of our work,
we have also demonstrated that the investigated SWCNT films can
be utilized for electromagnetic shielding applications.

2. Experimental details

An aerosol CVD technique was used for the synthesis of
SWCNTs, as described in Refs. [20,21]. Briefly, the SWCNTs were
synthesized in the gas phase by ferrocene vapor decomposition in
the atmosphere of carbon monoxide and deposited on a nitrocel-
lulose filter in the form of individual and small diameter bundles.
The SWCNT film can be easily transferred on practically any other
substrate [22] or utilized in a free-standing form [7]. To dope the
SWCNTs, they were subjected to a special treatment in vapors of
iodine or CuCl that resulted in filling the nanotubes with the dopant
molecules and in obtaining the doped SWCNT films without any
change of the SWCNT network morphology [23e25]. The average
diameter of the SWCNTs, 2 nm, was determined according to the
electronic transitions energies dependence on the nanotube
diameter [26e28]. The thicknesses of the SWCNT films were esti-
mated by a scanning electron microscopy.

To characterize the pristine and doped SWCNT films we per-
formed Kelvin-probemeasurements with the NanoScanTech Certus
Standart V in a dual-pass regime. The Micromach N18 cantilever
with Au/Ti coverage was used. The films were placed on the surface
of silicon wafers and densified with isopropanol. Fig. 1a shows a
typical topography of the pristine film, whose potential relief
(Fig. 1b) shows that there are rather long paths with nearly uniform
potential that is not markedly influenced by the tubes intersections
or by any kind of the defects inside the tubes. The pattern, of course,
does not reproduce the potential relief that can be felt by the car-
riers and that is too shallow to be detected by the equipment due to
its limited spatial resolution and sensitivity. In order to prove in
more details the homogeneity of the potential along the separate
SWCNTs, we performed Kelvin-probe measurements on the single
carbon nanotubes with lithographically fabricated Au/Ti contacts,
as shown in the topography image in Fig. 1c. The potential variation
along the tube (Fig. 1d) is very smooth and uniform indicating an
intrinsic character of the charge carriers' scattering and the absence
of any defects that could lead to abrupt drops of the potential. We
were able to detect such kind of “external” defects, but their
emergence was very rare. An example is shown in Fig. 1f where the
sharp changes of the potential caused by internal strains or some
other faults are not distinctly visualized on the topography of the
tube (Fig. 1e). We thus conclude that the charge carriers can nearly
freely travel not only through a separate tube but also over much
longer distances up to several micrometers (see Fig. 1a and b).
Clearly, on their way they experience scattering processes due to
phonons, tunnel barriers at the tubes intersections, defects/impu-
rities, as discussed below.

High quality of SWCNTs composing our films is also demon-
strated by Fig. 2 where an example of Raman spectrum taken on
one of the studied samples is presented. Three groups of modes are
seen in the spectrum: the low-frequency radial breathing modes
(RBM), the disorder-induced modes (D-band) and the tangential
modes (G-band). The intensity of the D-band modes (around
1322 cm�1) is negligible small; it is more than 200 times lower than
the intensity of the G-band.

All optical measurements were performed with free-standing
films transferred from the nitrocellulose filters to a metallic ring
with a clear aperture of 8 mm. At terahertz frequencies, from nz 7
to 60 cm�1, the spectra of real and imaginary parts of complex
conductivity s*(n) ¼ s1(n)þis2(n) and dielectric permittivity
ε*(n) ¼ ε

0(n)þiε"(n) were registered with the TeraView time-domain
spectrometer and the quasioptical monochromatic spectrometer
based on backward-wave oscillators as sources of coherent THz-
subTHz radiation [29]. In the infrared range, up to 25 000 cm�1,
the spectra of transmission coefficients of the SWCNT samples were
measured using the Fourier-transform spectrometer Vertex 80 V.
As a result of joint analysis of the THz and IR data the spectra of
broad-band conductivity and permittivity of the samples have been
provided. The home-made optical cryostats were used to examine
the materials in the temperature interval from 5 to 300 K.

3. Results and discussion

Fig. 3a shows the measured room-temperature transmission
coefficient spectra of the three samples of pristine, CuCl- and
iodine-doped z100 nm thick SWCNT films. At frequencies from
3000 to 25 000 cm�1, the characteristic local minima are seen. They
correspond to the well-known electronic transitions due to van
Hove singularities in the density of states. The rest of our paper will
be devoted to the low-frequency data, namely to the IR and THz
ones. Below 1000 cm�1, a pronounced decrease of the trans-
missivity is observed that testifies the enhanced absorption, which
is more pronounced in the doped films (cf. with the THz s1 and ε"
spectra displayed in Fig. 3b and c). The physical origin of this ab-
sorption is one of the most important issues discussed in our paper.
It will be considered here on the basis of broad-band spectra of
conductivity and dielectric permittivity obtained from the spectral
analysis of the IR transmission coefficient spectra together with the
directly measured THz s1, ε0 and ε" spectra and with the dc con-
ductivity values taken from our paper [30]. First of all, we state that
the observed THz absorption cannot be caused by any resonance-
like absorption associated with either the interband transition or
plasmonic excitation mentioned above. This is so already for the
reason that in such case the dc conductivity values, sdc, would be
significantly smaller than the corresponding values of the THz
conductivity (dots in Fig. 3b) that is, however, not the case: the sdc
values measured in Ref. [30] vary fromz700 U�1cm�1 (pristine) to



Fig. 1. Kelvin-probe force microscopy data obtained on pristine and doped SWCNT films. (a). Topography image of the pristine SWCNT film. False color bar on the right side indicates
the penetration depth of the microscope tip. (b). Potential map of the same film. (c). Topography image of separate SWCNT with 2 contacts. (d). corresponding work-function map.
The top contact is grounded and the bottom one is under approximately 200 mV. (e). Topography of the SWCNT with defects that are not visible in the morphology, but clearly seen
on work-function map shown in (f). Defects cause potential drop and are indicated by black arrows. (A colour version of this figure can be viewed online.)

Fig. 2. Raman spectrum of a pristine film of single-wall carbon nanotubes, synthesized
by aerosol method [20]. Indicated are radial breathing modes (RBM), the disorder-
induced modes (D-band) and the tangential modes (G-band). (A colour version of
this figure can be viewed online.)
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z1700 - 2000 U�1cm�1 (doped). Belowwe prove that the only way
to account for the observed spectral behaviors of the THz conduc-
tivity and permittivity (Fig. 3b,c,d), together with the THz-IR
transmission coefficient spectra (Fig. 3a), is to associate their
origin with the response of delocalized charge carriers. We note
that signatures of the free-carrier type ac response in SWCNT films
were also found earlier in Refs. [31,32].
The spectral response of free charge carriers is usually described
within the Drude conductivity model, where the frequency-
dependent conductivity and permittivity are given as [33,34]:

s*ðnÞ ¼ s1ðnÞ þ is2ðnÞ ¼
sdcg

2

g2 þ n2
þ i

sdcng

g2 þ n2
; (1)

ε*ðnÞ ¼ ε
0ðnÞ þ iε

00 ðnÞ ¼ ε0 �
2sdcg
g2 þ n2

þ i
2sdcg2

n
�
g2 þ n2

� ; (2)

where sdc ¼
n2pl
2g ¼ nem ¼ ne2t

m* ¼ ne2
2pm*gis the dc conductivity, g is the

charge-carrier scattering rate, npl is the plasma frequency, n is the
concentration of charges, e is the elementary charge, m is the charge
mobility, t is the collision time,m* is the effective mass and ε0 is the
high-frequency contribution to the permittivity.

According to (1, 2), in case of low frequencies, n«g, the real part
of the conductivity does not strongly depend on the frequency,
s1zconst, with the imaginary permittivity being inversely pro-
portional to the frequency, ε" ¼ 2s1/nf1/n (dashed line in Fig. 3c).
s1(n) falls down around the scattering rate frequency g, where at
n ¼ g the imaginary part s2 of the conductivity acquires its
maximum value dashed lines in Fig. 3b). In addition, in the low-
frequency limit, n«g, the real permittivity ε

0 acquires negative
values. These typical signatures of metallic spectral behavior are
broadly observed in various conductors [33] and they are clearly
seen in the THz spectra of the doped SWCNT films shown in
Fig. 3b,c,d. Metallic character of the THz spectra of the doped films
is also confirmed by their temperature evolution, as shown in Fig. 4:
while cooling, the THz conductivity grows up and the THz
permittivity ε

0 goes down, more to the negative values. As to the



Fig. 3. Room temperature spectra of transmission coefficient (a) at terahertz (dots) and
infrared (lines) frequencies of three SWCNT films, pristine, CuCl- and iodine-doped.
Infrared spectra of real (solid lines in panel b) and imaginary (dashed lines) parts of
the conductivity and imaginary (c) and real (d) parts of the permittivity were obtained
by spectral analysis of the transmission coefficient spectra, as described in the text.
Dots in panels (b, c, d) correspond to the directly measured THz values of conductivity
and permittivity. Straight dashed line in panel (c) indicated metallic dependence of the
imaginary part of the dielectric permittivity, expression (2). The inset shows shielding
effectiveness SE ¼ �10log(Tr) (Tr e transmission coefficient) for the iodine-doped film
calculated for different thickness using the measured spectra of conductivity and
permittivity. (A colour version of this figure can be viewed online.)

Fig. 4. Terahertz spectra of conductivity (a, c, e) and real permittivity (b, d, f) of
pristine, CuCl- and iodine-doped SWCNT films, measured at room temperature and at
10 K. (A colour version of this figure can be viewed online.)
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pristine films, along with the overall metallic character of the
frequency-temperature dependences of their conductivity and
permittivity at frequencies above z40 cm�1, some deviations are
observed at lower frequencies where additional factors start to play
role in the dynamics of the charge carriers condensate as will be
discussed later.

Having known that the terahertz spectral response of the
studied SWCNT films is determined by delocalized charge carriers,
we can apply Drude Eqs. (1) and (2) to process themeasured THz-IR
transmission coefficient spectra together with the directly deter-
mined THz conductivity and permittivity, in order to obtain the
broad-band spectra of conductivity and dielectric permittivity. (The
minima in the range 3000 to 25 000 cm�1 caused by interband
transitions were modeled with Lorentzian lineshapes). The results
of the corresponding spectral analysis are shown by lines in Fig. 3b,
c, d. Using the formalism of the Drude conductivity model and
corresponding expressions (1), (2) we can obtain the temperature
dependences of the effective charge carriers parameters: the
plasma frequency, the scattering rate, the concentration, the
mobility, the mean-free path and the collision time. The results are
presented in Fig. 5 and the room temperature values of the pa-
rameters are collected in Table 1.

Obviously, all these values are effective and characterize the
random network of large amount of nanotubes composing the films
with the filling factor <100%; in addition, the conductivity and the
permittivity spectra are determined not only by an intrinsic
response of the SWCNTs, but also by the inter-tube contacts. This
means that the obtained parameters' values are underestimated
when compared to the quantities characterizing individual
SWCNTs whose mobility (of order of tens of thousands of
cm2V�1s�1 [35]) and mean-free paths (of order of micrometers
[36]) are much higher. Nevertheless, the obtained numbers of the
charge carriers' parameters and their temperature dependences are
physically meaningful and agree with the data on the SWCNT films
available in the literature. We note that although the effective
scattering rate of the CuCl-doped film is larger than that of the
iodine-doped film, both its conductivity and plasma frequency still
exceed those of the iodine-doped film due to larger carrier
concentration.

As expected, the conductivity and the plasma frequency of the
doped films are considerably larger than these of the pristine film.
In accordance with the dc and low-frequency ac experiments (see,
for example, [31,39e41]), the THz conductivity of our films first
increases while cooling down. It is either saturated (iodine-doped



Fig. 5. Temperature dependencies of effective parameters of charge carriers of pristine, CuCl- and iodine-doped SWCNT films determined by fitting the THz-IR spectra within the
framework of the Drude conductivity model as described in the text. (a). Dc conductivity sdc (dots) determined by fitting the spectra with the Drude expressions (1,2) and con-
ductivity at a frequency of 10 cm�1 (dashed lines). (b). Plasma frequency. (c). Scattering rate. (d). Mobility. (e). Mean-free path. (f). Collision time. For the calculations the Fermi
velocity was taken as vF ¼ 8�107 cm s�1 [37]) and the effective mass as m* ¼ 0.2 me [38], where me is the free electron mass. (A colour version of this figure can be viewed online.)

Table 1
Effective room temperature parameters of charge carriers in pristine, CuCl- and
iodine-doped SWCNT films determined on the basis of the Drude model (Eqs. (1)
and (2)) description of conductivity and permittivity spectra: plasma frequency
npl, dc conductivity sdc, concentration n, scattering rate g, mobility m, collision time t

and mean-free path l ¼ vFt (with the Fermi velocity vF ¼ 8$107 cm s�1 [37]). For the
calculations the effective mass of the charge carriers were taken asm*¼ 0.2 me [38],
where me is the free electron mass.

Pristine þ iodine þ CuCl

npl (cm�1) 1350 2100 2340
sdc (U�1cm�1) 330 1070 1150
n (cm�3) 4$1018 9.9$1018 1.2$1019

g (cm�1) 93 70 80
m (cm2V�1s�1) 500 675 590
l (mm) 0.05 0.06 0.05
t (fs) 57 77 67
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sample) or slightly decreases below 150e200 K (pristine and CuCl-
doped samples). Since the plasma frequency of all samples is
basically temperature independent (Fig. 5b), such behavior should
be associated with the temperature variation of the scattering rate
and, correspondingly, of the mobility, mean-free path and collision
time (Fig. 5 c,d,e,f). By analogy with the analysis of the dc resistivity
experiments made in Refs. [30,41], we suggest that the mechanism
of the observed THz-IR absorption is determined by two contri-
butions to the dc/ac conductivity. The first contribution is con-
nected with the “intrinsic” conductivity of a separate SWCNTs or
SWCNT bundles, growing under cooling due to suppression of the
phonon scattering process. The second contribution is governed by
the fluctuation-assisted tunneling (FAT) of charge carriers through
the energy barriers at the inter-tube contacts [42] that becomes less
effective at low temperatures. The total static resistivity and con-
ductivity are then expressed as [43,44].

RdcðTÞ ¼ s�1
dc ðTÞ ¼ Aexp

�
�Tm

T

�
þ B exp

�
Tt

Ts þ T

�
: (3)
Here, Tm accounts for the backscattering of the charge carriers
within the SWCNT (SWCNT bundle), kBTt corresponds to the typical
energy barrier for the carrier tunneling, the ratio Tt/Ts determines
the tunneling in the absence of fluctuations, A and B are tempera-
ture independent factors (kB is the Boltzmann constant). Utilizing
this expression allowed to reproduce perfectly the temperature
dependence of the dc resistivity of pristine and doped SWCNT films
[30] and to estimate the relative values of the SWCNT and the FAT
contributions. It was also shown that the high-temperature re-
sistivity is mainly determined by the first term in (3), while the
tunneling mechanism becomes dominant below 100e150 K for
pristine films and belowz50 K for doped films. Unlike the dc data,
the present temperature dependences of the THz conductivity of
the pristine and of the doped films are qualitatively different. This is
demonstrated by Fig. 6a. Similarly to the dc conductivity, the THz
conductivity of pristine film reveals broad maximum centered
around 150e200 K whereas the s1(T) dependences of doped films
show monotonous increase towards low temperatures. The
distinction is further illustrated by the temperature variations of
the normalized THz resistivities of the doped films, Fig. 6 b,c,d, that
do not showany low-temperature upturn seen in the dc case. These
observations can be understood by taking into account the tunnel
barriers or the tunnel energy gaps that are, according to the FAT
model, experienced by delocalized charge carriers when they
attempt to cross the inter-tube contacts. The values of the gaps are
estimated as 1.4e1.6 meV (corresponding to the temperatures
Tt ¼ 16e18 K [30]) for pristine SWCNT films and as
0.2e0.25 meV (Tt ¼ 2e3 K [30]) for doped films where smaller gap
values can be caused by changes of the work function during
doping [45]. When studying the ac response of such carriers, their
measured parameters' values and temperature dependences will
be different depending on whether the quantum energy hn of the
probing electromagnetic radiation is smaller or larger than the
tunnel gap (h is the Planck's constant). For hn«kBTt the ac and the dc
conductivities will have close values and will have similar tem-
perature dependence (if there are no other low-energy processes



Fig. 6. Temperature dependences of normalized conductivities (a) and resistances (b,
c, d) of pristine, CuCl- and iodine-doped SWCNT films. Lines show the data from
Ref. [30]. (A colour version of this figure can be viewed online.)

Fig. 7. Room temperature spectra of electrodynamic parameters that characterize pristine an
skin depth d ¼ l(4pk)�1, real n and imaginary k parts of the complex refractive index n
XS ¼ s2ðs21 þ s22Þ

�1
. (A colour version of this figure can be viewed online.)
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involved). At high frequencies, hn[kBTt, the probing radiation will
not “feel” the presence of the small gap or the shallow energy relief,
and the charge carriers will respond to the ac field as if they are free.
For example, this kind of optical response is revealed by super-
conductors where the energy gap in the density of states strongly
influences the spectral response only at energies comparable or
smaller than the superconducting gap value; at much higher en-
ergies the response is indistinguishable from that of a simple metal
[46]. Similarly, no signs of the tunnel gaps of 0.2e0.25 meV (cor-
responding frequencies are 1.4e2 cm�1) are detected in our spectra
of doped SWCNT films that are measured at significantly higher
energies/frequencies, see Figs. 3 and 4.

In case of pristine film, however, the tunnel gap is large
(1.4e1.6 meV) and the corresponding frequencies (11-13 cm�1) fall
in the rangewhere themeasurements have been done. This leads to
a pronounced decrease at low temperatures of the ac conductivity
s1(10 cm�1), or to the growth of the normalized resistance (Fig. 6
a,b) since now the quantum energy of the radiation is not suffi-
cient to assist effective transition of the carrier over the potential
barrier; according to the Kramers-Kronig relations, decrease of
s1(10 cm�1) causes upturn in the lowest frequency permittivity
ε
0(n), Fig. 5d.

Finally, we comment on the published observations of the ter-
ahertz conductivity peak that was detected at frequencies ranging
from z0.4 THz [47] to z30 THz [8] but is not seen in our experi-
ments. We believe that themost likely reason for the absence of the
peak in the THz spectra of our SWCNT films is their high quality.
The SWCNTs are long (10e20 mm) and the potential barriers
impeding charge transport at the tube-tube contacts are rather low,
especially in the doped samples (0.2e0.25 meV only). This means
that our films can be considered as a network of SWCNTs with the
charge carriers being able to relatively easily overcome the barriers
at the intersections. This is in accord with our Kelvin-probe char-
acterization of the films demonstrating almost uniform electrical
potential over large arrays of the tubes, not significantly influenced
d doped SWCNT films: absorption coefficient a ¼ 4pk/l (l is the radiation wavelength),
* ¼ n þ ik, real Rs and imaginary Xs parts of surface resistance RS ¼ s1ðs21 þ s22Þ

�1
,
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by inter-tube contacts (Fig. 1). For the pristine SWCNTs, however,
the tunnel barriers are larger and this leads to partial localization of
the carriers and to the appearance of weak peak-like features in the
spectra (Fig. 3b).

To our knowledge, this is the first firm experimental evidence
for a metallic electromagnetic response of a macroscale SWCNT
films in an extremely broad frequency range, basically starting with
the dc limit up to the “fundamental” boundary given by the effec-
tive scattering rate of the charge carriers within the films. This is
realized due to a high chemical and physical quality of separate
SWCNTs and a low electrical resistance at inter-tube intersections.
Our results demonstrate great opportunities for using SWCNT
macrofilms in variousmicrowave and higher-frequency devices like
electromagnetic shields, conductive coatings, antennas, filters,
resonators, etc. As an example, we show in the inset of Fig. 3 the
frequency dependences of the electromagnetic shielding effec-
tiveness, SE ¼ �10log(Tr) where Tr is the transmission coefficient.
The dependences are calculated for different thicknesses of the
iodine-doped film using the measured spectra of its conductivity
and permittivity. When compared to other materials, like metals,
polymers or ceramics, the SWCNT films have significant advantages
due to their light weight, chemical and mechanical stability, flexi-
bility and high adhesion to substrates. We note that similar per-
formance at THz frequencies is demonstrated by multi-layer
graphene structures [48,49]. However, the advantage of macro-
scale CNT films is that they are mechanically firmer and can thus
be easier handled in their free-standing form. In Fig. 7 we present
room temperature spectra of some additional electromagnetic
characteristics of the studied three films that can be considered for
assessing possibilities of their use in various applications.

In conclusion, themeasured terahertz-infrared spectra of optical
conductivity and dielectric permittivity of high-quality pristine and
doped SWCNT films demonstrate typical metallic-like frequency
and temperature behavior. By using the formalism of the Drude
conductivity model we determine the temperature dependences of
effective parameters of free charge carriers that characterize the
films: plasma frequency, scattering rate, mobility. In pristine films,
clear signatures of the tunnel gap are detected that governs the dc
and the ac transport at low temperatures (below 100e150 K). We
demonstrate that the terahertz-infrared spectroscopy is an effec-
tive contactless technique that allows to study microscopic trans-
port mechanisms in carbon nanotube layers.
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