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Abstract

We investigated terahertz-infrared electrodynamic properties of wafer-scale films composed of
plasma-treated single-walled carbon nanotubes (SWCNTSs) and films comprising SWCNTSs
grown with different lengths. The spectra of complex conductance of the films were measured at
frequencies 5-20 000 cm™ and in the temperature interval 5-300 K. Terahertz spectral response
of films of pristine SWCNTs is well described with the Drude conductivity model and a plasmon
resonance located at <100 cm™'. Stepwise treatment of the films with oxygen plasma led to a
gradual suppression of the Drude spectral weight from the low-frequency side. For films with the
nanotubes shorter than 1 um, i.e., close to electrons mean free path and localization length,
scattering of charge carriers at the nanotubes edges is shown to additionally contribute to the
carriers scattering rate and to the damping of plasmon resonance. The temperature coefficient of
ac resistance (ac TCR) in both kinds of films is found to strongly increase in amplitude during
cooling and frequency decrease. The values of ac TCR increase in films with longer time of
plasma treatment and nanotubes with shorter length but reach saturation in films with exposure

time longer than =100 s or composed from SWCNTs shorter than 1 pm.
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1.Introduction

Among the existing carbon nanomaterials and nanostructures, a particular interest is devoted to
wafer-scale films comprising a network of randomly oriented single-walled carbon nanotubes
(SWCNTs). Such films possess a remarkable combination of physical and chemical properties -
enormous mechanical stability, large effective surface-to-volume ratio, stretchability and
flexibility, low weight (compared to metallic analogs), high adhesion to various substrates,
chemical inertness, exceptional electrical and optical properties. In addition to that, large (tens of
square centimeters) and thin (down to a few nanometers) free-standing films can be easily
manufactured by inexpensive methods, making such networks very promising for designing
various electronic devices and elements, like transparent electrical conductors and electrodes,
coatings and electromagnetic shields, polarizers, modulators, reflectors, and antennas.
Appropriate characteristics are provided by pronounced metallicity of high-quality networks of
pristine or doped SWCNTs, with their dc and ac (microwave, terahertz, far-infrared)
electrodynamics mostly governed by delocalized charge carriers that can freely travel within
separate nanotubes and relatively easily overcome (tunnel or hop over) potential barriers at
nanotubes' intersections [1-7]. Additional prospects for using the SWCNTSs in electronics are
opened up by specific enhancement and tuning of their performance, e.g., with chemical or laser
treatment [8,9] or exposure to plasma [10]. Though such treatment can reduce the metallicity of
SWCNTs, they acquire additional functionalities due to defect sites/states or chemical functional
groups generated at their walls [10—12] that can be used for the fabrication of chemical and
biological sensors, radiation generators, detectors, polarizers and modulators, for conductance
control in SWCNT-based field-effect transistors [2,13—16]. For example, we have recently
shown that exposure of SWCNT films to oxygen plasma allows fine-tuning of their electronic

properties, in particular, enhancing the temperature coefficient of resistance (TCR) in



comparison with that of pristine SWCNTSs, and reaching high sensitivity, short response time,
smooth spectral characteristics and low noise level of infrared bolometers [10].

In order to make the most efficient use for potential applications of the properties of
networks of pristine or treated SWCNTs, detailed knowledge is needed of the mechanism of
electrical charges dynamics, the character of their interaction with defects introduced by various
treatments and of the nature of these defects states. Terahertz-infrared (THz-IR) spectroscopy is
an excellent method to obtain relevant information. This contactless technique has been
successfully applied in [5,6] to characterize charge transport mechanisms of wafer-scale films of
high-quality pristine and doped (with I, CuCl, AuClz) SWCNTs. It was shown that the THz-IR
electrodynamic response of the films is almost fully dominated by unbound charge carriers with
a weak gap-like feature detected in the spectra below 0.3 THz. This feature appears due to
energy barriers experienced by the carriers at the intersections between SWCNTs. The barriers
lead to a partial localization of carriers that manifests as a relatively weak (spectral weight
significantly smaller than that of the free-carrier Drude component) plasmon-like excitation
located around 100 cm™. A similar approach was utilized in [17-19] to characterize THz-IR
spectra of thin films of SWCNTs of different average lengths; the authors claimed that the THz
response of the films is of plasmonic nature and can be described with the model of the localized
plasmon resonance.

Here, we present the results of the first studies of an influence of oxygen plasma treatment
on the THz-IR electrodynamics of wafer-scale films comprising SWCNTs. We show that while
the THz-IR response of pristine films is nearly fully determined by quasi-free charge carriers, a
stepwise exposure of the films to oxygen plasma results in gradually increasing etching away of
the sub-terahertz spectral weight in the conductance spectra with a corresponding decrease of the
dc conductance. The observed changes are interpreted on a phenomenological level and are
related to the appearance of defects induced by plasma treatment, holes, and chemical functional
groups at the nanotube walls that create additional scattering centers and potential barriers for
carriers on their pathways which lead to progressively increasing scattering and localization of
the carriers. Based on the THz-IR experiments performed on films made of SWCNTs of
different lengths, we show that the effect of plasma treatment on the electrodynamics of the films
is qualitatively similar to that observed in the films with a shorter average length of SWCNTs

within the films. The temperature coefficient of resistance of both kinds of films is analyzed.

2.SWCNT films preparation and characterization
The SWCNT films for plasma treatment (duration up to 420 s, power of 100 W, and pressure of

0.3 mbar) were synthesized by an aerosol CVD method, based on ferrocene vapor decomposition



in the atmosphere of carbon monoxide, and deposited on a nitrocellulose filter in the form of
individual and small diameter bundles. After that, the films were dry-transferred onto metallic
rings with a clear aperture =10 mm and utilized in spectroscopic experiments in a free-standing
form. Films with different lengths of SWCNTs (0.3, 1, 6, and 13 um) were synthesized by
varying the experimental conditions (temperature and CO concentration), as described in [20]
where also the SWCNT’s length distribution in various films is analyzed. For spectroscopic
measurements they were deposited on a 5 um thick polyethylene (PE) substrate that is
transparent for THz and IR radiation. The average nanotube lengths were determined by
transmission and scanning electron microscopy (Philips CM200 FEG and JEOL JSM-7500F).
The SWCNT network morphology was also studied by atomic force microscopy (Veeco
Dimension 5000, Veeco Instruments). The transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) images of the pristine and plasma treated films are
presented in Figure 1 (a) and (b), respectively. It is clearly seen that the oxygen plasma
treatment does not change the morphology of the SWCNTSs. Exposure to plasma introduces a
large number of defects in the walls of carbon nanotubes, as is mostly pronounced in TEM
images. In the right image on in (a) panel, there are metallic catalytic particles in the edges of
nanotubes. These particles remain almost intact after the plasma treatment but become covered
by several layers of probably metal carbide (left image in (a)) [10]. The particles are seen more
clearly also on SEM images of treated samples (b) due to etching of large amount of carbon
nanotubes in plasma. The plasma treatment causes appearance of large number of structural
defects with subsequent oxidation. This was confirmed by XPS analysis in our previous work
[10]. The oxidation leads to the appearance of carboxy, hydroxy, epoxy and carbonyl functional
groups on the defects. The analysis also showed the increase of number sp3- hybridized C atoms
associated with defectiveness compared to pristine nanotubes which are mainly consist of sp2-
hybridized carbon.

We determined the spectra of real and imaginary parts of complex conductivity
o*(v,T)=o1(v,T) +i02(v,T) and of complex dielectric permittivity e*(v,T) =¢'(v,T) +i&"(v, T) of
the films from the spectra of complex (amplitude and phase) transmission coefficient measured
with the TeraView time-domain spectrometer at frequencies in the range from v=5 cm™ up to
v=100 cm’!. The spectra of transmission coefficients 77(v,T) of the samples in the infrared range
were measured using the Bruker Fourier-transform spectrometer Vertex 80V. The home-made
and commercial optical helium-flow cryostats were used to examine the materials in the
temperature interval 7=5 — 300 K. All measurements were performed in transmission mode, as

shown in Figure 1(c). Broadband THz-IR spectra of electrodynamic response (complex



permittivity and conductivity) of the films were obtained by a combined analysis of THz and IR

data as described below.
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Figure 1. (a,b) Microscopic characterization of pristine and plasma-treated carbon nanotubes
films by (a) Transmission Electron Microscopy (TEM) and (b) Scanning Electron Microscopy
(SEM). (c) Scheme used for measurements of temperature-dependent spectra of terahertz
complex conductance and infrared transmission. For terahertz and infrared experiments
commercial TeraView time-domain spectrometer and Fourier-transform Bruker Vertex 80V

spectrometer were used.

3.Results and discussion

In Fig.2 we show the spectra of transmission coefficients and real and imaginary parts of
conductance of films with plasma-treated SWCNTSs and composed of SWCNTs with different
lengths. In the infrared region, above 3000 cm™', distinct minima in transmissivity and the peaks
in conductance spectra are observed, which are related to the well-known interband transitions
between 1D van Hove singularities [21]. The wavy structure between 200 and 2000 cm™ in
Fig.2a is connected with the Fabry-Perot effect, i.e., interference of radiation within PE film. At
lower far-infrared (FIR) and THz frequencies, the transmission coefficient spectra of both kinds
of films look similar and show gradual growth after exposure to plasma and in films with shorter

nanotubes length. We first analyze the spectra obtained for SWCNT films with different lengths.
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Fig.2. Panels a-c: Room-temperature terahertz-infrared spectra of transmission coefficient (a), effective real
conductance and surface resistance (b), and effective imaginary conductance (c) of SWCNT films composed of
SWCNTs with two different average lengths (1 um and 13 um) on a 5 um thick polyethylene substrate. Dots
correspond to directly measured spectra, lines — least-square fitting results with the Drude model describing free
carriers' response and Lorentzians modeling infrared interband transitions and terahertz plasmon resonance, as
described in the text. The transmission coefficient spectrum of the PE substrate is shown by the orange line on panel
(a). The grey-shaded area in panel (b) shows the absorption band due to plasmon resonance for the film with 13 um
long SWCNTs; the dotted line corresponds to fitting when the plasmon band is not taken into account. Inset in (b):
temperature dependence of parameters of plasmon resonance — damping y and oscillator strength /. Inset in (c):
spectra of the real part of permittivity of the two films (calculated assuming films with thickness 100 nm) with
corresponding fits. Panels d-f: Room-temperature terahertz-infrared spectra of transmission coefficient (d), effective
real conductance and surface resistance (e), and effective imaginary conductance (f) of free-standing SWCNT films
composed of pristine SWCNTs (black color) and of SWCNTs treated with the plasma during 90 s (green color) and
180 s (red color). Dots correspond to directly measured conductance spectra; the solid lines for pristine film indicate
least-square fitting results with the Drude model (Eq2) describing free carriers response and Lorentzians (Eql)
modeling infrared interband transitions and terahertz plasmon resonance. As discussed in the text, for plasma-treated
films, the Drude fit was not possible, and the terahertz spectra were modeled with an artificial Lorentzians

contribution; the so-obtained spectra of o1d and o»d are shown with dashed lines.

Due to the high porosity of the films, their boundaries cannot be specified precisely.

Therefore, we discuss our results without assigning a certain thickness to any of the films and



without specifying their internal structure, as we did in [5,6]. For that, we use the model of a
complex conducting surface developed in [22] for thin conducting layers. The frequency-
temperature dependent complex conductance of such layer is given by

Y, T) = o1(v,T)*d + ioo(v,T)*d, where o1 and o, are the real and imaginary parts of the layer
conductivity and d is its thickness if the layer is homogeneous. We obtain spectra of real and
imaginary conductances of SWCNT films shown in Fig.2b,c by least-square processing of the
transmission coefficient spectra. The expression for the transmission coefficient of a two-layer
system (PE substrate and SWCNT film) is given in [23]. Here we process the spectra of
transmission coefficients together with directly measured real and imaginary THz conductances
using the same method as was previously employed in papers [5,6]. Minima in transmissivity
above =3000 cm™ are modeled with regular Lorentzian expression that is written for dielectric
permittivity as

g)=eW +ie"(v) = vzf—, (1)

—v2+ivy

where f=Asw? is the oscillator strength, Ac is the dielectric strength (dielectric contribution), vo is
the resonance frequency, and y is the damping factor. Lower-frequency spectra are determined
by delocalized charge carriers and are modeled with the Drude expression for the complex

conductivity [24,25]:

ox(V)-d=0,(v)-d+ioy(v)-d= (‘WD +i "‘WD> -d, (2)

y5 +v2 vs +v2
where g, is the dc conductivity, and yp is the charge-carrier scattering rate. In order to
consistently describe the transmissivity and conductance spectra, we had to introduce an
additional term in the form of an absorption band located around 100 cm™! (shaded area in
Fig.2b) that is modeled with the Lorentzian expression (1). The band corresponds to the
plasmonic resonance of charge carriers that are partly confined by potential barriers at the
intersections of SWCNTs [5,6]. According to the inset in Fig.2b, the parameters of the band are
practically independent of the temperature, which is in agreement with the results of [5,6]. The
response of films with relatively long (13 um) SWCNTs is well described by the Drude
conductivity model above 30-40 cm™'; here, the real part of THz permittivity attains large
negative values [inset in panel (c)] - typical signature of metallic response. Deviations from the
Drude behavior below 30-40 cm™ [see also the inset in panel (c)] are discussed below. When the
nanotube's length becomes shorter, strong "deformation" of the films' Drude-type spectral
response is observed, which is seen as an overall decrease of the real and imaginary parts of THz
conductance and of the absolute value of real THz permittivity. Corresponding evolution of the

THz real conductance spectra are shown in more detail in Fig.3: a broad peak progressively



develops in the spectra and shifts to higher frequencies, finally above 100 cm™ for the film with
0.3 um long SWCNTs. Similar behavior was detected in the studies of the dependence of THz
conductivity on the SWCNT length in [18] and also obtained from calculations based on

Waterman—Truell formula in [19].
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Fig.3. Terahertz spectra of the real part of conductance of SWCNT films composed of SWCNTs with different average
lengths as indicated, measured at two different temperatures. Dots+lines show experimental data, dotted lines in panels
(a,b,c) indicate results of least-square fitting of spectra of SWCNT films using the Drude conductivity model (2) to
describe the response of delocalized carriers and Lorentzian expression (1) to describe plasmon resonance at around
100 cm!. Such fitting is not possible at low temperatures for films composed of SWCNTs of 1 um length and at all
temperatures for the films consisting of SWCNTSs with a 0.3 um average length, as described in the text. Vertical bars
indicate the roughly estimated values of crossover frequencies v, below which deviations from Drude-like response

are expected, as discussed in the text.

We qualitatively interpret the observed phenomena basing on our earlier findings [6],
considering three features that determine the THz-IR electrodynamics of SWCNT films: (a)
contribution from delocalized carriers described by the Drude conductivity model; (b) relatively
weak absorption band around 100 cm™ connected with plasmonic oscillations of carriers
localized between intersections of SWCNTs in the films; (c) a gap-like feature at or below =10
cm™' (0.3 THz) caused by tunnel barriers, experienced at low temperatures by the carriers at the
SWCNTSs' contacts. All these mechanisms manifest themselves in the spectra of the film with 13
um long nanotubes. The observed progressing etching of the low-frequency part of the real THz
conductance spectral weight in the films with shorter nanotubes can be qualitatively understood

by assuming increasing partial localization of charge carriers between the edges of SWCNTs in



shorter SWCNTSs. At high temperatures, the thermal energy kg7 (kg is the Boltzmann constant)
is large enough to assist carriers to overcome potential barriers created by such edges so that the
response is Drude-like. In contrast, at low temperatures, the carriers get stuck in-between, with a
corresponding decrease of the low-frequency conductance, see Fig.3c,d. The crossover
frequency vco, below which deviations from the Drude response should be observed, can be
roughly estimated as veo=VF(2L)"' where Vr is the Fermi velocity and L is the nanotube length. It
is assumed here that if during half-period (2v)" of the probing electromagnetic radiation (i.e.,
when the electric field vector is pointing in one direction) the charge carrier travels the distance
Ve*(2v)'<L that is shorter than the nanotube length, it will not "feel" the localizing barriers and
respond Drude-like. The inverse proportionality to the SWCNT length of the peak frequency in
the THz conductance spectra (that is supposed to be related to ve,) was observed experimentally
and also follows from the Monte Carlo simulations of the dynamical response of charges located
within 1D metallic "boxes" [18]. The values of v¢, obtained with the Fermi velocity Ve=10® cm/s
[26] are indicated by vertical bars in Fig.3b,c,d and correlate well with the maxima in the room-
temperature real conductance spectra; at low temperatures, additional suppression of the THz
conductance seen at frequencies v>v¢, can be caused by tunnel energy gaps.

The above oversimplified qualitative considerations agree with the predictions of more
rigorous theoretical models developed for linear conducting chains of variational lengths and
one-dimensional disordered lattices [27-29]. It had been shown in the referred papers that at high
enough temperatures and/or frequencies when charge carriers localization effects are not
dominant, the electrodynamics of such systems can be described by the Drude formalism with
nearly frequency-independent conductivity and permittivity at frequencies significantly lower
than scattering rate, v<<yp. In the opposite case, localization of carriers leads to suppression of
the low-frequency conductivity that grows with frequency as o1~V* (s<1) following the Mott's
hopping conduction concepts [30,31].

In Fig.4 we present the obtained dependences of the Drude condensate and plasmonic
resonance parameters on the nanotube length. For films with SWCNT lengths in the range 1-13
um, the Drude scattering rate of charge carriers yp=50-80 cm™' remains practically unchanged
and close to that in films with pristine SWCNTs [5,6]. The scattering rate shows a strong
increase for films with £L=0.3 um. The closeness of this value to the carriers' mean free path
(0.05-0.1 um) and localization length (=0.4 um) [6] means that for films with L<1 pm, the
additional scattering of carriers at nanotubes edges becomes essential. Decrease of the dc
conductance in films with shorter SWCNTs should be attributed to both strengthening of the
scattering process and a certain reduction of free carrier's concentration due to their growing

involvement in the plasmonic oscillations. This is evidenced by the noticeable increase of



spectral weight f of the plasmon resonance, see Fig.4b. Note that the growth of the plasmon
oscillator strength is strongest again in films with SWCNTs length L<1 um, when the length of
the nanotubes becomes comparable with plasmon localization length. According to Fig.4c, the
scattering of carriers on SWCNT edges contributes also to the damping of plasmonic oscillations
characterized by the damping factor y. The position of the plasmonic resonance fy shifts to high
frequencies for shorter SWCNTs, in accordance with theoretical expectations giving fo=Vp(nL)™!

where Vp=4Vr is the plasmon velocity [32].
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Fig.4. Dependence on SWCNTSs' average length of effective parameters, dc conductance oq4.d and scattering
rate yp, Eq. (2), of quasi-free charge carriers in the SWCNT films (a) and of parameters of plasmon excitation,

oscillator strength £, dielectric strength Ae, damping y, and frequency f;, Eql (b,c).

We now consider the results obtained for plasma-treated SWCNT films. From Fig.2d,e,f,
and Fig.5, it is seen that exposure to plasma leads to the changes in the transmissivity and
complex conductance spectra of the films that look similar to those observed for films with
variable SWCNT length. It was not possible, however, to apply the Drude formalism (Eq.2) to
model the spectra of the films treated for times longer than 90 s (minimal exposure time used in

our experiments). We associate this with a disordered character of defect states and/or chemical



functional groups generated at the walls of SWCNTSs during plasma treatment. The
corresponding distributions of effective lengths (distances between the introduced defects) of
conducting pathways in the SWCNT network, of the values of charge carriers scattering rates yp
and of crossover frequencies vc, should inevitably affect the THz-FIR dynamics of the carriers.
As a result, the analysis using Eq.2 with a single yp value, as was done above for the spectra of
SWCNTs with different lengths, becomes inadequate for plasma-treated films. Due to the same
reasons, we were not able to extract any quantitative information on the plasmonic resonance in
these films. To obtain their broad-band THz-IR conductance spectra, we had to formally model
the IR transmission coefficient and THz conductance spectra of the films with a set of several
(three) artificial Lorentzians, Eqgs.1. The results of such analysis are shown with dashed lines in

Fig.2d,e.f.

Frequency (THz)
0 1 2 3
T T T T U
20 pristine |
10
0 1 I 1 I 1 I 1 I 1
3 " 300K .
=~ 2F -
m,c} 1} 10 K -
2 - 105 s 1
S 0 1 | 1 | 1 | 1 | 1
S 08 | i
b
i 300 K i
! O/TMW 7
I 20K 180's |
0.0 f | L | L | L | L
20 300 K —
- 10K 420 s A
0.0 L | L | L | L | L
0 20 40 60 80 100

Wavenumber (cm™)

Fig.5. Terahertz spectra of the real part of conductance of SWCNT films composed of pristine SWCNTs (top
panel) and SWCNTs treated with the plasma during different times as indicated (lower panels), measured at two
different temperatures. Dots+lines show experimental data, solid lines in panel (a) indicate results of least-square

fitting of spectra of SWCNT film composed of pristine SWCNTs using the Drude conductivity model (2) to



describe the response of delocalized carriers and Lorentzian expression (1) to describe plasmon resonance at around
100 cm!. Such fitting was not possible for plasma-treated films, as described in the text. The relatively larger
conductance of the film that was irradiated for 420 s is due to the larger thickness of this film and to the
correspondingly larger amount of pathways charge carriers can travel in the bulk of the film due to a larger number
of resistive intertube contacts in parallel; as a result, the conductance is enhanced, while the effect of longer

treatment fits the overall tendency of shifting of the peak position of the bump towards higher frequency.

Previously, we have demonstrated that exposing SWCNT films to oxygen plasma allows
for tuning of their electronic properties that can help meet requirements in the production of
broad-band infrared bolometers [10]. One of the main parameters responsible for the bolometric
sensitivity of the films, the temperature coefficient of the static resistance (dc TCR), was shown
to grow significantly after plasma irradiation and during lowering the temperature down to 100
K. The effect is connected with the enhancement of sensitivity to temperature variation of the dc
sheet resistance Ryq of the films since thermal energy kg7 assists charge carriers in overcoming
potential barriers generated during plasma exposure. From Fig.6, one can see that irradiating the
films with plasma, as well as growing the films with shorter SWCNTs length, lead to similar
effects also in ac case, i.e., at THz frequencies: the absolute value of ac TCR grows up during
cooling (Fig.6b,e). The absolute values of the obtained ac (0.3 THz) TCR at 7=100 K (-0.1%...-
0.2%/K for 105 s irradiation time; -0.2%...-0.3%/K for 0.3-1 um long SWCNTSs) are significantly
smaller than the corresponding dc data of [10], =-3% for 75 s exposure time. The reason is that
the sheet resistance gets higher at lower frequencies (Fig.6a,d) towards the dc limit where it is
more effectively affected by heating or cooling: in the dc case, the charge carriers experience the
finer structure of the localizing potential than in the ac case, the result being correspondingly
larger temperature derivative of the dc resistance (i.e., TCR) typically observed in disordered
conductors [30,31]. This is demonstrated in Fig.6c¢,f, where the frequency dependence of ac TCR
of both kinds of SWCNT films is shown. The ac TCR ceases to depend on frequency above 60
cm’! (above 2 THz), where also the shielding effectiveness of SWCNT films weakens [5]. Both
phenomena are caused by the diminishing role of the Drude charge carrier condensate in the ac
response at frequencies v>yp (according to Eq.2), where yp is in the range 50-100 cm™ (¢f. Fig.4a
and the data obtained in [5,6]). It is worth noting that the ac TCR flattens at high plasma
exposure times (longer than 100 s) and in films with short (below 1 pm) SWCNTs, see Fig.7; the
same tendency towards saturation is noticed for dc TCR (see inset in Fig.4a in [10]). The
flattening can be considered as a precursor of TCR reduction in the films that are exposed to
plasma for a very long time when SWCNTs become severely damaged and lose their peculiar

electric properties. We can thus say that treating the SWCNT films with oxygen plasma with the



used power of 100 W for times longer than =100 s or making films with SWCNT shorter than 1-

0.3 um will not lead to noticeable enhancement of TCR.
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4.Conclusions

We measured the temperature-dependent (temperatures 5-300 K) terahertz-infrared (frequencies
5-20 000 cm™) spectra of complex conductance of wafer-scale films composed of pristine and
oxygen plasma-treated SWCNTs. For comparison, the same spectroscopic experiments were
performed on films comprising SWCNTs with different lengths. We found that plasma
irradiation had similar effects on the condensate of delocalized charge carriers as that observed
in films with shorter SWCNTs. While THz-IR conductance spectra of films with pristine
SWCNTs are well described by the Drude formalism with account taken of a plasmon-like
resonance at 100 cm™!, progressive exposure to plasma or growing films with shorter nanotubes'
length lead to the gradual development of a gap-like feature in the terahertz response. We
observed and qualitatively interpreted the SWCNT length dependence of the effective Drude
parameters of the charge carriers (scattering rate and the dc conductance) and plasmonic
resonance parameters (frequency position, oscillator strength, and damping). For films with
nanotubes shorter than 1 um, i.e. close to electrons mean free path and localization length,
interaction of charge carriers with the nanotubes' edges was shown to additionally contribute to

the carriers scattering rate and to the damping of plasmon resonance whose frequency position



increases in accordance with theoretical predictions. Due to the disordered character of induced
defects, no quantitative information on the parameters of Drude condensate and plasmonic
resonance in the plasma-treated films could be obtained. The temperature coefficient of ac
resistance in both kinds of films was found to strongly depend on temperature and frequency.
The absolute values of ac TCR increased for plasma-treated films with a longer treatment time
and films with shorter nanotubes, but saturated for films with an exposure time longer than ~100

s or composed by SWCNTs shorter than 1 um.
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