archives-ouvertes

Short-length carbon nanotubes as building blocks for
high dielectric constant materials in the terahertz range
Mikhail Shuba, Alesia Paddubskaya, Polina Kuzhir, Sergey Maksimenko,

Emmanuel Flahaut, Vanessa Fierro, Alain Celzard, Gintaras Valusis

» To cite this version:

Mikhail Shuba, Alesia Paddubskaya, Polina Kuzhir, Sergey Maksimenko, Emmanuel Flahaut, et al..
Short-length carbon nanotubes as building blocks for high dielectric constant materials in the terahertz
range. Journal of Physics D: Applied Physics, IOP Publishing, 2017, vol. 50 (n° 8), pp. 08LTO1.
10.1088/1361-6463 /225628 . hal-01538379

HAL Id: hal-01538379
https://hal.archives-ouvertes.fr/hal-01538379

Submitted on 13 Jun 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.archives-ouvertes.fr/hal-01538379
https://hal.archives-ouvertes.fr

OATAO

Open Archive Toulouse Archive Ouverte

Open Archive TOULOUSE Archive Ouverte (OATAO)

OATAO is an open access repository that collects the work of Toulouse researchers and
makes it freely available over the web where possible.

This is an author-deposited version published in : http://oatao.univ-toulouse.fr/
Eprints ID : 17898

To link to this article : DOI:10.1088/1361-6463/aa5628&
URL : http://dx.doi.org/10.1088/1361-6463/aa5628

To cite this version : Shuba, Mikhail and Paddubskaya, Alesia and
Kuzhir, Polina and Maksimenko, Sergey and Flahaut, Emmanuel and
Fierro, Vanessa and Celzard, Alain and Valusis, Gintaras Short-length
carbon nanotubes as building blocks for high dielectric constant
materials in the terahertz range. (2017) Journal of Physics D: Applied
Physics, vol. 50 (n° 8). pp. 08LTO01. ISSN 0022-3727

Any correspondence concerning this service should be sent to the repository

administrator: staff-oatao@listes-diff.inp-toulouse.fr



http://oatao.univ-toulouse.fr/
http://dx.doi.org/10.1088/1361-6463/aa5628
mailto:staff-oatao@listes-diff.inp-toulouse.fr

doi:10.1088/1361-6463/aa5628

Short-length carbon nanotubes as building
blocks for high dielectric constant materials
in the terahertz range

M V Shuba'!’, A G Paddubskaya?, P P Kuzhir'-*, S A Maksimenko'-,
E Flahaut*, V Fierro’, A Celzard’ and G Valusis®

! nstitute for Nuclear Problems, Belarus State University, Bobruiskaya 11, 220030 Minsk, Belarus
2 Center for Physical Sciences and Technology, Sauletekio st. 3, Vilnius LT-10222, Lithuania

3 Tomsk State University, 36, Lenin Avenue, Tomsk, 634050, Russia

4 CIRIMAT, UMR CNRS 5085, 31062 Toulouse Cedex 9, France

3> IJL, UMR Universite de Lorraine-CNRS 7198, ENSTIB, 27 Rue Philippe Seguin, CS 60036,
88026 Epinal Cedex, France

6 Faculty of Physics, Vilnius University, Sauletekio 9/3, Vilnius LT-10222, Lithuania

E-mail: mikhail.shuba@ gmail.com

Abstract

Due to the high polarizability of finite-length carbon nanotubes (CNTs) in the quasi-static
regime, they can be considered as building blocks for the fabrication of high dielectric
constant material. Our theoretical estimations, based on an effective medium approach and
solutions of a boundary value problem for individual CNT, predict that composite materials
comprising short-length CNTs can have very high dielectric constants (up to 300) and low
dielectric loss tangents (below 0.03) in the terahertz range. In order to prove this, 500—

1000 nm thick films comprising single- and multi-walled CNTs of both long (0.5-2 pm) and
short (0.1-0.4 um) lengths have been fabricated. The analysis, based on the time-domain
terahertz spectroscopy in the range 0.2—1.0 THz, demonstrated a decrease in the dielectric loss
tangents of the CNT-based materials with a reduction in CNT length. In the terahertz range,
the films comprising short-length CNTs had a relative effective permittivity with a large real
part (25-136) and dielectric loss tangent (0.35-0.60).
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1. Introduction

Electromagnetic parameters of individual carbon nanotubes
(CNTs) have been intensively studied over the past two
decades [1-7]. It has been shown that strongly slowed down
surface waves can propagate along metallic single-walled
CNTs (SWCNT) [1], SWCNT bundles [3], and multi-walled
CNTs (MWCNTs) [4]. Standing surface waves occur in finite-
length SWCNTSs at A\~ 2L [5, 6], where L is the nanotube
length, and ) is wavelength of the surface wave. Resonant
excitation of these waves by incident plane waves results in
a length-dependent antenna resonance in the polarizability
spectra of CNTs [6]; this is also called localized plasmon
resonance (LPR) [8]. LPR causes experimentally observed
terahertz conductivity peaks in MWCNT- and SWCNT-based
composite media [9-11].

As discussed in [7], there are three regimes in which CNT
interact with electromagnetic fields: quasi-static (at frequency
range f<f,, f; being the frequency of the first antenna reso-
nance), intermediate (or resonant, f= f;), and dynamic ( f > f;).
In the dynamic regime, the finite-length effect is negligibly
small, the CNT absorption cross-section is proportional to the
tube conductivity, and the imaginary part of the tube polar-
izability exceeds its real part. In the quasi-static regime, the
real part of the carbon nanotube polarizability is practically
the same as that at zero frequency, and energy dissipation
is strongly suppressed by the screening effect. The latter is
caused by a depolarizing field that almost compensates the
axial component of the incident field [7].

For short-length (L ~ 250 nm) and long-length (L~ 1 ;im)
SWCNTs, the terahertz resonances are expected at f; ~ 12 THz
and f, ~ 3 THz, respectively [10]. This means that the quasi-
static regime for short length tubes includes the terahertz
range, f < 2 THz.

In the present study we report for the first time an obser-
vation of the quasi-static regime in the terahertz range for
both short-length single- and multi-walled CNTs. Our invest-
igation includes fabrication, measurement and analysis of the
terahertz effective permittivity of thin films comprising both
long (L > 0.5 pym) and short (L < 0.3 pgm) CNTs.

Previously, the alternating-current conductivity and the
effective permittivity of CNT films in the terahertz range have
mainly only been studied experimentally [12—17]. The real
part of the relative permittivity Re(es) and the dielectric loss
tangent tan 6 = Im(eegr)/Re(eerr) of SWCNT films have been
evaluated to be in the ranges 10-10* and 1-5, respectively
[12, 13, 18]. A high value of tan ¢ can be explained by two
factors: (i) the use of long-length tubes (>0.5 um) for film
preparation; (ii) electrical contact between tubes resulting in
the formation of a conductive network and partial suppression
of the finite-length effect.

The fabrication of high constant dielectric terahertz mat-
erials is a real and important task. They concentrate the energy
of terahertz frequency light into a small volume, thus ena-
bling a reduction in the size of passive elements for terahertz
optics. Moreover, these materials may be useful in the produc-
tion of high-contrast periodic materials (or metamaterials) in
the terahertz range. For these purposes, media with Re(eegr)

maximized and tan 6 minimized are needed. Our investigation
aims at demonstrating the potential for application of short-
length CNTs as building blocks for high dielectric constant
terahertz materials.

2. Theoretical consideration

In this section, we will theoretically consider a CNT-based
composite material, where a high density of nanotubes are
dispersed homogeneously throughout the material, and where
each tube is electrically isolated from others. In this case, the
electromagnetic parameters of the composite material will be
primarily determined by the properties of the individual tubes.

Following the work of Slepyan [8], we used the adopted
Waterman—Truell formula to estimate the relative effective
permittivity of composite material containing CNT inclusions:

1 [e'e}
Sen) = 51 + 303 | o nmwaL,

where ¢, is the relative permittivity of the host material;
g0 =8.85x 10712 F m™!; the function N(L) describes the
number density of the inclusions of type j with radius R; and
length L; the factor 1/3 in (1) is due to the random orientations
of the CNTs; and oy is the axial polarizability of inclusion,
calculated using the integral equation technique described in
[6], [19] and [7] for SWCNT, SWCNT bundle and MWCNT,
respectively. Equation (1) ignores the electromagnetic inter-
actions between inclusions in the composites, i.e. it is valid
when all the inclusions can be considered to be electrically
isolated from each other.

In our calculations we used ¢, = 1 and the volume frac-
tion occupied together by the inclusions was F = 20%. For
simplicity, each composite material considered contained
identical inclusions. To calculate the axial conductivity of
the metallic SWCNTSs, the doped semiconducting SWCNTs,
and the metallic shells of the MWCNTSs, we used the Drude
formula [1] with an electron relaxation time of 40 fs for the
SWCNTs [8] and 10 fs for the MWCNTSs [20].

Figure 1 shows the calculated frequency dependence of the
real part of the relative effective permittivity Re(eefr) and the
dielectric loss tangent tan § of composites with different, but
consistent within each sample, nanotube lengths. Let us note
that figure 1 shows the relative effective permittivity in the
frequency range below the LPR of the SWCNT, and the lines
are discontinuous at the LPR. Due to the finite length effect
[6], an individual, isolated SWCNT has a polarizability with
a large real part Re(a) and a small imaginary part Im(c) in
the quasi-static regime. This regime occurs up to 1 THz for
L =400nm and 10 THz for L = 100 nm.

As one can see in figure 1, in the terahertz range, SWCNT-
based composite materials behave like a high-dielectric constant
material. In particular, for composites containing CNTs with a
tube length of L =400nm, Re(eer) = 1000 and tan § < 0.1 at
f < 1 THz. For composites containing CNTs with a tube length
of L =200nm, Re(eefr) &~ 320 and tan § < 0.1 at f < 3.5 THz.
Finally, for composites containing CNTs with a tube length of
L = 100nm, Re(egr) ~ 90 and tan 6 < 0.1 at f < 10 THz.
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Figure 1. Frequency dependence of (a) Re(eefr) and (b) tan § for a
composite comprising metallic zigzag (12, 0) individual SWCNTs
with nanotube lengths L € {100, 200, 300, 400, 500, 700, 1000} nm.

Figure 2 shows the frequency dependence of Re(e.s) and
tan ¢ for composites comprising identical metallic SWCNTs,
undoped and doped bundles of SWCNTSs, and individual
MWCNTs at the same length and volume fraction of the
inclusions. After comparing the parameters of composites
containing different CNT inclusions, we can conclude that
the individual SWCNTSs are the most appropriate for produc-
ing high dielectric contrast materials in the terahertz range.
All the considered CNT inclusions have approximately
the same polarizability; however, the number density of
SWCNTs is much higher than that of other types of CNTs.
This explains one advantage SWCNTSs have over other types
of tubes.

The parameters of the composite comprising MWCNTSs of
different diameters are described theoretically in [7]. Let us
note that since the number density of MWCNTs in the film is
higher for thinner tubes, and MWCNT polarizability slightly
depends on the number of walls in the quasi-static regime [7],
a higher terahertz permittivity is expected for the films com-
prising thinner MWCNTs.

As shown in figure 2(b), for composites comprising doped
and undoped bundles of SWCNTs, doping leads to an increase
of Re(eegr) and to a decrease of tan 6. The LPR frequency is
higher for doped bundles [3] resulting in the observed lower
energy dissipation in doped bundles than in undoped ones. As
the electron relaxation time is shorter for MWCNTs than for
bundle of SWCNTSs, the value of tan § is lower for SWCNT
bundle than for MWCNT-based composite (see figure 2(b)).

Let us note that the fabrication of composites with non-
percolating tubes with high tube volume fraction is a non-
trivial task, as SWCNTs tend to aggregate even at F' = 1%
due to electrostatic interaction. Meanwhile, the tendency to
the high Re(ecsr) and low tan § predicted in figures 1 and 2
occurs even in the network of short-length CNTs. In section 3
we will experimentally show that SWCNT-based films com-
prising short length CNTs (with L < 300 nm) behave like high
dielectric constant materials in the terahertz range, i.e. they
have Re(eqrr) > 100 and tan 6 < 0.5.
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Figure 2. Frequency dependence of (a) Re(es) and (b) tan §

for composites comprising identical individual (12, 0) metallic
SWCNTs, undoped or doped SWCNT bundles, and MWCNTs.
Each bundle has a diameter of 3.5nm and comprises five
semiconducting tubes with indexes (13, 0) and two metallic tubes
with indexes (12, 0). The conductivity of the semiconducting
tubes in the doped bundle should be the same as for the

metallic SWCNTs. The MWCNTSs have an outer diameter of
4.6nm and comprise 9 shells with chiral indexes (8p + 12, 0),
pe<{0,1,2,...,8}. Consequently, they possess two consecutive
semiconducting shells, which are followed by a metallic shell. Each
inclusion has length of 250 nm.

Table 1. Details of the samples prepared: D, L,, and A are diameter,
mean and standard deviation of the length of the SWCNT bundles
and the individual MWCNTs, respectively. Ip/Ig is the ratio of

the integrated area of the D-band to that of the G-band in Raman
spectra at an excitation wavelengths of 532nm.

Sample type L, (um) A (pm) D (nm) I/l
Long SWCNTs 0.80 0.40 1-5 0.17
Short SWCNTSs 0.20 0.12 1-3 0.28
Long MWCNTSs 0.50 0.21 820 1.30
Short MWCNTSs 0.19 0.08 820 1.30

3. Experimental results and discussion

In our experiment we used different CNT materials: (i) puri-
fied SWCNTs (Nanointegris Technology Inc., Batch PO568)
produced by gas-phase catalysis (HIiPCO process) with an
average diameter of 1 nm, and a purity exceeding 95%; and (ii)
MWCNTs produced by CVD (Bayer Baytubes) with a length
of <1 pm, an inner diameter of ~4nm and an outer diam-
eter of ~13nm. We also did experiments with double-walled
CNTs; all the data concerning this material are presented
in supplementary data (stacks.iop.org/JPhysD/50/08LTO1/
mmedia)®. Short-length CNTs (50-300nm) were prepared
using a soft cutting approach developed in [21].

CNT films were fabricated via the vacuum filtration technique
[22]. The film thicknesses d, measured with the profilometer
Veeco Dektak 6 M, were in the range of 300—1000nm. In order to

8 See supplementory data for details of the CNT cutting method, CNT
film preparation and characterisation, as well as the experimental data for
double-walled CNT films.
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Figure 3. Frequency dependence of (a) Re(eefr) and Im(eegr), (b) tan 6, and (c) Re(oegr) for SWCNT samples comprising short and long

carbon nanotubes.

dope SWCNT thin films, droplets of 1 M HNO; were placed on
samples and allowed to dry for 12h. This process leads to p-type
doping of SWCNTs [23]. Details of the sample preparation and
characterization are presented in supplementary data’.

The length and diameter of SWCNT bundles and indi-
vidual MWCNTs, obtained using atomic force microscopy
(AFM, Solver P47 PRO, NT-MDT, Inc.), are collected in
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Figure 4. Same as figure 3, but fora MWCNT film.
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Table 2. Real part of the relative effective permittivity

Re(ecsr), dielectric loss tangent tan 8, and real part of the effective
conductivity Re(ougr) for CNT films comprising short and long
carbon nanotubes at 0.75 THz.

table 1. One can see from table 1 that the applied cutting strat- ~ Long SWCNTs

egy effectively reduced the CNT lengths. Cutting also led to
partial debundling of the SWCNTSs: i.e. the maximal bundle

diameter was reduced after cutting.

¥ See footnote 8.

Re(oetr)

Sample type Re(eesr) tan (Sem™1)

360 1.6 200
Doped long SWCNTSs 660 2 500
Short SWCNTs 73 0.4 12
Doped short SWCNTs 136 0.35 19
Long MWCNTs 48 1.7 32
Short MWCNTSs 25 0.6 5
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Figure 5. Frequency dependence of (a) Re(eefr), (b) tan 6, and (c) Re(oegr) for samples comprising SWCNTSs, both before and after doping.

Raman spectroscopy was used to estimate the crystalline
quality of the CNTs. Measurements were performed using
the Raman spectrometer combined with the confocal micro-
scope Nanofinder High End (Tokyo Instruments) with 532 nm
wavelength laser excitation. A ratio of the integrated area of
the D-band (1300-1350cm™") to that of the G-band (1520-
1600cm™") Ip/Ig was taken as a measure of the CNT crystal-
line quality [21]: the lower the value of Ip/lg, the lower the
concentration of sidewall defects in the CNTs. The value Ip/Ig
is presented in table 1 for short- and long-length CNTs. Small
changes in the ratio Ip/Ig indicate that cutting slightly disturbs
the crystalline structure of the CNTs.

The measurements of the complex transmission were
conducted under normal incidence in the frequency range
f€(0.2,1) THz by means of time-domain terahertz spectrom-
etry (EKSPLA, Vilnius Lithunia) with a femtosecond laser
(wavelength 1 pm, with a pulse duration of less than 150 fs)
and a GaBiAs photoconductive switch. Typical terahertz
pulses with and without the samples, as well as the transmis-
sion spectra are shown in supplementary data'’. Spectra of the
effective permittivity of the CNT films were calculated using
the Fourier transform of the measured time-domain signal.

Figures 3 and 4 show the frequency dependencies of Re(eest),
Im(ecsr), tan 6, and the real part of the effective conductivity,
Re(oetr) = eowlm(eegr), of the samples comprising short and
long SWCNTs and MWCNTs. As shown in figures 3 and 4,
all the values of Re(ees), Im(eefr), tan 8, and Re(oufr) decrease
drastically as the average length of the tubes decreases by
about three times (from 0.5-1 pgm to 100-300 nm).

In order to quantitatively compare the parameters of the
different types of CNT films, the values Re(es), tan d, and
Re(oegr) for different samples at 0.75 THz are given in table 2.
One can see from table 2 that, for SWCNT and MWCNT sam-
ples respectively, cutting leads to a reduction in the value of
Re(oesr) by about 17 and 6 times and in the value Re(ec¢r) by

10See footnote 8.

about 5 and 1.9 times. As a result, the loss tangent decreases
by 4 and 2.8 times after cutting of SWCNTs and MWCNTs,
respectively.

Simultaneously with quantitative variations of the terahertz
parameters we observed their qualitative changes. Resonance
and dynamic regime of long-length CNT interaction with
the terahertz field [7] leads to high energy dissipation in the
CNTs. Long-length CNT samples could be associated with
metallic films for which the value of Re(ogr) is high and
tan 6 > 1. Quasi-static regime of short-length CNT interac-
tion with terahertz radiation causes small energy dissipation
preserving high value of the real part of the CNT polarizabil-
ity. The parameters of short-length CNT samples are close to
that of high dielectric constant terahertz materials with high
Re(eqfr) and tan § < 1. As follows from table 2, out of all CNT
types, the SWCNTs are the most perspective nanoparticles
for fabrication of high dielectric constant material for the
terahertz range. Thin film comprising short SWCNTs demon-
strates Re(eer) = 73 and tan 6 = 0.4 at 0.75 THz. We believe
that loss tangent could be reduced if the SWCNTs were elec-
trically isolated from each other in the film.

Figure 5 shows the frequency dependence of Re(e.s), tan 6,
and Re(oesr) for SWCNT films before and after the doping by
nitric acid. Acid complexes attached to the tube walls cause
p-type doping effects [23] which leads to the ‘metallization’
of the semiconducting SWCNTs and a blue shift of the LPR in
SWCNT bundles [19]. As shown in figures 5(a) and (c), doping
leads to an increase of both Re(e.sr) and Re(ougr). Since dop-
ing reduces intertube contact conductance, the depolarizing
field diminishes and terahertz energy dissipation in SWCNTs
increases. This explains the increase in the loss tangent tan ¢ at
lower frequencies (<0.5 THz) after doping (see figure 5(b)).
Comparison of the terahertz parameters given in table 2 for
SWCNT films before and after doping demonstrates a dou-
bling of the value of Re(e.s) and a slight reduction of tan § at
0.75 THz due to the doping process. So, for doped SWCNT
film, we obtained Re(e¢r) = 136 and tan 6 = 0.35at 0.75 THz.



This is very promising for the application of short-length
SWCNTs as building blocks for high dielectric constant mat-
erial in the terahertz range. Let us note that the real part of the
relative permittivity of known low loss dielectric materials in
the terahertz range generally does not exceed 100 [24].

The frequency dependency of the value Re(oer) in
figures 3-5(c) do not follow the Drude law for all the CNT
samples (we observed ORe(ou¢r)/0w > 0, which is the opposite
of that predicted by the Drude law). Moreover, the frequency
dependence of Re(our) is stronger for short tubes than for
long ones. Non-Drude-like behavior appears due to the LPR
at higher frequencies (>1 THz), caused by the finite-length of
the tubes in the SWCNT samples. The shorter the tube length,
the higher the LPR frequency, and the stronger the finite-length
effect in the considered frequency range. As was observed
in experiments [10], LPR occurs at about 6 and 30 THz
for long (=1 pm) and short (~0.2 pm) SWCNT bundles,
respectively. The LPR in short-length MWCNTs is expected
to lie in the range f€ (10,40) THz, however it is suppressed
by interband electron transitions at the large shell diameters
(>5nm) [4]. The LPR in long MWCNTs (>1 pum) has been
observed in [11] and theoretically described in [7].

As there is no theoretical model tacking into account CNT
coupling, and as CNT-based media are quite complex (there
is a distribution over length and diameter of CNT bundles),
we cannot describe theoretically our experimental data.
Meanwhile, we have shown that the tendency to the high
Re(oesr) and low tan 6 (predicted for composite of electrically
isolated CNTs) occurs even in the network of electrically cou-
pled short-length CNTs. Probably, this is due to the quite high
intertube contact resistance, which results in the low coupling
of adjacent tubes in our samples.

4. Conclusions

The effective medium theory has been applied to explain the
relative effective permittivity of composite material compris-
ing electrically isolated CNTs. Comparative analysis has been
done for composites containing individual SWCNTs, doped
and undoped SWCNT bundles, and MWCNTs at a high
(20%) volume fraction. It has been found that among differ-
ent modifications of CNTs, individual short-length SWCNTs
(L <400nm) are the most promising inclusions for fabrica-
tion of high dielectric constant material in the terahertz range.

Thin films comprising (i) doped and undoped SWCNT
bundles, and (ii) individual MWCNTs of different lengths
(about 1 and 0.2 pum) have been fabricated and studied by
terahertz time-domain spectroscopy over the frequency range
from 0.2 to 1 THz. It has been shown that a reduction in the
CNT length leads to a decrease in the dielectric loss tangent
of the films, while preserving a high value of the real part of
the relative effective permittivity. Experimental data proved
that the quasi-electrostatic regime occurs in the terahertz
range for all the short-length CNTs considered. Fabricated
film comprising bundles of doped SWCNTs, each with a
length of about 200nm, has Re(es) = 136 and tan 6 = 0.35
at 0.75 THz. The value Re(eq) can be increased if one uses

individual tubes instead of bundled ones. Alignment of the
tubes will lead to an increase in the component of the permit-
tivity tensor in the direction of the tube axis. This will enable
the fabrication of high relative dielectric constant anisotropic
terahertz materials.
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