UNIVERSITY OF

EXETER

ORE

TITLE

Influence of nanotube length and density on the plasmonic terahertz response of single-walled carbon
nanotubes

AUTHORS
Karlsen, P; Shuba, MV; Beckerleg, C; et al.

JOURNAL
Journal of Physics D: Applied Physics

DEPOSITED IN ORE
06 June 2018

This version available at

http://hdl.handle.net/10871/33092

COPYRIGHT AND REUSE

Open Research Exeter makes this work available in accordance with publisher policies.

A NOTE ON VERSIONS

The version presented here may differ from the published version. If citing, you are advised to consult the published version for pagination, volume/issue and date of
publication


http://hdl.handle.net/10871/33092

Journal of Physics D: Applied Physics

ACCEPTED MANUSCRIPT

Influence of nanotube length and density on the plasmonic terahertz
response of single-walled carbon nanotubes

To cite this article before publication: Peter Karlsen et al 2017 J. Phys. D: Appl. Phys. in press https://doi.ora/10.1088/1361-6463/aa96ef

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2017 IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 144.173.132.111 on 30/10/2017 at 17:10


https://doi.org/10.1088/1361-6463/aa96ef
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-6463/aa96ef

Page 1 of 11 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-114332.R1

1

2

3

4

5

6 .

7 Influence of nanotube length and density on the

8 . .

9 plasmonic terahertz response of single-walled

10 carbon nanotubes

11

12 1 2 1 2

13 P Karlsen', M V Shuba®, C Beckerleg', D I Yuko“, P P

14 Kuzhir?, S A Maksimenko?, V Ksenevich?, Ho Viet?, A G

15 Nasibulin*®, R Tenne®, and E Hendry'

16 I School of Physics, University of Exeter, Stocker Road, EX4 4QL, United
Kingdom

17 2 Institute for Nuclear Problems, Belarus State University, Bobruiskaya 11,

18 220050 Minsk, Belarus

19 3 Department of Physics, Belarus State University, Nezalezhnastsi Avenue 4,

20 220030 Minsk, Belarus

21 4 Skolkovo Institute of Science and Technology, Skolkovo Innevation Center,
Building 3, Moscow 143026, Russia

22 5 Department of Applied Physics, Aalto University, School of ScienceyP.O. Box

23 15100, FI-00076 Espoo, Finland

24 6 Department of Materials and Interfaces, Weizmanf Institute.of Science,

25 Rehovot 76100, Israel &

2 E-mail: peterkarlsen88@gmail.com, mikhail.shuba®@gmail.com

gm

27

28 Abstract. We measure the conductivity spectra of thin films comprising

29 bundled single-walled carbon nanotubes (CNTs) of different average lengths in the

30 frequency range 0.3—1000 THz and temperature interval 10-530 K. The observed

31 temperature-induced changes in the terahertz conductivity spectra are shown to
depend strongly on the average CN'E. length, with a conductivity around 1 THz

32 that increases/decreases as the temperature increases for short/long tubes. This

33 behaviour originates from, the temperature dependence of the electron scattering

34 rate, which we obtain from, Drude fits of the measured conductivity in the

35 range 0.3-2 THz for 10 pm length CNTs. This increasing scattering rate with
temperature results in a subsequent'broadening of the observed THz conductivity

36 peak at higher temperatures and a shift to lower frequencies for increasing CNT

37 length. Finally, we showthat the change in conductivity with temperature

38 depends not only ontube léngth, but also varies with tube density. We record the

39 effective conductivities of composite films comprising mixtures of WSo nanotubes
and CNTs vs CNT density for frequencies in the range 0.3-1 THz, finding that

40 the conductivity, increases/decreases for low/high density films as the temperature

41 increases. This effect arisés'due to the density dependence of the effective length

42 of conducting pathways in the composite films, which again leads to a shift and

43 temperature dependent broadening of the THz conductivity peak.
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1. Introduction

Optical and electronic properties of single-walled car-
bon nanotubes (CNTs) have been under investigation
for over two decades due to their fascinating physical
properties and exciting potential for advanced applica-
tions |1H5]. Subsequent studies in the low-frequency,
far infrared, terahertz and gigahertz ranges, led to
proposing CNT-based composites as effective func-
tional materials with tailored electromagnetic proper-
ties for these ranges [6H3].

One significant observation that has attracted
much attention is a peak in the conductivity of CNT-
based composites in the THz range, observed for the
first time, to our knowledge, by Bommeli et al. |[9]. Two
different mechanisms of its origin have been debated in
literature. An interband transition corresponding to a
small THz-range gap inherent to metallic CNTs [10]
(finite radius effect) has been proposed as a possible
mechanism of a non-Drude-like behaviour of CNTs in
THz range [11,[12]. An alternative mechanism has
been proposed by Akima and Slepyan et al. [13,[14]
as manifestation of the localized plasmon resonance in
finite-length CNT's, which we denote the finite-length
effect. 'Theoretical modelling [15] and experimental
observations [16,/17] substantiates the dominant role
of the finite-length effect in the THz peak origin, at
least at room temperature. While the two explanations
are not mutually exclusive, understanding the true
origin of this THz peak is key to a number of
potential CNT applications [7]. However, due to
the inherent difficulty in fabricating iselated CNT
samples, most measurements have been carried out
on mixtures of CNTs with various/distributions in
length, density, thickness, chirality and bundle-size,
and fabricated using a variety of techni&ues [11.15,16,
18-21]. Moreover, different temperature dépendencies
of the THz conductivity for CNTsshave been reported
[1722H24] demonstrating the temperature dependence
to be frequency dependent. Zhang et al. [17] shows
a weak temperature mariation in the CNT films
conductivity below 3 THz, while the temperature has
been shown to have a much more significant effect
on the electronic transport properties of (i) nanotube
composites at GHz frequenties [21,25], and (ii) CNT-
films in the mid-infrared range [26].

In thig’ paper, using terahertz time-domain
spectroscopy (THz-TDS), we investigate the influence
of tube length and density on the temperature
dependence of the THz conductivity spectra for thin-
films comprising single-walled CNTs. Using films with
different»tube concentration we observe a plasmonic
THz peak which is related to the effective length of
conducting pathways in the CNT network. Due to
this{ plasmonic behaviour, the frequency dependent
conductivity is influenced by both tube length and

density. This can in turn determine‘the response
as a function of temperature, giving tise to a
THz conductivity that increases and .decreases with
increasing temperature for the cases (of low and high
tube density, respectively.

2. Theoretical background

Throughout this paper, we choose to ‘describe the
frequency dependent electromagnetic response of the
CNT-films in terms of /the real part of the complex
effective conductivity, Re(o(v)), and real part of the
relative permittivity; Re(e(w, as in references [11L|15]
16},27529]. These are related through

1o (1)
() =1+ 550 1)
where ¢ “=0.8.85 x 10712Fm~! is the vacuum

permittivitynand 'w.is the frequency. We note that
equation assumes an isotropic conducting dielectric
material. Since our films consist of unaligned CNTs
oriented ‘mainly in the plane of the film, their in-
plane effective’ conductivity and permittivity can be
considered to be isotropic, with their relation described
by equation .

We begin our theoretical analysis by considering
how_tube length is expected to influence the THz
conductivity resonance (referred to here as the finite-
length effect). It is straightforward to show that tube
length is expected to determine the peak frequency, as
well as the temperature dependence of the conductivity
spectra. Our carbon nanotubes samples (see Sec.
contain mostly bundled CNTs, which are assembled
into a percolating network. For now, we consider
only a diluted composite containing isolated, randomly
oriented CNT bundles. We will show that for this
composite the temperature dependence of the THz
conductivity spectra is affected by the finite-length
effect in the CNTs. We use the Waterman-Truell
formula to estimate the effective relative permittivity
of a composite material [15] through

1 o
WWF%MﬂM;AaWMM@w )

where the function N; (L) describes the number density
of the CNT bundles of type j with radius R; and
length L, and ¢, is the relative permittivity of the
host material. The factor 1/3 in equation is due
to the random orientations of the inclusions; and o;
is the axial polarizability of CNT bundle, calculated
using the integral equation approach [30]. We note that
equation ignores the electromagnetic interactions
between inclusions in the composites. The real part of
the effective permittivity can be found as Re(o.rs) =
2mveolm(ecyy).
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In our calculations we use €, = 1 and the volume
fraction occupied by the inclusions is ¢ = 20%. For
simplicity we calculate the effective conductivity of a
composite comprising identical bundles of either 1 ym
or 10 pum in length. Each bundle consists of 7 tubes:
two metallic tubes (12,0) and five semiconducting
tubes (13,0) with energy gap of 0.816 eV and chemical
potential of 0 eV. Here (m,n) denotes the chiral
indices of the tubes. The axial conductivity of the
metallic CNT is approximated by the Drude formula
[31], defined by an electron relaxation time 7 = 1/7,
where v is the electron scattering rate [15]. The THz
conductivity of the semiconducting CNTs is supposed
to be negligibly small and does not contribute to the
THz response of the bundle.

Figure [1| shows Re(ecsr) and Re(ocfs) of the
CNT composite for different lengths L and electron
scattering rates . The resonance at 5 THz for L =1
pm and the broad peak at 0.8 THz for L = 10 pm
are due to the well known finite-length effect in CNT's
[14,[15). Interestingly, the largest variation in both
Re(eeyrs) and Re(oes ) occurs in the locality of the THz
resonance. In the range v € (0.1,1) THz, dependencies
of the conductivity on the scattering rate for short and
long tubes are different: both Re(e.rs) and Re(ogsp)
decrease as v increases for long-length tubes (L =10
pum), while the opposite occurs for shorter tubes (L =1
pum) as highlighted by the insets. This behavieur arises
due to the difference in response on and off resonance:

Since the dominant scattering mechanismy for
CNTs is expected to be acoustic phonen scattering [32]
(i.e. the scattering rate is expected to increase with
increasing temperature, T') we can concludethat, if
the effective conductivity is plasmonic in originy its
temperature dependence will be determined by CNT
length. For long tubes (tens of micr&s) the finite-
length effect is negligibly small in thé THz range and
the effective conductivity, decreasés with increasing
temperature.  This is expected for the intrinsic
conductivity of an individual tube [32]. For shorter
tubes, the temperature dependence will be weaker and
the conductivity may, even increase with increasing
temperature in the THz region./This behavior can be
characterized by alerossover frequency, where the value
of ORe(ocsyr)/0T! changes sign.

As was recently shown [26], the temperature
induced medification “of the infrared conductivity
spectra of thin CNTfilms can occur due to the strong
temperature  dependence of unintentionally doped
semicenducting tubes with Fermi energy located close
to the top of the valence band. To demonstrate possible
contribution of these tubes to the THz conductivity
spectra, we calculated the same CNT-composite as in
figurel|ilf but assuming that (13,0) CNTs with energy
gaplof 0.816 eV has a chemical potential of 0.4 eV and

i o a
—~ 3000} _emT T ‘-af)
E I" \\. ,"
S . Sy
%) § s
= 2000[4, G S
& .
g 1000F polo—-— "] y
09 1 =
0 \
10000 " " T
®) ——L=ym, v = 25 THz
- —-L=1pm, =20 THz
= l o - - - = ——L =10 pm, v =25 THz
w® 50001 ~ ==L =10pm, v =20 THz| T
@
4
O.
10° 10°
Frequency (THz)

Figure 1: s, Calculatedr frequency dependence of

(a) Re(oess) and (b) Re(ecsr) at different carbon
nanotube lengths L and electron scattering rates +.
The insets show azoomed area of their respective plots,
highlighting the subtle differences for L = 1 pm when
varying the S(zlttering rate.

electron scattering rate for all the tubes in the bundle
is 7 = 25 THz. For this case the static conductivity of
thersemiconducting CNTs, calculated using the model
presented in [26], is about 8 times smaller than that of
metallic CNTs.

In figure we present the values of Re(ecsy)
and Re(o.ss) for a composite containing identical
bundles of 1 pm in length at 50 K, 300 K, and
530 K, i.e. the temperature induced change in the
conductivity is due to varying the electron Fermi-
distribution function of the system. We note that in
reality the scattering rate is expected to increase with
temperature [33,/34], however in this case we choose a
single scattering rate to show the effect of the Fermi
distribution. One can see in figure [2] that the THz
peak is expected to blue-shift slightly on increasing the
temperature. In absence of a temperature dependent
scattering rate, this effect arises due to an increase
of the conductivity of the semiconducting tubes with
temperature and, consequently, to the increase of the
surface wave velocity in the CNT bundle [35]. The
model predicts no temperature induced shift of the
THz peak for composite comprising individual doped
CNTs. This is discussed in section [l and confirmed
in the supplementary material section S1, where we
compare the data for bundled and unbundled CNT
samples. Similar results were claimed in [30] with
respect to the doping effect: substitutional doping
leads to the blue-shift of the THz conductivity peak
for a composite comprising bundled tubes; there is no
shift if tubes are individual.
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3000 @ (s-CNT, L < 300nm, film thickness of 600"hm) were
’g also prepared via the vacuum filtration technique. To
@ 20007 obtain short tubes, highly purified (99%)HiPco CNTs
% with diameters of 0.8-1.2nm (Nanolntegris In¢y), were
< 10001 cut by ultrasonic treatment of the material in a mixture
@ of nitric and sulfuric acids [40].
0 Since the observation of a conductivity threshold
1000 () in polymer/carbon nanotubé compesites [41] much
3 . research has been dedicated‘to fabricating CNT-based
—~ 500 \ composite materials withempercolated networks and
%a: understanding their optical andselectrical responses
x of [20]. An ongoing issue with preparing CNT composite
materials is aggregation, since tubes tend to be
500 electrostatically attracteéd to each other instead of

10° 10°

Frequency (THz)
Figure 2: Calculated frequency dependence of (a)
Re(ocsys), and (b) the Re(eqrr) at 50, 300, and 530 K
for the composite medium with bundled CNTs. Each
bundle comprises doped semiconducting tubes.

3. Sample preparation

To study the influence of tube length on (the
temperature induced modification of THz conductivity
spectra we prepared three types of films comprising
CNTs in bundled form, where the average dengths of
the CNT bundles in the films varies significantly:

(i) Free-standing films comprising long length
single-walled CNTs (I-CNT, L ~ 10 pmn, film thickness
of 42 nm) with diameters of approximatelyyl.6 nm was
prepared via the aerosol chemical vapour deposition
method [36,37].

(ii) Free standing films comprisingmedium/length
single-walled CNTs (m-CNT, L € (0.3,2) pm, average
length of about 1 pm, film thickness of 500 nm)
were prepared via the vacuum filtration technique
[38]. Briefly, a material of mon-purified High Pressure
Carbon Monoxide (HiPco)»CNTs, with diameters of
0.8-1.2 nm (Nanolntegris Ine.), were dispersed by
ultrasonic treatment (Ultrasonic device UZDN-2T, 44
kHz, maximum power) for 1/hour in an aqueous
suspension with A% Sodium-Dodecyl-Sulfate (SDS).
Ultrasonic treatmentcut the initially long tubes down
to a length of upsto 1-2 pm |39]. Then, the suspension
was centrifuged at 10000g for 15 minutes. Strong
centrifugation leads to purification of the tubes and
removesrsaggregated 4ubes. The suspension was then
filtrated through a membrane, causing a film to collect
on the filter. This film was then washed to remove all
surfactanty, Finally, the filter paper was dissolved by
acetone and the film was transferred on to a metallic
frame with,a hole of 8 mm in diameter.

(iii) Thin films of short length single-walled CNTs

dispersing uniformly” throughout the host material.
To study the influence<‘of the tube density on
the temperature induced modification of the THz
conductivity, we prepared a hybrid composite material
consisting of, well:dispersed and non-aggregated m-
CNTs (mixed “with non-conductive inorganic WS,
nanotubes (INT)."INTs were synthesized in the large
scale fluidized bed reactor (see details in [42]). INTs
have diameters 20-180 nm and lengths 1-10 pm; they
are semiconducting with a bandgap of 2 eV, and are
transparent and non-conductive for THz frequencies.
INT material was dispersed in 1% SDS aqueous
solution for 30 min by ultrasonication and then the
suspension was immediately centrifugated for 15 min
at 300g to remove aggregated INTs. The suspensions of
INTs and m-CNTs were mixed in different proportions
and then filtrated to obtain thin films with thickness
between 0.7 and 12 um. The quantity of both m-
CNTs and INTs in suspensions before mixing was
controlled via ultraviolet-visible spectroscopy (RV2201
spectrophotometer, ZAO SOLAR, Belarus). This
provided us with films of different volume fractions
of CNTs. The films were transferred to 10 pm
thick PTFE and 1 mm thick quartz substrates for
terahertz and microwave measurements. Finally the
films on quartz substrates were annealed at 500°C for
30 minutes. Film thickness was measured with the
profilometer Veeco Dektak 6 M.

The prepared CNT/INT composite samples were
investigated using a Scanning Electron Microscope
(SEM), see figure this clearly demonstrates the
successful dispersion and non-aggregation of the CNT's,
since the nanotubes are dispersed evenly in the
sample and no dense particles comprising ten or more
nanotubes can be observed. Finally, in supplementary
material section S1 we compare the bundled m-
CNT/INT samples with similar hybrid samples of
unbundled Arch-Discharge single-walled CNTs and
show that terahertz conductivity of the composite
is higher for individual than bundled CNTs. To
estimate the crystalline quality of the CNT material,

Page 4 of 11
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e

Figure 3: SEM image of samples comprising INTs and
m-CNTs. The thick white tubes are INTs and the
thin white curves are the CNT network. Note that the
CNTs are well dispersed among the INTs.

Raman spectroscopy was applied (see supplementary
material section S2). Raman spectra were obtained
using a Raman spectrometer combined with a confocal
microscope Nanofinder High End (Tokyo Instruments)
at an excitation wavelength of 532nm.

4. Experimental measurement and analysis

With normally incident light, the optical-density spec-
tra were obtained in the ranges 0.1-2 THz, 2-270,THz,
and 270-1000 THz using THz-TDS (EKSPLA, Lithua-
nia), a Fourier-transform infrared spectremeter’ Vertex
70 (Bruker), and an RV2201 spectrophotometer (ZAO
SOLAR, Belarus), respectively, see stipplementary ma-
terial section S3 for details: Data obtained in the range
1.5-3 THz has an error of ‘@about, 20% because of high
level of noises.

To investigate the temperature dependence of the
THz conductivity in the range 10-300 K, we employed
a Terahertz TimesDomain Spéctroscopy (THz-TDS)
setup with access to & clesed ‘eycle helium cryostat
(ARS) [43]. THz pulses with a bandwidth of 0.3-
2 THz were generatedrand detected by commercially
available Photoconductive Antennas (PCAs) from
Batop using 'a 40 MHz, 1064nm, femtosecond fibre
laser from Ekspla: From direct measurement of the
complex transmission coefficient of our samples, the
conduectivity and dielectric function was obtained using
13) (see below).

The same THz measurements in the range 300—
530 K were done in air using a home-made furnace-
style heating sample-holder. In order to remove doping

effects from air molecules such as HoO and' O, which
are non-covalently attached to the CNT walls, each
sample was maintained at temperatureof 530 K for 10
min resulting in a reduction of samplée conduectivity of
approximately 20%, before starting thexmeasurements,
and subsequently cooled from 530 K to 300K while
performing the THz measurements. We note that
the sample conductivity was restored in one day after
the heating due to the adsorption of air molecule on
the CNTs. The microwave measurements at 30 GHz
were performed at room temperature by waveguide
method [44H46] using a scalar network analyzer R2-
408R (ELMIKA, Vilnius, Lithuania). Static electrical
conductivity of thin film§ was measured using a four-
point linear probe technique:

One method for. determining the permittivity ex-
perimentally is via the eomplex transmission function
t(v), which ean be determined indirectly from trans-
mittance'spectra viathe Kramer-Kronig relations ,
or directly fromhtime-resolved measurements such as
THz-TDS. By measuring the electric field £ transmit-
ted'throughythe sample and a corresponding reference
field E,epn(im our case, either the quartz substrate
along, €guart: = 1.962, or air, €4, = 1 in the case
of free-standing films), the permittivity of the sam-
ple can be obtained from its transmission coefficient
t(w),= E/E,.; by solving the Fresnel equation of the

system [43]:

r— t12t23 exp(2i7wd2(ﬁ— \/a)/c) (3)
t13(1 — ro1rog exp(4imyvy/eada/c))’

where t;; = 2\/€/(Ve + (/€) and r; = (Ve —

V&) / (Ve + /€) are the Fresnel transmission and

reflection coefficients for normal incidence, ¢; is the

permittivity and d; is thickness of region ¢. In our

case, region 1 and 3 are the incident and transmitted
regions, respectively, and region 2 is the CNT thin-film.

5. Experimental Results and Discussion

5.1. The finite-length effect

While many groups have observed a broad THz
conductivity peak in CNTs, its origin has been debated
for some time . The peak was claimed
to be associated either with a small-gap interband
transition or with a localized plasmonic
resonance [14H17]. However, both mechanisms
contribute simultaneously and cause the appearance
only one terahertz peak [15]. As was shown in [15], the
contribution of the finite-length effect is dominant at
room temperature, when the gap energy is less than
or comparable to the average thermal energy. The
dependence of the THz peak frequency on CNT length
has been experimentally shown in [16], giving clear
evidence of a plasmonic resonance in these materials.


http://www.arscryo.com/
http://www.batop.com/index.html
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In the present section we demonstrate experimen- 400
tally the influence of the tube length on the temper- € 399
ature dependence of the THz conductivity spectra for @8/
CNT thin films. Good qualitative agreement of the — % 200
experimental results with theoretical predictions made % 100l
in section [2] confirm the plasmonic nature of the CNT &
response in the terahertz range. Figure [4 shows con- 208

ductivity spectra of the real part of the effective con-
ductivity Re(ocs¢) and the real part of the effective
permittivity Re(e.rs) measured at 323 K and 473 K
for s-, m-, and [-CNT films. The optical density spec-
tra for these films are shown in supplementary material
section S1. As shown in figure[d] the spectra for m- and
s-CNT films have a broad peak at 4 THz and 10 THz,
respectively. The spectra of [-CNT films demonstrates
Drude-like behaviour.

We note that the average diameter of [-CNTs
differs from that of m-, and s-CNTs. It has
been demonstrated previously that the polarizability
and conductance of an individual single-walled CNT
slightly depends on its diameter in the frequency
range below interband transitions [15]. In terms of
the effective conductivity of the CNT film, the tube
diameter can influence this via intertube tunnelling or
by varying the tube number density in the samples,
however its contribution to the frequency of the
terahertz peak is much smaller than from the finite-
length effect. This was shown experimentally for
samples with different average tube diameters, of 0.8;
1, and 1.4 nm [16].

The temperature dependencies of the calculated
spectra in figure [I] and measured spectra, in figure []
are very similar. Namely, in the ranged0-3<1THz, (i)
long tubes I-CNTs (L ~ 10pm) demonstrate stronger
temperature dependence than shorter tubes m-/and s-
CNTs (L < 2pum), (ii) The conductivit% of'l= and m-
CNTs decreases with increasing temperature, while the
opposite is true for s-CNTgs. This'can be explained by a
decrease of the electron scattering rate with increasing
temperature. As predicted.from the model of localized
plasmon resonance in figure {1} the THz peak shifts to
higher frequencies as the length decreases, resulting in
a weakening of the temperature response.

As shown i figure for m- and s-CNTs,
the THz peak shifts{to & slightly higher frequency
with increasing, temperature. We associate this
small temperature-induced shift with the temperature
dependence of the eonductivity of some fraction of
the doped, semiconducting tubes. This effect was
demoustrated in figure 2] of section [2] for composite
comprising bundled tubes. As follows from the
model, “ this shift does not happen for individual
tubes.  This is supported by our measurements
conducted for individual electronically separated tubes
(seg¢'supplementary material section S1).

ol &S S 3:;:':,,.:
&% -200 ‘ = £
& . scaled by01 :
-400 —o-s-CNT¢323 K “¢—m-CNT, 323 K —=|-CNT, 323 K
—8-5.CNT, 473 K=#=m-CNT, 473 K —+—|-CNT, 473 K
-600

102 10" 102 10°
Freguency (THz)

Figure 4: Frequency dependence of (a) the real part of
the effective conductivity Re(oess), and (b) the real
part offthe effective permittivity Re(eers), obtained
from Jbroadband optical density measurements at 323
K and 473 K for s-, m-, and I-CNT films. Note that
thie datarfor t{le [-CNTs have been scaled by 0.1.

400 T
(a)
€ scaled by 0.1
O
&
5
L
9]
(4
0 scaled by 10
1000 | | " (b) " scaled by 10
500 f—9-0—0—6—e—0—g-0—g—0-—g-0g-c—p-c-e- Voo o
Sl R —c—o
E or ~ T ~ <] s 2 4
5 |
-500 scaled by 0.1

1000+  |~®—s-CNT, 100 K <~ m-CNT, 100 K =—I-CNT, 100 K
~6-5-CNT, 300 K ——m-CNT, 300 K —&—I-CNT, 300 K|

0.4 0.6 0.8 1 1.2 1.4
Frequency (THz)

Figure 5: Frequency dependence of (a) Re(oeyf), and
(b) Re(eesy), obtained from THz-TDS measurements
of s-, m-, and [-CNT films at 100 K and 300 K. Note
that the data for I- and s-CNT have been scaled by 0.1
and 10, respectively.

Figure [5] shows spectra of Re(o.s) and Re(eesy)
measured for s-, m-, and [-CNT films at low
temperature 100 K and 300 K. The behaviour of
the conductivity and permittivity for these films are
qualitatively the same as in high temperature range
300-530 K (figured)) and agrees well with the predicted
finite-length response in figure [I] showing opposite
temperature dependencies for short and long CNTs.
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5.3. Percolation Effects

While it is clear that temperature dependent scattering
effects are sufficient to explain the conductivity
temperature dependences of our CNT samples with
tubes of varying length, this cannot by itself account
for the huge variety of temperature dependences
reported in the literature [17}/22-25/27]. One cannot
avoid the fact that in reality most CNT samples are
percolating networks, with charge-carriers being able
to travel between CNTs through electrical tunneling
[51, [52].  The electrical properties of INT- and
CNT/INT-composites have previously been studied
from impedance measurements in the frequency range
0-10° Hz, showing significant dependence on the
nanotube concentration [53] |54]. Therefore the
influence of percolation must be included. In order
to investigate this, the effective conductivity of m-
CNT/INT-composites of varying nanotube volume
fractions, ¢, were measured at 0 GHz, 30 GHz,
0.3 THz, and 1 THz, see figure [] The volume
fraction was roughly estimated from the known CNT
density pcnyr of our film using the relation ¢ =
pCNT/pgraphitea where Pgraphite = 2.226 g/Cm3 is
the density of graphite. A significant result is ghe
fact that our m-CNT/INT films show one order of
magnitude higher conductivities compared with that
reported for CNT-based composites of similar average
volume fractions [55,56]. This is due to the CNT8ibeing
non-aggregated and well dispersed among the INTSs,
as demonstrated earlier in section Furthermore,
let us note that the addition of fullerene-like WS,
nanoparticles was recently shown to be_efficient as an
alternative route to produce well-dispersed CNT-based
polymer nanocomposite [57,/58].

The conductivity in figure [7]is"showi, to follow a
power-law dependence o(¢) = ag(¢ < ¢o)?, where o
is an arbitrary scaling factor, ¢ is\the volume fraction
of the CNT network, ¢ isithe percolation threshold
below which the sample effectively consists of isolated
CNT bundles. Our fits of the datayin figure [7] agrees
with conductivity measurements of similar percolating
nanotube networks ‘showing auniversal power-law
scaling with frequeney, which.iS common for systems
with randomly distribated. barriers |18}[21}[55}59L/60].
From our fits we'obtain § = 1.6,1.3,1.2,1.1 and ¢g =
0.06%, 0.05%40%, 0% for<0 Hz, 30 GHz, 0.3 THz and
1 THz, respectively.#The 0 Hz percolation threshold
agrees well with similar studies on CNT-composite
systems’ 18] |55 wand the difference in percolation
thresholds anddhe decreasing 3 for higher frequencies
is expected due to an increasing sensitivity to the
intrinsic eonduectivity of the nanotube [18]/52].

In addition to affecting the frequency dependence
of the eonductivity, percolation also influences the
temperature dependence, which is illustrated in figure

2 O OHz
10°F| ¢ 30GHZz
— o 0.2THz
§ 1THz
@ 10° 1
T & i g Sl
(O]
>
o)
x 107 1
4 1 i ]
10
10™ 10° 10’
Volume fraction ¢ (%)
Figure 7: Effective cofiductivity Re(oess) of m-

CNT/INT-composites vs CNT volume fraction ¢ for
frequencies 0Hz, 30GHz;0.3THz and 1THz. Points
are experimental data, and lines are fitted power
functions of the form g (¢) = o¢(¢ — ¢o)?, with 3 =
1.6,1.3, 162;1.1 andy¢g = 0.06%,0.05%, 0%, 0% for 0
Hz, 30 (GHz, 0.3)THz and 1 THz, respectively.
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Figure 8: Effective conductivity Re(oess) for m-
CNT/INT-films versus temperature for volume frac-
tions ¢ € (0.27%,1.1%,2.7%, 27%).

where Re(o.s), obtained via THz-TDS, is plotted
vs temperature for different CNT volume fractions ¢.
It can be seen that as ¢ increases, the temperature
dependence reverses. This appears, as in our model
from section [2, because the THz resonance shifts to
lower frequencies for increasing ¢. This can again
be explained by the finite-length effect, where the
increasing CN'T volume fraction results in an increasing
number of contact points between nanotubes, thereby
increasing the “effective” nanotube length. Thus, our
data for m-CNT shows (i) that percolation can strongly
affect the temperature dependence for the effective
conductivity in the THz range, (ii) the proportionality

Page 8 of 11
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Re(oess) o ¢ is true in the range 0.2-1 THz giving us a
method to determine CN'T volume fraction from THz-
TDS measurements [61]. (iii) The volume fraction (or
density) of the CNTs can strongly influence effective
tube length and thus the location of the effective THz
conductivity peak. Finally, since INTs demonstrate
low conductivity below 3 THz and high temperature
stability, they can be used as an “inert” material for
the fabrication of hybrid films with randomly dispersed
elongated conductive nanoparticles. Here we have
demonstrated for the first time that such hybrid films
are a great tool for studying the percolation effect
in a wide range of temperatures, frequencies and
concentrations.

6. Conclusion

In summary, free-standing films comprising single-
walled CNTs of various lengths, and CNT/WS,
INT composites of varying CNT densities on quartz,
were prepared and their effective conductivities and
permittivities measured in the ranges (i) 0.2-1000 THz
for 300-530 K, and (ii) 0.3-2 THz for 10-530 K.
We observe a peak in the THz conductivity spectra
of the CNT films which is shown to be plasmonie
in nature, in agreement with recent literature, and
shifting in frequency with the CNT length as predicted
by our model of the localized plasmon resonance.
Drude fits of the THz conductivity spectra for long
(L =~ 10 pym) CNTs show a linear dependence, of
the electron scattering rate v o Tafor 300-500 K,
revealing electron-acoustic phonon scattering as the
main scattering mechanism in the individual, CNTs
in this range [33/[34]. Due to the plasmonic nature
of the response of shorter tubes (L < 1 pm), we
observe an unexpected variation with temperature,
where the effective conductivity of the films in the THz
frequency range is shown te inerease with temperature,
while we observe a decrease in temperature for
longer tubes. This temperature-induced effect arises
indirectly from the variation of the electron scattering
rate, which determines plasmon losses and thus
broadening of the coenductivity #esonance. Moreover,
by studying composites of varying CNT densities, we
show that the change in conductivity with temperature
depends not enly on tube length, but also varies
with tube density: as the temperature increases, we
observe an| effective’| conductivity in the range 0.3-
1 THz that inereases/decreases for low/high density
samplés.  This effect accounts for the apparent
discrepancies in literature regarding temperature
dependent, conductivity of CNT composites [17}22-
25,[27], and occurs due to the density dependence
of “thewveffective length of conducting pathways in
the/ composite films, which again leads to a shift

and temperature dependent broadeninghrof the THz
conductivity resonance. Our CNT/INT composite
films were characterised using an SEM. showing
well-dispersed and non-aggregated CNTs, “and the
composites demonstrate approximately an order of
magnitude higher effective “conductivities. compared
with CNT-composites with similar averagesvolume
fractions [55,56]. Due to their low conductivity below 3
THz and their high temperature stability, INTs show
great potential as an “inert’> material for fabrication
of hybrid films with randomly dispersed and elongated
conductive nanoparticles; and as a tool for studying
the effects of percolation.
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