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Abstract
In this thesis, we report on the experimental investigation of the optical properties
of 1D van der Waals materials, such as carbon and boron nitride, transition metal
dichalcogenides nanotubes, and their heterostructures. Despite numerous studies
of carbon nanotubes their properties in the THz region were under debate. Recent
progress in understanding the nature of the THz conductivity of carbon nanotubes
motivated us to further understand their photophysical properties.
By using a combination of techniques, we investigated the properties of ultrathin,
highly conductive carbon nanotubes films with different thicknesses. The unique
photoinduced negative THz conductivity allows us to construct a modulator based on
photoinduced transparency. We showed that with an increase in the carbon nanotubes
film thickness, the modulation performance increases. Moreover, it was found that the
photoconductivity lifetime is short and the device can be operated with the modulation
speed more than 300 GHz, and a large modulation depth, up to +80 %.
Furthermore, we investigated the influence of doping the carbon nanotubes’
properties and consequently on the modulator performance. Our research reveals the
increase of electrical conductivity due to the doping which results in suppression of
the THz modulation performance with a simultaneous decrease in the modulation
time (increase in the modulation speed). The possible physical explanation is given.
Overall, it was shown that the decrease of the MD due to doping needs to be taken
into account when designing THz modulators.
The second part of this thesis showed the first study of the novel radial 1D
van der Waals heterostructure properties. An interesting result was shown: ultrafast
dynamic switch from negative to positive photoconductivity was observed and explained
in terms of the different temporal dynamics for free-carrier absorption in the carbon
nanotubes and MoS2 nanotubes. The combination of optical pump-THz probe and
optical pump-optical probe spectroscopy shows the co-existence of free charges and
excitons in MoS2 nanotubes.
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Introduction
One-dimensional (1D) nanostructures possess unique physical properties that are
determined by their shape and composition, and which can be precisely controlled
during their growth. They can be effectively used in a wide range of applications in
energy harvesting, solar energy conversion [1–3]. The rapid growth in demand for
optoelectronic devices, in part due to environmental and energy concerns, motivates
the investigation of novel 1D nanostructures with unique capabilities.
Carbon nanotubes are one of the most promising 1D materials. Firstly, they
have a very high tensile strength and high flexibility [4, 5]. Secondly, the latest
progress shows that the fabrication of carbon nanotubes can be precisely controlled
and ultralight, thin films can be produced [6]. Finally, they have a wide range of
direct bandgaps, that covers the solar spectrum, strong absorption, from far-infrared
to ultraviolet, accompanied by high electrical conductivity and mobility [7]. Moreover,
excitons are the primary photo-product in carbon nanotubes at room temperature
[8, 9], because of the strong, weakly-screened Coulomb interaction between holes and
electrons.
In 2017, the worldwide production capacity of nanotubes was approximately
2,000 tons per year. In February 2020, OCSiAl, the world-leading single-walled carbon
nanotubes production company announced production capacity that reached 75 tonnes
per year by using two industrial-scale batches1 . This company expects that only Li-ion
batteries would require 250 tonnes of nanotubes in 2025. As the prices for single-wall
CNTs have been declining due to the increasing mass-production, their application
scope has widened.
One more important application prospective application for carbon nanotubes
is in solar cells. Solar cell devices compose of an active layer, a charge selective layer,
and a charge conductive layer. Due to CNT high conductivity, the generated charges
can be effectively delivered from the charge conductive layer to the device’s charge
extraction contact [10].
1

https:/ocsial.com/en/news/363/
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Another for CNTs is for THz devices. Carbon nanotube-based THz antennas,
emitters, amplifiers, transistors, polarizers and detectors have been already demonstrated [11–15]. The working frequency of novel wireless communication systems is
currently being developed for the higher-frequency terahertz band. Existing THz
communication systems created a high demand for the efficient amplitude modulation
at a high speed.
In order to develop these applications, a thorough understanding of the optoelectronic properties of CNTs is vital. A wide variety of techniques can be applied
to characterise the exciton behaviour, charge carrier generation and recombination
mechanisms. Among them, pump-probe spectroscopy techniques can non-destructively
obtain the information about the response from excitons and free charges and therefore
well suits the investigation of charge and exciton transport under non-equilibrium
conditions.
Since the discovery of carbon nanotubes, the family of 1D materials has grown
appreciably. Each new type of nanotube demonstrated unique properties associated
with their small dimensionality different from 2D and 3D materials. As a van der
Waals material, carbon nanotubes are attracted to each other by weak van der
Waals forces resulting in their bundling. In the same way as proposed for 2D [16],
nanotubes can be stack at the top of each other using a van der Waals force forming
1D van der Waals heterostructure (or so-called hetero-nanostructure). In most of
heterostructures CNTs are using as a a mechanical template for external growth of
1D van der Waals heterostructure. Recently a novel material was created by building
radial heterostructures, such as wafer scale, free-standing thin films of molybdenum
disulfide nanotubes grown outside boron nitride nanotubes and carbon nanotubes [17].
They also showed that the layers could be alternated to produce multiple cylinders
held together by van der Waals forces. Such van der Waals 1D heterostructures open
new application areas, including unique nano-optoelectronic devices such as field-effect
transistors, where inner carbon nanotubes are used to electrically gate an outer TMD
nanotube, such as MoS2 [17], or radial p-n junctions for nano-scale photovoltaics or
photodetectors [18], for instance, exploiting flexoelectricity [19]. However, a lot of
their basic optoelectronic properties are unexplored.

The structure of this thesis
The focus of this thesis is an understanding of the optical properties of 1D van der Waals
materials and their heterostructures by using a variety of spectroscopy techniques, and
possible usage of these properties in different applications. The structure of the thesis

xviii

is split into two introductory chapters, which describe the fundamentals of nanotubes
and their properties that have been discovered, followed by one chapter of technical
background, and four results chapters.
Chapter 1 is focused on fundamental properties of carbon nanotubes briefly
outlining their history, crystal structure and electronic properties. Chapter 2 focuses
on the optical properties of carbon nanotubes and methods to interpret the observed
measurements. This chapter covers a broad range of different quasiparticles observed
in carbon nanotubes.
Chapter 3 presents the experimental techniques used in this project such as
the static absorption, Raman, Infrared, THz spectroscopy focusing in particular on
ultrafast spectroscopy. All of these techniques are used throughout the later chapters
to study the optical properties of 1D van der Waals material thin-films. The second
part of the chapter focuses on the analysis methods of the photophysical properties.
In Chapter 4 novel ultrafast THz modulators based on unique negative photoconductivity are presented. Five different samples with different thicknesses were
investigated in order to obtain the best modulator performance. The optimal parameters of the optical modulation beam were found.
Chapter 5 describes a study of four different thin films of nanotubes doped
with HAuCl4 and one sample doped electrochemically. An important question that
was addressed in this chapter: are the added nanoparticles (as seen in TEM) responsible for the change in charge transport of the composite? THz spectroscopy and
OPTP spectroscopy were used to characterise charge transport and the formation of
many-body particles. The influence of doping on the modulator’s performance was
investigated.
Chapters 6 and 7 present the first ultrafast spectroscopy study of novel 1D
van der Waals heterostructures based on carbon, boron nitride and MoS2 nanotubes.
While chapter 7 is focused on exciton formation, exciton - exciton annihilation and its
pathways, chapter 6 shows that excitons and highly mobile charges can co-exist in the
MoS2 nanotubes, and that electrons in the MoS2 have good mobility.
Finally, in Conclusions, a brief summary is given of the results presented in
this thesis along with possible applications and an outlook.

xix

Chapter 1

Fundamentals of Nanotubes
1.1

Carbon Nanomaterials

Carbon’s bulk forms, diamond and graphite, show different arrangement and hybridization, which results in different physical properties. The allotropes of carbon also
include three prominent nanomaterials: graphene, nanotube (NT) and fullerenes.
In 1826 Dr. H. Colquhoun wrote encouraging notes about the discovery of “several
highly interesting states of aggregation of carbon, one of which is not only of a very
singular structure but also an entirely new form”. In one carbon sample Colquhoun
found “capillary threads of carbon”, “a mineral hair”, whose “single lock seemed to
contain thousands of thin filaments” that, “in thickness [...] are as delicate as the
filaments of the lightest spider-web” [20, 21].
The first mention of the possibility of forming carbon nanotubes was
reported in 1889 in a patent that proposed the use of such filaments in the light
bulbs that had just been presented by Edison [22]. The resolution of the available
optical microscopes was unable to image such small objects, with a diameter of a
few micrometers, and it is difficult to claim that these were nanotubes. The first
transmission electron microscopy (TEM) evidence for carbon filaments (Fig. 1.1)
is believed to have appeared in 1952 in the article published by L. V. Radushkevich
and V. M. Lukyanovich [23]. Figure 1.1 clearly shows carbon tubes with the diameters
in the range of 50 nm with the clear presence of walls (hollow structure). After this
discovery, CNT were grown and similar TEM images appeared many times in different
articles [24, 25]. In 1976, A. Oberlin and M Endo observed hollow tubes of rolled up
graphite sheets synthesised by a chemical vapour-growth technique [26]. However,
these were not as famous as Iijima’s paper in 1991 [27]. In this paper, he presented
“helical microtubules” made by graphite carbon, nowadays called multi-wall carbon
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Figure 1.1:
Ref. [23].

Examples of TEM images of carbon nanotubes published in

nanotubes. In 1993 he synthesized the first single-wall carbon nanotube [27]. Another
carbon nanostructured material with sp2 -hybridized carbon cage, named fullerene, was
discovered by R. E. Smalley in 1985 [28]. In 2005, K. Novoselov and A. Geim performed
the first electric field effect study of another carbon form—graphene [29].
The unique physical properties of mentioned nanomaterials arise from their
low dimensionality: 0D (fullerene), 1D (nanotube) and 2D (graphene). One can
be confused about 1D assignment of nanotubes as they have at least two dimensions:
diameter and length. Typically, carbon nanotubes have diameters of a few nanometers
but lengths exceeding 100 nm. This small size and large aspect-ratio make them a
quasi-1D material that exhibits unique physical and chemical properties. These
properties become more pronounced as their diameter becomes smaller [30].

1.2

sp2 -hybridization

A carbon atom contains six electrons which occupy the following electron configuration: (1s)2 (2s)2 (2p)2 . As can be seen, the ground state has two unpaired electrons
in the outer shell. Therefore, other classification criteria involve types of covalent
bonds (sp2 and sp3 ) between carbon atoms. Diamond has tetrahedrally-coordinated
sp3 carbon atoms result in face-centred cubic Bravais lattice. In contrast, graphite has
three-coordinated sp2 carbon atoms. It is very well known by their honeycomb lattice
(Fig. 1.2 (a)) with a layered planar structure. In fullerenes, the arrangement of carbon
atoms is slightly pyramidal as a result of, so-called, “pseudo”-sp3 bonding present in
the essentially sp2 carbon atoms. Finally, carbon nanotubes are sp2 hybridised
in which one carbon atom is bonded with three other carbon atoms [31, 32].
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Figure 1.2: Graphene honeycomb lattice and corresponding CNTs. (a) Realspace lattice of graphene. Chiral vector can be defined as using the vectors a1 and
a2 for the hexagonal lattice determining the direction the graphene is rolled-up to
obtain a NT with different chiral indices (n,m) and a chiral angle θ: (b) zigzag (m=0),
(c) armchair (m=n), (d) chiral. The hexagonal lattice is made of 2 atoms. The unit
cell of the NT can be defined by the parallelogram spanned by a chiral vector C and
a translational vector T. Definition of primitive basis vectors in (e) real space, and
(f) reciprocal space.

1.3

Lattice structure of carbon nanotubes

The individual carbon nanotube (CNT) properties are determined by their geometrical properties which can be described as follows. The simplest form of CNT
is single-wall carbon nanotube (SWCNT) which is a monolayer graphene sheet
rolled up into cylinder (Figs. 1.2 (a)–(d)). The honeycomb network forming CNT can
be described by a Bravais lattice with has two atoms in the unit cell (Fig. 1.2 (e)). Two
primitive basis vectors a1 and a2 generate the triangle lattice. Therefore, the lattice
√
constant can be found as a0 = 3acc , where carbon bound length acc is 1.42 Å. With
this definition in the figure a1 and a2 can be expressed using the Cartesian coordinate
basis (êx , êy ) [33]:
√
a1 =

3
1
acc , acc
2
2

√

!
, a2 =

3
1
acc , − acc
2
2

!
.

(1.1)

The way how SWCNT is rolled up (Figs. 1.2 (a)–(d)) can be characterized by a
chiral vector (called also a circumferential vector) and a chiral angle. The chiral
vector C links two atoms of the same sub-lattice. The length and orientation of C
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are defined by the chiral indices (n,m) such that C = na1 + ma2 (n and m are
integers). Length of the chiral vector C is the circumferential length of the NT [34, 35]:
|C| =

p
√
3acc n2 + nm + m2 .

(1.2)

Hence, the diameter of NT dt is:
C
=
dt =
π

√
3acc p 2
n + nm + m2 .
π

(1.3)

The angle between C and a1 is called a chiral angle θ that is determined by:
cos(θ) =

n + m/2
a1 C
=√
.
ka1 k kCk
n2 + nm + m2

(1.4)

Because of the six-fold rotational symmetry of graphene, all NTs can be constructed
only with the chiral angle smaller than 60◦ . For each tube with a chiral angle between
0◦ and 30◦ an equivalent tube can be found in the range 30◦ − 60◦ .Therefore, the
helical twist can make a CNT to be either the left- or right- hand rolled.
The number of hexagons in a unit cell N is:
N=

2(m2 + mn + n2 )
.
dt

(1.5)

The number of atoms per a unit length of the NT is given by:
NL =

2 kCk
.
ka1 × a2 k

(1.6)

and the number of atoms per a cylindrical unit cell of the NT is given by:
√
2dt kTk
4 m2 + nm + n2
NC =
=
,
ka1 × a2 k
a0 NR

(1.7)

where NR is the greatest common divisor of (2n + m) and (2m + n), and T is a
translational vector that may be expressed in terms of a1 and a2 as:
T = t1 a1 + t2 a2 ,

(1.8)

where t1 and t2 are integers. The vector T is normal to the chiral vector C and thus
parallel to the CNT axis.
The tubes are classified into three groups based on their chiral angle and chiral
indexes (n,m) [34]. A possible choice of n and m is explained in Fig. 1.3. CNTs are

4
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Sublattice A
Sublattice B

(2,2)
y

ZigZag

(3,3)
x

(m,n)

Metallic nanotubes:
n-m = 3l ( l:an integer)

Armchair

Semiconducting nanotubes:
_ ( l:an integer)
n-m=3l+1
Figure 1.3: CNT classification by using the periodic table from [34]. Possible
vectors for chiral CNTs. The conditions denote metallic and semiconducting behaviour
for each CNT.
classified by their chiral indexes. The condition for the metallic NT: n − m = 3l (l:
an integer) and semiconducting: (n − m) = 3l ± 1. According to different chiral
angles, SWCNTs can be classified into zigzag (θ = 0◦ or a substitute m (or n) = 0),
armchair (θ = 30◦ or n = m) and chiral (0◦ < θ < 30◦ ) (Fig. 1.3). Each of these
folding results in different CNT structures that can be seen in Figs. 1.2 (b)–(d). The
correlation between two above mentioned classifications: zigzag are metallic, armchair
are semiconducting or metallic depending upon the width of the sheet or, which is the
same, a number of hexagonal rings.

1.4

Types of Nanotubes

The CNT can be formed as single individual cylinders called SWCNT, or as coaxial
cylindrical structures bonded by strong van der Waals forces called multiple-wall
carbon nanotube (MWCNT). There are two types of MWCNT commonly used
and investigated: double-wall carbon nanotube (DWCNT) and triple-wall
carbon nanotube (TWCNT). To characterise CNTs with a different number of
walls the chiral indexes for each of these walls are used: 1) single-walled carbon
nanotubes: (n,m); 2) double-walled carbon nanotubes (n,m)@(n0 ,m0 ) for the inner
and outer walls respectively [33].
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1.5

Electronic structure

Changing from a bulk material to a low dimensional material, the electronic states are
constrained by quantum effects in the nanoscale direction arising from the electron
confinement. The electronic band structure of a certain CNT is given by the
superposition of the cuts of the graphene electronic energy bands along with the
corresponding cutting lines.
The single-walled CNT are rolled up graphene sheets. If we ignore the curvature
effects on the CNTs, their electronic structures can be explained by using an unrolled
NT—graphene sheet (Fig. 1.2 (a)). Let the lattice vector corresponding to the chiral
vector C be K1 and the reciprocal lattice vector corresponding to the translational
vector T be K2 . Therefore, the CNT can be regarded as a rectangular lattice with a
2N-point basis. The primitive cells of the reciprocal lattice of NTs are also rectangular,
and are spanned by basis vectors b1 and b2 in a new coordinate system k̂x and k̂y
(Fig. 1.2 (f)). The first Brillouin zone (BZ) is the hexagon in the reciprocal space
containing the high symmetry points G, K and M. The conversions between basis
vectors are calculated as follows [33, 35, 36]:

b1 =

1
√ ,1
3



2π
, b1 =
a



1
√ , −1
3



2π
.
a

(1.9)

The energy dispersion for a CNT can be calculated from the electronic
structure of graphene. The energy dispersion of graphene as a function of a wavevector
k is given by:

E2D (k) = ±Vppπ [3 + 2 cos(ka1 ) + 2 cos(ka2 ) + 2 cos(k(a1 − a2 )]1/2 ,

(1.10)

where Vppπ is the nearest neighbour transfer integral, a1 and a2 are the unit cell
vectors of a CNT given in Eq. 1.1.
A one-dimensional energy band for the SWCNT can be found from Eq. 1.10
as:
√
E1D (k̂) = ±Vppπ [1 + 4 cos

3k̂x
a0
2

!
cos

k̂y
a0
2

!
2

+ 4 cos

!
k̂y
a0 ]1/2 .
2

(1.11)

The valence and conduction bands cross at the K- and K’-points, where the Fermi
energy EF = 0.

6

a) Semiconducting CNT
E
E
-2
+2
-1
+1
+1
-1
0
0
kll
k﬩
kll

b) Metallic CNT
E

CB

E

s

s

E11 E22

E
CB
kll

k﬩

s

E33

M

M

E11 E22

E

kll

0
-1
+1
-2
VB
u = -1
DOS r(E)

0
+1
-1
+2
u = +1

±2
±1
0

0
±1
±2

VB
u= 0

DOS r(E)

Figure 1.4: Electronic properties of two different types of CNTs. The Zigzag
nanotube (a) is a small gap semiconductor (no states at the Fermi energy). The
Armchair nanotube (b) exhibits a metallic behaviour (finite value of charge carriers in
the DOS at the Fermi energy). Sharp spikes in the DOS are Van Hove singularities.
The DOS were calculated by using approximation 1.13

1.6

Density of States

The density of states (DOS) per unit energy for 1D system can be defined as
follows [33, 35, 36]:
2kTk
D(E)dE =
π



dE
dk

−1
dE,

(1.12)

where kTk is a magnitude of the translational vector.
By using Eqs. 1.11 and 1.12 the DOS for any (n,m) CNT can be constructed.
Each peak of DOS is called van Hove singularity (vHs) (Figs. 1.4 (a) and (b)).
The number of vHs is the number of CNT bands.
Due to complexity of the relationships between variables in Eqs. 1.11 and 1.12
the approximations can be used:

D(E)dE =

allbands
X
i

4
E
√ q
πVppπ a0 3 E 2 − E 2

dE,

(1.13)

cmini

where Ecmini is the conduction minimum for the given band.

√
As 1D system the CNT DOS associated with each energy band varies as 1/ E

[35, 37].
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a) metallic CNT

b) semiconducting CNT

CNT Brillouin zone

Figure 1.5: Construction of the NTs band structure: zone-folding approximation. The wavevector k for CNTs is represented in the 2D Brillouin zone of
graphite (hexagon) as bold lines for (a) metallic and (b) semiconducting SWCNTs.

1.7

Single-particle picture and many-body effect

In a single-electron approach by applying tight-binding schemes for graphite we
can determine the electronic band structure of a CNT. The simplest approach based
on the graphene bands where the NT geometry allows only for a subset of the graphene
wavevector k. There are two simplifications were made by using this approach: 1) k
parallel to the tube axis is given by the 1-dimensional BZ of the CNT; 2) the wrapping
of the graphene sheet is taken into account by periodic boundary conditions for the
electron wavefunctions using only for certain graphene wavevectors perpendicular to
the tube axis. This so-called zone folding is demonstrated in Fig. 1.5 for two different
types of NTs [35, 37].
In the metallic CNT the cutting line passes through a K point (Dirac point)
of the 2D Brillouin zone (Fig. 1.5 (a)), where the π and π ∗ energy bands of 2D graphite
are degenerate due to the symmetry, and the 1D energy bands have a zero-energy gap.
In semiconducting NTs the cutting line does not pass through a K point (Fig. 1.5 (b)).
Therefore, they have a finite energy gap between the valence and conduction bands.
The above mentioned tight-binding approach does not take into account the
curvature of the graphene sheet. However, this effect is crucial for metallic NTs,
where curvature effect modifies the overlap of adjacent πz orbitals. The semiconducting
NTs with 1 nm and larger diameter and energy gaps of about 1 eV are called “largegap NTs” and didn’t exhibit curvature induced behaviour. Curvature introduces
additional small band gaps in all metallic NTs apart from the (n, n) “armchair” tubes.
Due to these additional gaps appeared about 20 meV (dt = 1 nm) metallic NTs are
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called “small-gap NTs”. It is also important to note that a surrounding solution
or atoms inside of the NTs, defects, or substrate, can further modify the electronic
structure and even open new energy gaps [31].
The tight-binding model also doesn’t account for the C-C bond length
variations and many-body corrections. Coulomb interactions influence on optical
transition energies of SWCNTs making the many-body theory important for the
experimental results interpretations. It was shown theoretically and experimentally
that the exciton binding energies are anomalously large at about 1 eV, in contrast
to 10 meV energies that are commonly found in 3D materials [38, 39]. Essentially,
the electron-electron Coulomb repulsion upshifts the transition energy. In contrast,
electron-hole Coulomb attraction downshifts the transition energy. However, the
electron self-energy is significantly bigger than the exciton binding energy. Therefore,
many-body Eii energies are upshifted from the one-electron Eii energy. A Kataura
plot (Sec. 2.2), represented the correlation between energies and diameters, was
constructed based on the theoretical tight-binding model included many-body theory.

1.8

Methods for modifying the electronic properties of
SWCNTs

There are a few methods of the modification of electronic properties of the pristine
SWCNT (Fig. 1.6 (a)) that are commonly used: 1) doping via a chemical modification
of the surface or substituting the carbon atoms (Fig. 1.6 (c)) or electrochemical gating;
2) introduction of defects (Fig. 1.6 (e)); 3) wrapping the CNT by additional CN that
results in the MWCNT formation (Fig. 1.6 (b)); 4) intercalation of filling in the CNT
internal channels (Fig. 1.6 (d)); 5) wrapping the CNT by organic and non-organic NTs
(Fig. 1.6 (f)).
After the discovery of the CNT, the first publications of modifications of
electronic properties by filling and doping was published. The first work showing
the doping of the CNT via substitution was published in 1993 [40]. Thereafter,
numerous articles about the chemical modification of defect groups naturally present in
the CNT were produced: the doping was achieved using oxygen [41], fluorine [42, 43],
iodine [44], nitrogen [45] and boron [46].
There has been progress in the study of charge-transfer interactions of CNT
with numerous of electron donors and acceptors. The first demonstration of donor
doping with potassium (K) and acceptor doping with bromine (Br) was presented
in 1997 [47]. After that, the effective doping by numerous dopants (AuCl3 , HCl, K, Li
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a) SWCNT

b) DWCNT

c) doped SWCNT
d) ﬁlled SWCNT

e) SWCNT with defects

f) SWCNT wrapped by TMD NT

Figure 1.6: Modification of the electronic properties of SWCNTs. (a) The
pristine SWCNT, (b) MWCNT, (c) SWCNT doped by HAuCl4 , (d) filled SWCNT,
(e) SWCNT with defects and (f) SWCNT wrapped by TMD NT.
etc.) was achieved [48–51].
In 1993 the intercalation of internal channels of the CNT (filling) by
various metals and compounds was performed (PbOx [52], Y3 C and TiC, Bi2 O5 [52]
and Ni [53]). To date, there are over one hundred of articles which showed that the
atoms, molecules, chemical elements can be successfully used for filling of CNT as
summarised in Refs. [54, 55].
The family of 1D materials has grown appreciably. Each new NT demonstrated
unique properties associated with their small dimensionality different from 2D and
3D materials. In the same way as proposed for 2D [16], NTs can be radially stacked
on top of each other forming 1D van der Waals heterostructures (or so-called
hetero-nanostructure). The first MoS2 @CNT heterostructure was synthesised in 2006
[56]. This article showed that the CNT can be used as a great template for other
1D structures. In general, it is hard to produce small diameter transition metal
dichalcogenides (TMD) NTs directly as the strain is too high, hence the bundles
and an additional BNNT deposition were recently implemented to overcome these
difficulties [17] and used in this thesis.
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1.9

The influence of bundles in the electronic structure

The van der Waals interactions are important in the understanding of nanomatrial
properties. As a member of van der Waals materials CNTs show the weak interaction
between individual CNTs via van der Waals force that also govern the structural
organisation of the bundles. For densely packed CNTs in bundles, the typical intertube
distance is determined as y = d + δ, where δ = 0.36 nm is a typical van der Waals
gap in 1D and 2D materials. In the mixed chirality samples the CNTs are sparsely
packed which results in slightly bigger spacing y = d + δ > 0 [57].
When CNTs form bundles, their electronic structure can be modified due
to the interactions between NTs. These modifications are usually related to weak van
der Waals interactions. The change in the symmetry can open gaps and change the
energy dispersion. It was shown that intertube interactions can introduce new gaps at
about 0.1 eV (24 THz) proved by scanning tunneling microscopy [58]. In the monochiral
bundle the symmetry remains the same as for an individual CNT, therefore no changes
of the electronic structure were observed [59]. In metallic NTs the opening of the gap
is expected to be seen and this effect becomes more important in small-diameter tubes
with the higher curvature [60, 61]. The same situation was observed in DWCNTs. The
second wall significantly lowers the symmetry of the system and new lower-band states
were introduced [62]. The most important result is that the increase of the gap causes
the redistribution of the states but the average density near a Fermi level remains the
same. In Ref. [63], it was shown that the dielectric environment and aggregation of
NTs in bundles can influence to the optical properties. For instance, the absorption
of CNT in bundles showed a broadening and red shift in comparison with individual
CNTs. It also important to note that the resistance of the CNT bundle is inversely
proportional to the number of CNTs [64]. In this thesis the CNT mostly form small
bundles with about 4–7 CNTs on average per bundle and therefore the influence of
the bundle should be taken into account.

1.10

Non-carbon inorganic nanotubes

While CNTs are the principle topic of this thesis, in later chapters NTs of the TMD NT
are studied, hence we describe briefly some inorganic NTs in this section. More
background information about the MoS2 NT is presented in Chap. 6. Inorganic NTs
are alternative materials for CNTs. Among them tungsten sulfide (WS2 ), molybdenum
disulfide (MoS2 ), tungsten oxide (WOx ), boron nitrate (BN), carbon-boron nitrate
(BCN) titanium dioxide (TiO2 ) NTs etc. have gained popularity [65, 66]. However,

11

their optical properties are not very well discovered or not discovered at all. Some
of these structures cannot be grown with caps and should be more precisely called
nanotubulenes or nanocylinders. While some of these structures can be made
by using standard CNT growth protocols, the rest can be created only by filling a
nanoporous matrix or internal space of the CNT. Indeed, some oxides were synthesised
by filling internal cavities of the CNT with different oxides and consequent removal
the CNT host matrix. GaN, MoS2 NTs have hypothetically indirect and direct types
of inter-band transitions depend on the diameter. However, most of these structures
are semiconducting or insulating only, in comparison with CNTs that can be metallic
and semiconducting depending on their folding.
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Chapter 2

Optical and THz properties of
nanotubes
The electronic structure of a CNT depends on its chirality. Therefore, optical measurements that probe the electronic structure can reveal information about the diameter,
chirality, and metallic or semiconducting nature of a SWCNT sample. There are
several spectroscopic techniques that are commonly used to characterise the properties
of CNTs: absorption, photoluminescence, and Raman scattering.
When an electron is excited to the conduction or higher-lying unoccupied energy
bands different physical processes can be observed. The excited electron leaves behind
an unoccupied state which behaves as a positive charge—a hole. Due to the strong
Coulomb interactions between hole and electron the bound state—an exciton—appears.
In bulk semiconductors excitons are usually observed only at very low temperatures.
The exciton binding energy, however, depends on the dimensionality of the solid. CNT
have binding energies of up to 1 eV depending to their diameters as discussed in Chap. 1.
This is in contrast to 3D semiconductors like GaAs in which exciton binding energies
are less than 10 meV [67]. In CNTs, due to the weak screening of the Coulomb
interactions, excitons occur even at room temperature and give an explanation for
many photophysical processes like optical absorption, photoluminescence (PL),
and resonance Raman spectroscopy, two-photon absorption and second harmonic
generation spectroscopy [68, 69]. Therefore, in this chapter, we will give a review of
the optical properties that have been discovered by techniques that will be used in
this thesis, focusing on CNTs before briefly discussing inorganic NTs at the end of the
chapter. Several textbooks present a detailed description of CNT optical properties, e.
g. the reader is advised to refer to the books of M. Dresselhaus and G. Dresselhaus,
R. Saito, S. Reich, C. Thomsen, A. Jorio, B. Weisman and J. Kono [31, 33, 70, 71].
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2.1

Absorption and selection rules

Most of the physical processes studied in this thesis will be based on absorption.
Interband absorption occurs when an absorbed photon with energy ~ω promotes
an electron from the valence band to the conduction band. The estimation of the
probability of the interband transition and consequently the derivation of the selection
rules can be performed by using 1st order perturbation theory via Fermi’s golden rules.
An electron in a subband is described by the quantum number i, discrete band index,
and its momentum k. Therefore, the electron wavefunction can be written as ψ − (i, k)
in the valence bands, and ψ + (i0 , k 0 ) in the conduction bands. The probability to
absorb one photon per time unit, and promote one electron from the valence state
ψ − (i, k) to the conduction state ψ + (i0 , k 0 ) is given by the Fermi golden rule [72]:
2

Wabs = Di,i0 (}ω) H ii0 abs fi− (k)(1 − fi+0 (k 0 )),

(2.1)

+
−
1
i,i0 lBZ BZ dkδ(Ei0 −Ei0 −}ω) expresses the joint density of states
and H ii0 abs (k, k 0 ) = h+, i0 , k 0 |Hem | −, i, ki is the matrix element for the transition.
fi− (k) is the probability that the initial state is occupied and (1 − fi+0 (k 0 ))—final state

where Di,i0 (}ω) =

P

R

is occupied.
A large number of electron subbands are present in CNTs, however not all
of them participate in light absorption because of symmetry restrictions. According
−
to Eq. 2.1, a transition is allowed only when the Γ+
q ⊕ ΓH ⊕ Γq product is non-zero.

Therefore, if the incident light polarisation, defined by the unit vector Ê, is parallel
to the NT axis the absorption between vHs with equal indices is allowed when [73]:
i − i0 = 0, Ê k z.

(2.2)

When the incident light’s polarisation is perpendicular to the CNT’s axis,
the transitions between vHs with a difference in i of ±1 have a non-zero matrix element.
Therefore the second selection rule can be written as follows:
i − i0 = ±1, Ê ⊥ z.

(2.3)

In contrast, the intraband transition with both the start and the final
electronic states placed in the valence/conduction band, cannot be treated by 1st order
perturbation theory as there are 3 particles required. The incoming photons transfers
an electron up to a virtual state and phonons or defect-assisted scattering of electrons
is required to satisfy the momentum conservation (Fig. 2.1 (a)). These transitions occur
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Figure 2.1: Schematic illustration of intraband, interband and plasmoninduced absorption. (a) Interband transitions across the band gap; (b) azimuthal
and (c) axial plasmons. The images reproduced following [74].
for individual free carriers, and for collective charge carrier oscillations (plasmons).
The external electric field of the incident light induces charges on the NT surface which
lead to an additional repulsive force on the electrons inside and plasmon oscillations
(Figs. 2.1 (b) and (c)). The intrasubband plasmons will be further discussed in the
Secs 2.6 and 2.11.

2.2

Kataura plot

The optical transition energies for different chirality (n, m) SWCNTs are plotted in the
so-called Kataura plot [75]. Each point in this plot represents the optical transition
energy Eii (i = 1, 2, 3, ...) for a specific (n, m) SWCNT plotted as a function of the
NT diameter (Fig. 2.2). If the CNT absorbs light illuminated resonantly, it reveals
many different optical responses. Therefore, the Kataura plot is frequently used for
obtaining the transition energies of each (n, m) SWCNT in Raman, Rayleigh
scattering spectra, PL spectra, UV-vis-IR measurements.
There is a simple analytic expression that can be used to reproduce the
Kataura plot [76]:
Eii =

2iγ0 acc
,
d

(2.4)

where γ0 is the nearest-neighbour hopping parameter with the typical values changing
from 2.7 to 3.0, acc = 0.144 nm is carbon-carbon bond length. The γ0 was found to
be sensitive to the chirality of the NT and can be varied plotting the Kataura plot.
However the empirical Kataura plot is a little bit different and can be
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Figure 2.2: Theoretical and experimental Kataura plot. (a) A theoretical bright
exciton energy Kataura plot as a function of the CNTs diameters (γ0 = 2.9 eV); (b) an
experimental Kataura plot. The lines connect CNTs with the chirality (n, m) for
which 2n + m is constant. Figures reproduced following Saito’s laboratory official
website (http:/flex.phys.tohoku.ac.jp/eii/).
reproduced by the following equations [77]:
ν11(mod1) =

107
[cos(3θ)]1.374
− 771
,
157.5 + 1066.9d
d2.272

(2.5)

ν11(mod2) =

107
[cos(3θ)]0.886
+ 347
,
157.5 + 1066.9d
d2.129

(2.6)

ν22(mod1) =

107
[cos(3θ)]0.828
+ 1326
,
145.6 + 575.7d
d1.809

(2.7)

ν22(mod2) =

[cos(3θ)]1.110
107
+ 1421
,
145.6 + 575.7d
d2.497

(2.8)

where νii are van Hove transition frequencies in cm−1 and d are the diameters of the
SWCNTs in nm.
According to these formulas, the theoretical prediction underestimates E11
transition energies by up to 25 % relative to the empirical values and E22 predictions
are 15 % below the empirical values for 2.5-nm diameter tubes but about 25 % above
empirical values for some of the smallest diameter species.
There is a difference between observed Eii of type I (mod 1) and type II (mod
2) of the NTs referred to a family behaviour. If 2n + m is a multiple of 3, then the
SWCNTs are metallic NTs. If we divide 2n + m by 3, the remainder, mod(2n + m,3)
is equal to 1 this is the first type of the semiconducting NTs, if mod(2n + m,3) is
equal to 2 this is the second type of the semiconducting NTs.
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2.3

Raman spectroscopy

Raman spectroscopy is a technique used to observe vibrational, rotational, and
other low-frequency modes in a system. The UV-vis-IR laser light interacts with
molecular vibrations, phonons or other excitations of the system, resulting in the
energy of the laser photons being shifted up or down. The shift in energy gives an
information about the vibrational modes in the system. Raman scattering is distinct
from elastic Rayleigh scattering, and can provide information about the CNT DOS
and the number of defects.
When the energy of incident photons matches the transitions between vHs,
a resonant enhancement of the Raman modes corresponding to the certain chirality
CNTs is expected to be seen. The scattering at low wavenumbers arises from radial
breathing modes (RBMs). The positions of the RBMs modes gives information
about the diameters via the diameters ωRBM = A/d+B. Typically for CNT bundles
A = 234 cm−1 nm and B = 10 cm−1 and an individual CNT A = 248 cm−1 nm and
B = 0 cm−1 and varying slightly from study to study [78, 79]. RBMs are expected to
be seen between 120 cm−1 < ωRBM <250 cm−1 for SWCNTs within 1 nm< d <2 nm
used in this thesis.
ω = ω0 + β/dn
Mode

ω0

n

β

RBMs
G+
G−
D

0
1591
1591
0
ωD

1
0
2
1

248
0
(−45.7; −79.5)*
-16.5

Table 2.1: Diameter dependence of G and D modes observed in the Raman
spectra of isolated SWNTs as summarised in Ref. [80]. *The coefficients for
metallic and semiconducting NTs respectively.
Besides RBM modes CNTs showed a tangential mode likewise in graphite
observed at 1582 cm−1 , and called the G mode (from graphite). The tangential G
mode in SWNTs is a multi-peak feature, also named the G band, where up to six
Raman peaks can be observed in a first-order Raman process. Due to the symmetry
breaking of the tangential modes two intensive G mode peaks are usually observed in
CNTs corresponding to semiconducting and metallic CNTs. It is usually broader for
metallic CNTs due to the presence of free electrons. The same behaviour was observed
for other carbon family materials [82, 83]. The splitting of G mode can be used for the
diameter characterisation in the same way as described above for RBM (Tab. 2.1).
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Figure 2.3: Typical Raman spectrum of a narrow gap SWCNT (CoMoCAT
SWCNT) taken under 488 nm. The insets show the atomic displacements for the
RBM and G band of a (10,10) SWCNT. Insets reproduced following [81].
The linewidths of the G peaks from isolated SWNTs are usually around 5–15 cm−1
and depend on the CNT diameter. Also it was found that the splitting into two main
peaks corresponds to metallic and semiconducting NTs [84].
The D mode in a CNT is due to the different nature disorders as presented
in graphene. The selection rules found to be different for the D mode related to
the chirality of the NT. Therefore, for NTs with (n − m)/3 × i = integer D mode
scattering is allowed [85]. It is known that its intensity is proportional to the number
of disorders, and the ratio between the intensities of D mode and the first-order
graphite G mode (ID /IG ) provides a parameter that can be used for quantifying the
quality of the sample. It also showed that this ratio depends on the distance between
the nearest defects.
Fig. 2.3 shows some modes: radial breathing A1g mode at 165 cm−1 and
three tangential modes A1g at 1587 cm−1 , E2g at 1591 cm−1 , E1g at 1585 cm−1 for
small SWCNTs and corresponding Raman spectra.

2.4

Raman and infrared selection rules.

First order Raman scattering is a three step process and can be described as follows:
the absorption of an incident photon with a frequency ω1 creates an electron-hole
pair, which then scatters inelastically under the emission of a phonon with frequency
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ω, and finally recombines and emits the scattered photon with a frequency ω2 . The
matrix element of the process can written as follows [86, 87]:

K2f,10 =

X < ω2 , f, i |HeR,ρ | 0, f, b >< 0, f, b |Hep | 0, 0, a >< 0, 0, a |HeR,σ | ω1 , 0, i >
ab

e − iγ)(E − ~ω − E e − iγ)
(E1 − Eai
1
bi

,

(2.9)
where |ω1 , 0, i > denotes the state with an incoming photon of energy E1 = ~ω1 ,
the ground state 0 of the phonon (no phonon excited), and the ground electronic
state i; the other states are labelled accordingly. Initial and final electronic states are
assumed to be the same, the sum is over all possible intermediate electronic states a
e are the energy differences between
and b. The final state is denoted by f . The Eai

the electronic states a and i; ω is the phonon energy, and the lifetimes of the various
excited states are taken to be the same. The three terms in the numerator are the
matrix elements for the coupling between electrons (e) and radiation (R, incoming and
out going photons with polarisation σ and ρ, respectively) and the coupling between
electrons and phonons (p).
Therefore, change in angular momentum and parity induced by the absorption
and emission of a photon must be compensated by the phonon. The selection rules
for Raman scattering in carbon nanotubes is derived using the conservation of the
quasi-angular momentum m and and the parity σh . In considering selection rules,
we first put a SWNT in the direction of the z-axis. A z-polarised optical transition
conserves the angular momentum ∆m = 0 and changes the mirror parity σh = -1.
For transitions polarised perpendicular to the tube axis ∆m = ±1 and σh = +1. The
change in angular momentum and parity induced by the absorption and emission of a
photon must be compensated by the phonon. For z polarised incoming and outgoing
light (zz-configuration) the angular momentum ∆m=0 and the parity σh =-1 will be
fully conserved by the photons. In this case A1g phonons are allowed in this scattering
configuration. In (xz) or (zx) and (yz) or (zy) scattering geometry ∆mphoton = ±1
and σh,photon =-1 giving rise to E1g phonon scattering. The (x,x) and (y,y) geometry
gives A1g and E2g . The (x,y) or (y,x) gives A2g and E2g . Therefore, only A, E1 and E2
symmetry modes are Raman active in a first-order process. In single walled nanotubes
only (zz) polarised scattering contributes to the Raman spectra, because of the highly
anisotropic optical absorption coefficient in the tubes (due to the depolarisation effect),
while x or y polarised incoming light, is significantly suppressed [86, 87].
The selection rule says, that vibrations are IR active, if the dipole moment
changes during the vibration. The infrared-active modes of SWCNTs are very difficult
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Figure 2.4: Different types of transitions present in CNTs. Absorption energy
transitions in CNTs for (a) parallel and (b) perpendicular light polarisation (called
parallel and cross-polarized configuration respectively) and (c) transitions within the
conduction band appearing in n-type doped CNTs.
to detect: SWCNTs do not support a static dipole moment and the IR activity is related
to a dynamic dipole moment that is weak. However, infrared-active phonon modes
of SWCNTs have been calculated from different methods: zone folding model, tight
binding approach, force constant model. Only modes with A and E symmetries will
exhibit optical activity. In chiral nanotube there are 15 Raman- and 9 IR-active modes.
The IR-active modes being also Raman-active exhibit the polarisation dependence.
For armchair tubules described by the Dnd symmetry group there are, among others,
3A1g , 6E1g , 6E1g , 2A2u , and 5E1u optically active modes with nonzero frequencies;
consequently, there are 15 Raman- and 7 IR-active modes. All zig-zag tubules, under
Dnd or Dnh symmetry group have, among others 3A1g , 6E1g , 6E2g , 2A2u , and 5E1u
optically active modes with nonzero frequencies; thus there are 15 Raman- and 7
IR-active modes [88].

2.5

Optical absorption spectroscopy

The optical response of CNTs appeared due to interband transitions between
valence and conduction bands as discussed in Sec. 2.1. These vertical transitions are
labelled Eii (i = 1, 2, 3, ...) and can be seen in Fig. 2.4 (a). As it was discussed in
Sec. 2.1, unique property of CNTs is that only transitions between subbands with the
same index, i, are favoured.
A typical absorption spectrum of SWCNTs film consists of three broad absorpS , E S and E M excitonic absorption lines for interband transitions in
tion peaks E11
22
11

semiconducting (S) and metallic (M ) SWCNTs as can be seen in Fig. 2.5. According
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S = 2a γ /d, E S = 4a γ /d and for metallic NTs
to the tight-binding model E11
0 0
0 0
22
M = 6a γ /d. These transitions also overlap with the tail of the so-called impurity
E11
0 0

background and π-plasmon absorption peaks. At longer wavelengths the absorbance rises through the infrared towards the THz range, as a result of free-carrier
absorption by axial plasmon motion and delocalized carriers, which will be discussed
in Sec. 2.11.
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Figure 2.5: Typical static absorption spectra representing the response from
a film of narrow gap NTs (CoMoCAT SWCNT) used in the project.
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Figure 2.6: Typical absorption spectra represented the responds from different chirality and type CNTs with different length, number of bundles
and diameters produced by different methods taken in this project.
Fig. 2.6 shows the observed transmittance of three different films, each with a
thickness less than 100 nm, investigated. As shown, these films are semi-transparent
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from the UV to the THz. Spectra for three different CNT films are shown: SWCNTs
with the average diameter 0.8 nm and an average length of individual CNT about
700 nm; DWCNTs with the average diameter of 2–3 nm and an average length of 2 µm;
SWCNTs with an average diameter of 2.1 nm and a length of more than 10 µm. The
THz conductivity peak (TCP) corresponding to the axial plasmon is shifted
towards lower frequency with an increase in the CNT length. The interband
transitions are shifted towards a higher wavelength with an increase of the
diameter. Another significant difference between these samples is that they consist
of a different number of NTs in bundles. Longer NTs with a low number of CNTs in
the bundle showed a higher ratio between the transmission in vis and IR regions. In
the past, large bundles have been referred to as “dead mass”, as the conductivity of
CNT films did not increase with bundle diameter [89, 90]. Therefore, aerosol grown
samples with a low number of bundles were used in this project.

2.6

Depolarisation and plasmons

Related to the selection rules discussed in Sec. 2.1 is a depolarisation or antenna
effect, also called a screening effect. To be precise the optical absorption is
suppressed when the incident light is perpendicular to the CNT axis due to the
depolarisation effect. The physical explanation of this effect was presented in Ref. [91]:
the induced polarisation reduces the external field in the perpendicular geometry
(Fig. 2.1 (b)). Let’s consider NT as a classical polarizable cylinder with polarizability χ
(Fig. 2.1). Therefore, in the direction parallel to the axis: P = χEext . In the perpendicular direction we have a different expression: P =

χ
1+2πχ Eext .

This reduction in the

absorption spectrum results from a reduction of the polarisation by the denominator
1 + 2πχ.
This anisotropic polarisability was observed in numerous studies (for example, [92]). The depolarisation effect gives the explanation for the absence of the
cross-polarised excitonic transitions (like E12 , Fig. 2.7) in the experimental spectra
when the polarisation is perpendicular to the CNTs axis [93]. Rayleigh, Raman,
absorption experiments confirmed the strong antenna effect in CNTs [93, 94]. Interestingly, this effect in the MWCNT becomes smaller as the shape of the NT becomes
more “isotropic”. A similar effect is observed for a bigger diameter SWCNT the
depolarisation effect weakens.
Some theoretical studies predicted the strong electron-hole Coulomb interactions
that can cause to cross-polarised excitons and small absorption peaks [95]. Some PL
on air-suspended NTs and absorption measurements on aligned chiraly-enriched NTs
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Figure 2.7: Depolarisation effect. Calculated cross-sections for σk (solid black
line), σ⊥ without depolarisation corrections (solid red line) and with depolarisation
corrections (dashed red line). Images reproduced following [93].
showed the presence of the cross-polarised excitons in the spectra. It could be due
to the small diameter pure separated aligned CNTs samples which were investigated
[96].
While polarisation dependence of an undoped CNT is explained in terms of the
optical selection rule and depolarisation effect (Fig. 2.8 (a)), in heavily doped samples
intraband plasma modes are activated and intrasubband plasmon occurs (Fig. 2.8 (b))
[97]. Depending of the wavevector k orientation of the incident field, and therefore
electromagnetic vectors, plasmons have two different types: azimuthal plasmon
(with k in the azimuthal direction of a cylinder) and axial plasmon mode (with k
parallel to the axial direction) (Figs. 2.8 (c) and (d) respectively). As can be seen
from Figs. 2.8 (e) and (f) the excitation by the infra-red light (a low energy light)
requires heavily doped samples. The axial plasmons give THz conductivity peak
which will be discussed in Sec. 2.11, and these are intrasubband plasmons driven by
electromagnetic field parallel to the axis. While this peak appeared in far-infrared
region, the azimuthal plasmon was attributed to the 1 eV [98, 99]. This plasmon shares
very similar properties to intersubband plasmons which will be discussed in Sec. 2.9.
The difference could be due to the terminology that describes very similar physical
processes.

2.7

Excitons and trions in CNTs. Evidence for excitons
in CNTs

The excitons in CNTs are typically Mott-Wannier excitons. In (6,5) NTs with
0.78 nm in diameter the exciton size is 2.0 ± 0.7 nm on average. Therefore, excitons
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Figure 2.8: Interband and intraband transitions. (a) Parallel (perpendicularly)
polarized light induces direct (indirect) interband transitions; (b) collective excitations
that are composed of intraband electron-hole pairs in a heavily doped CNT cause the
absorption of E⊥ ; (c) the azimuthal and (d) axial modes are active when the incident
light is perpendicular to the axis, or parallel to the axis, respectively; (e) and (f) show
the microscopic processes for intersubband and intrasubband absorption, respectively,
in the case of a metallic CNT. Images reproduced following [97].
are small compared to the length of the tube. By using femtosecond time-resolved
√
pump-probe spectroscopy it was determined that the diffusion length Ld = Dτ of
excitons in the CNT is about 10−13 nm for bundled CNT and up to 1 µm for wellisolated CNTs. It depends on the diffusion coefficient D and the recombination time τ
[63, 100, 100, 101]. According to [102], the exciton size for NTs with 2.1 nm in diameter
varies from 1 to 10 nm, depending on the value of the dielectric constant assumed.
They showed that the dielectric environment can lead to a larger exciton size of
13 ± 3 nm. In Ref. [63] it was shown that, in addition to the dielectric environment,
aggregation in bundles also alters the size of excitons. At high fluence, the excitonexciton annihilation process is dominant and allows to measure an exciton diffusion
coefficient with a typical value in the order of D = 0.1 cm2 s−1 [100, 103].
Some optical properties arise from dark states of the excitons fine structure,
where the optical transition is forbidden by the spin, valley and parity selection rules
[104, 105]. Dark states lacking of spectral features however can lead to unexpected
optical phenomena and can be important for the understanding of exciton properties.
As it will be shown later in the chapter, PL is a powerful tool that can prove
that the observed effect is excitonic in nature [8]. In static one-photon absorption
we access to the excitonic states with odd symmetry (u). Two-photon absorption
gives access to the excitons with even (g) symmetry [8, 106]. The comparison of
these two techniques can give information about both odd and even excitonic
states. Interestingly, the resonance’s energy in two-photon absorption PLE was
shifted about 200–300 meV in comparison with the one-photon absorption case. The
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b)

a)

Figure 2.9: The evidence of excitons in one- and two-photon absorption
measurements. (a) Schematic picture of one-photon absorption and emission in CNTs
(top left) and two-photon absorption (top right). Two-photon luminescence spectra of
CNTs (bottom); (b) a contour plot of the two-photon excitation spectra of SWNTs.
Reproduced from [106] and [8] respectively.
PL observed, in this case, appeared due to the excitation resonantly to 2g and the
energy relaxation from the 1u transition can be observed. Figures 2.9 (a) and (b) show
typical 2D contour plot represented typical 2D contour plots of fluorescence emission
under two-photon excitation. It can be clearly seen that the emission spectra revealed
the peaks corresponded to the certain chirality CNT. The important result from this
measurement is that when the two-photon excitation energy was the same as the
emission energy no signal was observed. Only when the excitation energy was
greater than the emission energy the PL following two-photon absorption
was observed. This is a direct indication that excitons are the dominant photoproduct. Other observations suggest excitonic effects as well. The transitions were
seen to have Lorentzian line shapes of excitons which is different from other systems.
In two articles [8, 106], the exciton binding energy was found and estimated to be
between 300 and 400 meV.
Trions are charged excitons that theoretically was predicted to appear at lower
energy than bright excitons in highly doped samples. The trion binding energy is
defined as the energy required to dissociate a trion into a free electron/hole and an
exciton. It was found theoretically that the binding energies of trions are functions of
NT radius [107]. It was shown experimentally that the trions are ∆E =
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Figure 2.10: The evidence of trions in doped NTs. (a) Absorption spectra
of undoped and hole-doped (7,5) SWCNT samples (blue and red curves) [109];
(b) normalized PL spectra of hole-doped (orange line) and undoped (gray line) SWNTs
measured at 280 K for (7,5) SWCNT samples [110].
from the bright excitons, where A = 49 meVnm and B = 65 meVnm2 . The selection
rules for trions are the same as for excitons [108]. Trion absorption and PL peaks
were observed at room temperature in different experiments when (7,5) SWCNTs were
hole-doped, as clearly shown in Figs. 2.10 (a) and (b). So far there is an agreement that
the possibility of trion formation that optically-generated excitons are captured by
the localised charge on the SWNTs [109, 110]. According to the transient absorption
measurements, the typical lifetime of trions is 2.7 ps and with a single-exponential
decay, which is in contrast to bi- and three-exponential decay of excitons [110, 111].

2.8

Photoluminescence spectroscopy

The PL in CNTs is the result of the lower-energy photon emission after higher energy
photon absorption (Fig. 1.4). In principle, any higher order electronic transitions
(E22 , E33 , E44 , ...) should yield PL across the E11 transition. However, due to the
enhanced excitonic absorption, a resonance appears when the E22 transition is excited
[112]. Emission is largely at E11 , as the internal energy relaxation rate from E22
to E11 is fast. PL is a powerful tool of determining CNTs chirality which is rather
more sensitive than static absorption spectroscopy. This technique however cannot
provide the information about metallic (and small band gap) NTs, as the
M is too fast.
internal relaxation into the available states below E11

Typically photoluminesence is plotted as 2D contour plot presented the PL
emission intensities as a function of the emission and excitation photon energy (or
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wavelengths), as shown in Fig. 2.11. The PL efficiency of large bundles containing
metallic CNTs is usually weak. It can be explained by the nonradiative relaxation
of photoexcited excitons or carriers through the ET from semiconducting to metallic
or smaller gap semiconducting SWNTs (PL from which is experimentally harder to
detect as it is located in mid-IR region) in the bundle. It has been reported that the
isolated air-suspended CNTs also showed clear PL signals [101]. By using theoretical
or empirical Kataura plots one can assign CNT chiralities.

Figure 2.11: An example of PL spectra. The major PL peaks at 1050 nm and
1150 nm corresponds to the photoemission due to radiative recombination of E11 bright
excitons in the (7,5) and (7,6) SWNTs which were grown using the HiPco method. The
small peaks appeared around the main peaks are optical-phonon-assisted processes.
The grid-lines indicate diameter and chiral angle of the tubes.
From theory, it is known that the optical transition wavelengths of semiconducting CNTs depend linearly on the diameter according to the relations:
λ11 =

hcd
,
2acc γ0

λ22 =
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hcd
.
4acc γ0

(2.10)

As it can seen the ratio between them is 2. In Ref. [113] an empirical formula
showing the first and second van Hove optical transition frequencies of SWNTs as a
function of their diameter (in nm) and chiral angle were derived (Eqs. 2.5–2.9). The
grid-lines plotted in Fig. 2.11 shows the diameter and chiral angle of the tubes as a
function of emission and excitation wavelengths.

2.9

Intersubband and cross-polarised
excitons and plasmons

In undoped and lightly doped, randomly oriented SWCNTs only E11 , E22 ... Eii
transitions are allowed (Fig. 2.4 (a)). However, in aligned and doped CNTs additional
transitions can also appear. In aligned CNTs films according to the selection rules
S
M
described in the Sec. 2.1 the cross-polarised E21/12
, E21/12
... excitons are expected

to be seen (2.4 (b)). However, they are not very well observable in the experiment by
the depolarisation effect described in the Sec. 2.6.
In quantum wells, such as GaAs quantum wells, the intersubband transitions
are observed. They are intrinsically collective, deviating from the single-particle
picture and involving many-body effects, and thus termed intersubband plasmons
(ISBPs). Some peaks were observed in heavily doped SWCNTs [98, 114, 115]. But
the nature of this peak was not clear.
In Ref. [116], a film of macroscopically aligned and packed SWCNTs with
an average diameter of 1.4 nm, containing both metallic and semiconducting SWCNTs,
was prepared using a controlled vacuum filtration [117]. In perpendicular-polarisation
spectra, they observed a new peak which is attributed to ISBP, corresponding to the
transitions presented in Fig. 2.4 (c). The increase of the gate voltage causes the
blue shift and the increase of the intensity. In Chap. 5 heavily doped SWCNTs are
reported, where these peaks are located around 1 eV (Fig. 2.12). The position of this
peak as a function of Fermi level can be expressed by [118]:
}ω = (1.49 ± 0.004)

EF0.25
,
dt0.69

where dt in nm and EF in eV and }ωp in eV.

2.10

CNT chirality assignment

To indentify CNT chirality the following steps should be attempted:
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(2.11)

Figure 2.12: Wafer scale aligned CNT films and ISBP. (a) Optical and (b) SEM
images of an aligned SWCNT film; (c) schematic diagram for the setup for the
polarisation-dependent absorption spectroscopy experiments on an aligned SWCNT
film gated through electrolyte gating; (d) parallel-polarisation and (e) perpendicularpolarisation optical absorption spectra at different gate voltages for an aligned SWCNT
film containing semiconducting and metallic NTs with an average diameter of 1.4 nm.
The ISBP peak appears only for perpendicular polarisation (e) for both electron and
hole doping, corresponding to VG =−2.0 and 4.3 eV, respectively. Reproduced from
[116].
1) Estimate, if it is possible, the average diameter range of CNT by using TEM,
AFM or information from the supplier.
2) Draw a vertical line in the experimental Kataura plot at your average
diameter. If the distribution of the diameters available draw three vertical indicating
the range of the possible diameters.
3) Draw the horizontal line at the energy corresponding to the cross of the
branch with NTs and your average diameter line.
4) Take a Raman spectrum at the determined wavelength or closer to it.
Determine the most intensive, resonance RBM peaks. Compare these peaks to the
position of the nearest the horizontal line points from the Kataura plot. If possible
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shift the laser energy and look at the redistribution of the peaks. For narrower bandgap semiconducting CNTs it is impossible to excite CNTs resonantly as their main
absorption is located in IR region. However, above-gap non-resonant laser excitation
can give the signal from metallic NTs (which broadly absorbed light) and higher order
(E33 , E44 , ...) transitions from semiconducting NTs. It is important to note, that, in
this case, the peaks position still can provide us the diameter distribution.
S and E S energies from the peak
5) Take PL measurements. Identify E11
22

positions. Use the experimental Kataura plot from [77] to identify the chirality of NTs.
S and E S energies to verify the chirality of CNT. You can also apply
Use both E11
22

the mask on your PL based on the grid-lines showed in Fig. 2.11 and Eqs. 2.5–2.9 to
identify the regions with different diameters and chiral indexes. Be aware that the
response from the metallic NTs are not present clear in PL spectra.
6) Take the absorption spectroscopy measurement. Identify the regions correS , E S , E M transitions. Find the similar to the E S experimental
sponds to the E11
22
11
11

value in the table of the experimental Kataura plot from [77]. Verify the chirality
S . If samples are enriched in the certain
of the CNT by using the second value of E22
S will correspond to the most intensive peak among
chirality the most intensive peak E11
S.
E22

7) Compare PL, Raman and static absorption measurements. Exclude the
chirality which showed disagreements between the assignments described above. Compare PL and absorption measurements to find the positions of the metallic CNTs by
using the by identifying any peaks in the absorption spectra not identified as from
semiconducting CNTs as coming from metallic tubes. Compare it with the resonance
Raman measurements for these CNT if it is possible.

2.11

Plasmonic nature of the IR/THz conductivity peak

It was discovered by many research groups that CNTs have a peak of the conductivity in mid-IR and terahertz (THz) regions. The first detailed analysis of the spectra in
FIR region was performed by Ugawa and co-workers [119]. The measurements taken
in the reflection mode revealed a peak of the conductivity around 135 cm−1 (4 THz,
17 meV) that seemed to be unchanged as a function of temperature (Fig. 2.14 (a)).
The film had a thickness of 20–40 nm with an unreported distribution of the length
and diameters. However, according to the presented spectra, we can assign the diameters to be lower than 1.2 nm as the interband transitions appeared outside of their
spectral bandwidth. They found that the observed spectra cannot be reproduced by a
simple Drude model. Instead, they employed Drude-Lorentz model to describe the
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dielectric function (obtained by Kramers-Kronig transformation) in the form of:
ε(ω) = εc −

X
Ω2pj
ωp2
−
,
ω(iγ + ω)
(ω 2 − ωj2 + iΓj ω)

(2.12)

j

where c stands for the frequency-independent dielectric constant, ωp and γ are,
respectively, the plasma frequency and the relaxation rate of the charge carriers, and
ωj , Γj , Ωpj are the center frequency, spectral width, and oscillator strength of the
Lorentz oscillators for the localised transitions.
They also performed the qualitative analysis in addition to the fitting. The
effective number of carriers Nef f participating in optical transitions at frequencies
less than ω can be evaluated from the following optical sum rule [119]:
2mVcell
m
=
Nef f (ω)
m∗
πe2

Z

ω

σ1 (ω 0 )dω 0 ,

(2.13)

0

where e and m are the free-electron charge and mass, respectively, m∗ is the effective
mass, and Vcell is the volume occupied by one formula unit. A similar analysis is used
in Chap. 5.
However, despite the detailed analysis performed in Ref. [119] the nature of the
peak was unclear. They attributed this peak to the superposition of the pseudogap
in bundled (n,n) SWNT’s although its value is less than a half of the predicted
value for (10,10) SWNT’s and the secondary gaps (5—20 meV) calculated for small-gap
SWNT’s with 13–15 Å diameters.
It is also important to note that CNTs usually create a network of different
NTs with different lengths, diameters and electronic structures. We can calculate the
effective dielectric function (or effective conductivity) using an effective medium
theory (EMT), such as the following approximation for needle-shaped metallic and
semiconducting NTs [120]:
f

εg − ε
εm − ε
+ (1 − f )
= 0,
gεm + (1 − g)ε
gεs + (1 − g)ε

(2.14)

where f is the volume fraction of metallic tubes with the dielectric function εm , 1 − f
is the volume fraction of semiconducting tubes with dielectric function εs , and g is
the depolarisation factor.
At the next step anisotropic properties of CNT were investigated by using
free-standing films (Fig. 2.13) [120, 121]. They applied the same approach as described
in Ref. [119] and fitted the experimental measurement with the theoretical model using
Eqs. 2.12 and 2.14. However, they attributed a peak around 2.4 THz to the phonon
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Figure 2.13: The THz spectroscopy measurement of aligned NTs. The change
of the THz pulse when the incident polarisation is (a) parallel and (b) perpendicular
to CNT axis. Images reproduced following [120, 121]
absorption. The film was 30 nm thick but there is no information about the diameter
and length distribution.
Then doped samples were investigated. A pure and F-doped SWCNT films
were characterised by Terahertz time-domain spectroscopy (THz-TDS) which
fit well with the Maxwell-Garnett model combined with the Drude-Lorentz model
using Eqs. 2.12 and 2.14, and the resonance around 2.4 THz was still attributed to
a phonon (Fig. 2.14 (b)). Surprisingly, doping reduced the conductivity that was
attributed to the p-type doping of CNT (charge transfer from the SWCNT to the
F2 molecules) [122]. It could be due to the change in the sample caused by damage,
or more dilution, after the doping procedure. Later it was shown that the doping
increased the conductivity [123].
The nature of this is peak was still unclear but some predictions were made.
Among them (from [124]): (1) the TCP should be observable both in metallic and doped
semiconducting SWCNT; (2) the frequency of the TCP should systematically depend
on the NT length in a predictable manner; (3) the TCP intensity should be enhanced by
doping in semiconducting SWCNTs; (4) there should be weak temperature dependence;
and (5) there should be strong polarisation dependence, with no resonance expected for
polarisation perpendicular to the NT axis. Although the last statement was already
discussed above (Fig. 2.13 (a) and (b)), the rest needed further investigation.
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Later, careful theoretical and experimental analyses of the TCP were performed
(Figs. 2.14 (a)–(e)). Shuba and co-workers studied numerous samples with a different
CNT length [125, 126]. Figures 2.14 (c) and (d) show a shift to a higher frequency
for shorter tubes accompanied by a decrease in intensity. There were two possible
explanations given in this article: shorter SWCNTs are weaker scatters or damage
of SWCNT sidewalls decrease the electron relaxation time. Raman spectroscopy
measurement showed a significant change in the ratio between D and G mode confirming
the high number of defects.
In the next article semiconducting SWCNTs were separated from metallic SWCNTs [124, 127], and the plasmonic nature was proved for both types of NT (Fig. 2.14 (e)).
In addition to this investigation, the temperature and length dependence was
performed for CNT/WS2 NT composites [126]. Ultra-long NTs showed a surprisingly
strong dependence on temperature. This behaviour was attributed particularly to
electron-phonon scattering processes or electron defect scattering processes.
In these articles the Drude-Lorentz model was used. The Drude model is
needed to describe the motion of free charge carriers under an applied electric field.
The charge carriers are subjected not only to an applied EM field but also to an
electrostatic restoring force, forcing the carriers to undergo harmonic oscillation. It
requires an additional Lorentz model.
The disagreement between interpretations presented in the articles above can
be understood as follows. First of all, different samples with different geometrical
parameters NTs and a film morphology were used. Secondly, all considered models
can reasonably well describe the observed conductivity. In 7.8, the reader will be
convinced that the observed in this thesis conductivity of long NTs can be also fitted
by using similar models.

2.12

Ultrafast THz probe spectroscopy of nanotubes

Probing CNT films by time-resolved THz spectroscopy reveal dynamics on a picosecondtime scale. As the reader will see, there is a wide discussion of the THz photoconductivity of CNTs in the literature particularly due to the sensitivity of the technique
to many quasiparticles, such as electrons, phonons, and bright excitons, trions, dark
excitons which are hard to distinguish. Therefore, the nature of the photoconductivity
remains unclear which will be shown in the following paragraph.
The phototoinduced response was usually analysed independently to the equilibrium conductivity. The first pump-probe THz measurements on CNTs were performed
in 2004 by H. Altan and coworkers [128]. In their work chemical vapor deposited
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Figure 2.14: Evidence for the TCP in CNTs. Conductivity, optical density
and attenuation of: (a) randomly oriented SWCNT film under lower and higher
temperatures, (b) for doped and pristine samples (dots: pure SWNT, circles: F-doped
SWNT), (c) the dependence of the plasmon position on temperature and length of
SWCNT, (d) the dependence of the plasmon position on length of SWCNT with the
AFM extracted length distribution, (e) the position of the plasmon for metallic and
semiconducting NTs with the temperature dependence. Reproduced from: (a) [119],
(b) [120], (c) [126], (d) [125], (e) [124].
(CVD) grown CNT thin films on a quartz substrate were used. The average tube diameter was 0.9 nm and the thickness of the film was 100 nm. The Drude-Lorentz model
with the combination of effective medium theory was applied to describe photo-induced
behaviour (Fig. 2.15 (a)).
X. Xu et al. showed photoinduced transparency of CNT films after 2.1 THz
at 800 nm pump that can be identified as an enhancement of the THz pulse amplitude
(Fig. 2.15 (b)) [129]. According to this research, both the Drude and Lorentz terms
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Figure 2.15: Summary of the THz photoconductivity studies. (a) The absolute
relative change of the signal |∆E/E|; (b) left—the THz signal before (black) and after
the photoexcitation (red) reveals the photoinduced transmission increase, right—the
corresponding amplitude as a function of frequency; (c) excitation scheme of a large-gap
NT. The pump pulse resonantly populates the E22 excitonic band, right—excitation
and probing scheme of a small-gap NT together with a magnification of the region
around the Fermi edge; (d) the photoinduced positive change of the THz conductivity
1 ps after the photoexcitation. Reproduced from: (a) [128], (b) [129], (c) [130], (d) [131].
should be included to interpret the dielectric variation of the samples.
L. Perfetti and co-workers [130] made a conclusion that the photoinduced
conductivity originates from the small bandgap of CNTs with a finite curvature,
as defined in Sec. 1.7. Their samples were 800 nm thick and included different types of
CNT. In this paper it was concluded that there is no distinct free-carrier response
which was ascribed to the instantaneous generation of strongly bound excitons instead
of free charge carriers as seen in graphite. Moreover, they presented that the transient
dichroism shows the existence of spatially delocalised and localised carriers.
M. Beard et al. examined the THz response of m-SWNT and s-SWNT films as
a function of chemical doping and photoexcitation [131]. The photoinduced behaviour
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was attributed to free-carrier response. The dynamics were independent to the
wavelength and tube type.
X. Xu and coworkers showed that the photoresponse of large-gap semiconducting
SWCNTs (wrapped by polymers, and fully isolated in a gelatin matrix) arise from
excitons [132]. They show that in the absence of intertube interactions (zero DC
conductivity) the intrinsic properties of SWNTs can be measured by selective excitation
of semiconducting SWNTs. They also saw the negative photoconductivity before
2 THz (Fig. 2.16 (a)) that was attributed to excitonic response and phase-space filling
affecting the conductivity of non-optically induced free charge carriers.
L. Luo and co-workers presented another interpretation of the photoinduced
conductivity in THz region [133]. They resonantly excited chiraly enriched (6,5)
NTs 50 µm film and observed a strong absorption around 6 eV at low temperature
which was attributed to transitions between lowest-lying dark excitons’ states uniquely
observed in quasi-1D structures. This hypothesis was supported by the pump photon
energy and temperature dependence. A fluence dependent measurement showed stable
absorption with a little shift or broadening. At the pump energies resonant to the
exciton transition of (6,5) tube the signal is roughly 3 times larger than the signal
under off-resonant excitation for the same photon density which reveals dark excitonic
origins of the THz resonance. The experimental observation was supported by the DL
model, which described THz driven oscillator (dark excitons) and free charge carriers
response (unbound e-h plasma). In addition, the first time the exciton density was
determined as a function of a pump-probe delay and oscillator strength.
S. Kar reported the terahertz photoconductivity of single-walled and doublewalled CNTs and interpreted the photoconductivity using Boltzmann transport
theory for free charges only, ignoring the equilibrium plasmonic contribution
and the formation of excitons under optical excitation (Fig. 2.16 (b)). Recently,
P. Karlsen et al. studied the THz conductivity of thin films of long and short SWCNTs
and attributed a photoinduced reduction in the THz conductivity to a broadening
of the plasmonic response (Fig. 2.16 (c)), assuming that photoexcitation heats the
SWCNTs and increases the momentum scattering rate [134].

2.13

Ultrafast absorption spectroscopy of CNT

The reduced dimensionality of nanomaterials and lower degree of dielectric screening
enhances the Coulomb interaction between electrons and holes. In this section, we
will describe the consequences of this for the dynamical response of excitons in NTs
studied by ultrafast TAS.
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Figure 2.16: Summary of the THz photoconductivity studies. (a) THz complex
dielectric function of SWNTs measured at 1.4 (top left) and 20 ps (bottom left)
after excitation at a fluence of 158 µJcm−2 . Data for various time delays in units
of picoseconds after excitation (right); (b) the photo-induced conductivity spectra
DWCNT (top) of 8 ps and SWCNT (bottom) at 2.7 ps after photoexcitation; (c) photoinduced conductivity due to 800 nm photoexcitation at pump-probe delay time of
1 ps for long (red), medium (green) and short (blue) length CNTs. Reproduced from:
(a) [132], (b) [135], (c) [134].
The strong interaction between electrons and holes and reduced screening result in efficient exciton-exciton annihilation (EEA), Auger recombination,
and other high-order non-radiative recombination processes (the low PL quantum
yield for CNTs confirms the presence of effective non-radiative decay channels). Moreover, these interactions can provide an estimation of the exciton size and can help
to distinguish between different types of excitons, Wannier-Mott and Frenkel
excitons.
The photoinduced absorption/bleach decays of CNTs can be typically modelled
by three timescales. The fastest process was assigned to Auger processes (EEA),
described by a bimolecular rate equation involving 2 excitons (or 4 individual particles,
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2 e- and 2 h+) [136]. The EEA in 1D and 2D systems will be described in detail
in Sec. 2.14. These processes were found to be efficient in different low-dimensional
systems such as carbon nanoribbons [137], MoS2 [138], MoSe2 [139]. The intermediate
decay component was assigned to the phonon-mediated process in which the absorption
of D-phonon determines the trapping of the exciton into a dark state, and the weak
radiative recombination process and a dominant phonon-assisted relaxation process
[137, 140, 141].
Rather than exhibiting an exponential decay, some processes can be described
by a power-low dependence which was attributed to “random walk” of charge species
in 1D systems. In some cases it was attributed to triplet-triplet exciton annihilation
[142], diffusion-limited X-X recombination [143] or one-dimensional geminate
recombination of photogenerated free charges [144].
The first transient spectroscopy measurement of a single chirality CNT was
performed in 2007 [145]. The (6,5) chirality-enriched NTs were pumped at various
wavelengths and probed near the E11 and E22 transitions. The observed long-term
dynamics of photoinduced absorption (PA) and photoinduced bleach (PB)
transients follow power-law dependence (attributed to “random walk” as described
in the previous paragraph) irrespective of the pump-wavelength (with exponent β =
0.45 up to 0.8 ns). These dynamics were attributed to subdiffusive trapping of dark
excitons followed by the exciton recombination with less than about 10 ps lifetime. It
particularly indicates the importance of the inclusion of defects and impurity states in
exciton dynamics analysis.
Due to the high binding energy, the many-body effect opens the possibility to
observe bi-excitons, trions, triplets and free charge generation. Bi-excitons
consist of two bound excitons. Bi-excitons are red-shifted in comparison with excitons.
PA observed at red-shifted sides of the ground-state photo bleaching (PB), i.e. photoinduced transparency, was attributed to bi-excitons [146]. Positively and negatively
charged excitons, trions, are red-shifted in comparison with excitons. Trions formed
during the bi-molecular exciton-exciton annihilation processes can be also observed in
CNTs [147].
The PBs well aligned to exciton absorption peaks are due to the depletion of a
common ground state when the pump energy is resonant to an excitonic transition
[148]. The blue-shifted PA was assigned to the charge induced diameter deformation,
while red-shifted PA was attributed to the above-mentioned many-body species. The
most interesting phenomenon that was observed in CNTs is that under the below
gap excitation the strong TAS signal was observed [144]. It is still far from being
understood. Most likely exciton dissociation and direct charge photogeneration induced
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TAS even under non-resonant excitation.

2.14

Annihilation models

The Sec. 2.7 provided an experimental evidence for the excitonic nature of the absorption at a room temperature. Due to the strong quantum confinement and weak
intrinsic screening the enhancement of many-body effects is expected to be seen.
Among different effects the EEA have been observed in numerous articles as discussed
in the Sec. 2.13.
From the microscopic point of view, EEA is usually described as follows. If
the density of excitons is high (due to the high fluence or high average power), two of
them which are within the reaction area result in the creation of higher excited states
at one leaving behind the other in the ground state. At the next step, due to the
ultrafast internal conversion, the higher excited state relaxed back to the ground state.
From another point of view, EEA is obtained as an effective radiationless transition
from the two-exciton to the single-exciton. In the dilute case (at a low fluence or low
average power) excitons first have to move close together before EEA can occur. This
makes exciton diffusion contribute to the overall rate.
If the fluence is high enough that the mean particle spacing is comparable
to the exciton’s size, the diffusion step is not required. The described annihilation
annihilation

processes are conceptually similar to a chemical reaction, written as 2 X −−−−−−−→
formation

diffusion

annihilation

e∗ + h∗ −−−−−−→ X in the high-density case and X + X −−−−−→ 2 X −−−−−−−→
formation

e∗ + h∗ −−−−−−→ X in the dilute case with an additional rate-limiting step (diffusion).
Moreover, the first case might be a dominant process if the actual size of the system
is small in comparison with the diffusion radius of excitons. Theoretical approaches
are well developed for two limiting cases and in particular can be modelled by using
bimolecular rate equation as described below.
The pump light pulse creates an initial exciton density N0 = N (t = 0), where t
is the pump-probe delay time. The time-dependent population N (t) can be described
by the general rate equation:
dN
= −k1 N − k2 N 2 ,
dt

(2.15)

where the first term on the right-hand side is the monomolecular population decay
rate (e.g. radiative decay), where k1 = 1/τ for an exciton with lifetime τ . The second
term on the right-hand side is due to the bimolecular process involves the interaction
between two particles.
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In general, the annihilation rate k2 (t) is time-dependent, and further depends
on the dimensionality of the geometry explored by the population, as discussed further
below. However, if k2 is a constant, the general solution of equation 2.15 can be
presented as follows:
N (t) = 

k1
n0

k1

,
+ k2 ek1 t − k2

(2.16)

where N0 is the maximum carrier density (for optical pump-THz probe (OPTP) data
sets); the maximum intensity (PL data) or the maximum ∆OD (for TAS).
Two important concepts help explain the EEA dynamics of excitons in a
material: the reaction time and the diffusion time. The diffusion time is defined as the
time taken by the reacting particles to meet each other. The reaction time is the time
taken for the reactants to interact once at the same spatial location. If the diffusion
time is shorter than the reaction time, the process is called reaction-limited while if
the diffusion time is longer than the reaction time, it is called diffusion-limited.
In the reaction-limited case the dynamics can be explained by Eq. 2.16 with
k2 = γR , and a negligible k1 term. This regime in CNTs is expected if the exciton
density is high and they are relatively delocalised along the CNT axis, which is typical
for the measurements reported in this thesis (> 10,000 excitons per micron).
In the diffusion-limited case, the exciton population decays are given by
[149]:
dN
= −γD0 t(de −2)/2 N 2 ,
dt

(2.17)

where de ≤ 2 is the dimensionality of the geometry explored by excitons [150]. For 2D
and 3D excitons the EEA rate γD (t) is independent of time (γD (t) = γD0 ), and when
de < 2 the annihilation rate is time-dependent. The solution to this rate equation
for an initial exciton density N0 predicts that
N0
2N0 γD0 tde /2
−1=
.
(2.18)
N (t)
de
√
In particular, this approach predicts N0 /N (t) − 1 ∝ t for 1D excitons (de = 1), and
N0 /N (t) − 1 ∝ t for 2D excitons.
At early times and at high exciton densities (where EEA dominates) the optical
absorbance change can be written A0 /∆A(t) − 1 = N0 /N (t) − 1 ∝ tde /2 , and thus the
dynamics can be used to determine the excitons’ dimensionality, de . This approach
has been widely applied to 1D excitons (de = 1) in CNTs [103, 149, 151, 152] and
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2D excitons (de = 2) in atomically-thin two-dimensional TMDs [100, 138, 153]. The
rate constant in anisotropic black phosphorous was described as a sum of 1D-like and
2D-like EEA processes [154]:
√
N0
= A t + Bt,
N (t)

(2.19)

√
where A = 2π 3/2 r0 DN0 and B = (−8πDN0 )/ ln(πr02 N0 ), D is the diffusion constant,
r0 is the annihilation radius (the maximum separation of two excitons when the
annihilation process occurs immediately). Therefore, by using equation 2.19 we can
extract D for a given r0 .
The annihilation radius should be comparable to the exciton radius. It is
important to note that the exciton size can vary from sample to sample due to the
difference in the dielectric function [102].
The two EEA models discussed so far assume that excitons are located close
to each other (reaction-limited rate) or diffuse towards each other before reacting
(diffusion-limited). However, the EEA process can also occur by a single long-range
annihilation step via energy transfer (ET) [155]. Forster resonance energy
transfer (FRET) is commonly used to describe long-range interactions in nanomaterials. In this model a donor molecule is surrounded by a distribution of acceptor
molecules. The time-dependent exciton population (the average number of donor
excitons) can be modelled by the rate equation 2.15 with the annihilation rate:
2
γF = πRF3
3

r

π
.
τt

(2.20)

Ignoring the k1 term, the substitution of rate constant in the equation gave
the solution 2.15:
πRF2 N0
N0
−1=
N (t)
2

r

π √
. t
τ

(2.21)

FRET is based on the interactions of donor and acceptor via their dipole
moments rather than the charges. It appears if donor and acceptor have the resonant
states at similar energy (spectral overlap between the donor emission and acceptor
absorption spectra) and donor-acceptor distance is in order of a few nanometers.
Shortly, energy transfer involves donor PL in an excited electronic state, which may
transfer its excitation energy to a nearby acceptor through dipole-dipole interactions. Therefore, the important parameter that is used for the characterisation is a
Forster radius, RF . Figure 2.17 shows the relationship between transfer efficiency and
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Figure 2.17: Distance dependency of the energy transfer efficiency between
a donor and acceptor fluorophore. The illustration of the Forster law with radius
RF = 2, 5, 8 nm.
the distance between the donor and acceptor in fluorescent dyes which follows the
formula [156]: E = 1/(1 + (R/RF )6 ), where RF is a Forster radius (typically from 2
to 8 nm). At a longer separation (R> RF ) between donor and acceptor, the energy
transfer efficiency is significantly reduced.
To summarise these models, it is important to note that the diffusion-limited
√
approach in the 1D case and FRET both gave N0 /N (t) − 1 ∝ t, and are therefore
mathematically equivalent. A similar situation happens for 2D diffusion-limited
and reaction-limited approaches which both give N0 /N (t) − 1 ∝ t.
In numerous articles, PL and TAS measurements were interpreted as EEA which
restricts the number of excitons created [151, 157]. F. Wang et al. took fluorescence
measurements and noticed that the fast component of the decay is more prominent
than the slow component at the higher fluence. This behaviour was attributed to Auger
recombination (EEA). Moreover, fast and slow components showed different fluence
dependence which was attributed to the correlation of the processes. In particular,
the strong EEA (a fast decay component) can limit the number of the bright exciton
(a slow decay component).
Y.-J. Ma et al. also performed both transient absorption and fluorescence
spectroscopy measurements of aqueous solutions [158]. In this paper, they also
confirmed that a fast decay component is more prominent at high fluence. Y.-J. Ma et
al. found that the (6,5) and (7,5) enriched NTs have different overall PL and TAS
dynamics but still show EEA signatures as described above. At earlier time delays the
(6,5) NTs showed faster decays with the increase of the fluence, while (7,5) showed the
opposite behaviour. It was attributed to the free electron and hole response in (6,5)
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in addition to bright excitons. In addition, Y.-J. Ma et al. assumed that excitons in
the lowest state, with density n1 , exhibit EEA at the EEA rate γn21 /2 and populate a
higher energy state (density n2 ).

2.15

Tube-to-tube and inter-wall energy transport

The optical properties of CNT samples are highly dependent on their morphology,
because of the interaction between CNTs. Some researches have focused on interpreting
experiments using theory based on the properties of an individual CNTs, while in
reality, as a result of the strong vdW attraction, CNTs have a tendency to form
bundles. The migration of electrons and holes from the larger band gap to the smaller
gap CNT within a bundle is a fast (about 1 ps) process, and it is followed by a slower
radiative recombination from the narrow gap CNT [159]. New PL features occur due
to the inter-tube ET. The authors mention that the position of these peaks didn’t
follow the surfactant-related shifts. These ET peaks have a broad shape which can
be interpreted as an overlap of different chirality CNTs. The metallic NTs, which
naturally amount to roughly one-third of all CNTs in samples, partially quenched
PL of semiconducting NTs. More detailed work performed by Tan and co-authors
shows that resonant excitation of large gap donors enhanced the emission
from smaller gap acceptors with the quenching of the emission of the first
[160]. Such ET been attributed to exciton migration rather than individual electron
or hole migration due to the high binding energy typical for 1D and 2D structures.
In 1D and 2D systems there are three main ET mechanisms can take place—
exciton tunnelling, photon exchange, and FRET. The last mechanism requires a
strong coupling between wave-functions which can be estimated as an energy difference
of different species. Photon exchange doesn’t depend on the distance between CNTs
and it should appear even in individualised solutions. Therefore in thin films (and
bundles in solution), FRET is likely the most dominant mechanism as it is more
significant at short and intermediate distances (0.5–10 nm). It also explains the low
luminescence yield of large gap tubes which plays the role of donors. In DWCNTs,
the walls are separated by van der Waals gaps (0.35 nm) similar to the gaps between
CNTs in bundles and FRET expected to be seen.
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2.16

Optical and THz properties of non-carbon inorganic
nanotubes

There are three types of inorganic NTs, BN, MoS2 , WS2 , whose properties were
investigated quite intensively during the last couple of decades in UV, vis and IR regions
[161]. Commonly, their optical properties were governed by excitonic effects. TMD
NTs are usually multi-walled and therefore show properties of semiconductors
with indirect bandgaps and consequently low PL. In the recent work, the optical
extinction of 120 nm in diameter WS2 tubes aqueous solution was investigated in
addition to static absorption spectroscopy [162]. The optical extinction peaks were
red-shifted in comparison with optical absorption measurements. Such behaviour
was explained as a strong exciton-polariton coupling. Single WS2 exhibits strong
electroluminesence with a clear direct-indirect bandgap cross-over. New research
investigated polarized micro-PL of multiwall MoS2 NTs and showed the resonant
periodic peaks attributed to core-coupled modes.
Among all non-carbon NTs only TiO2 NTs were investigated by using THzTDS and OPTP [163–166]. The equilibrium and photoinduced THz conductivity of
aligned NT with a typical band gap of about 3.2 eV were investigated. The peak of
the photocurrent density was at 330 nm. The thickness of the film was 120 µm which
causes additional resonances in transient terahertz transmission spectra due to the
Fabry-Pуrot interferences in transient terahertz transmission spectra which ruled out
the low-energy excitation. For the short NTs, they observed small mobility, with the
spectra characteristic for weakly localized charges (Drude behaviour). For the longer
NTs mobility was considerably higher. The Monte-Carlo approach revealed a typical
confinement of charges on distances ∼10 nm which was attributed to the confinement
of the charges within NT walls. This fact makes the conductivity processes of these
samples completely different in comparison with atomically-thin CNTs in which the
electronic states are confined, with no radial motion, and free charges can move only
along the CNT axis. The transient of the NTs was found to be long-lived, ranging
from hundreds of picoseconds to nanoseconds.

2.17

Summary

In this chapter we have reviewed important photophysical processes for the investigation
of CNTs properties. With knowledge of their optical properties, one can deduce their
electronic properties and geometrical structures. On the other hand, we can predict
their properties from known geometrical parameters. In addition, it was shown that
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the CNT properties cannot be described in the same way as bulk materials and require
different methods. The stable room temperature excitons and plasmons are useful
information for understanding the optical dynamics toward the optical application of
CNTs. In the Chaps. 4–7 the reader will be encouraged to compare the novel results
presented in this thesis with the previously developed properties of CNTs presented in
the current chapter.
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Chapter 3

Experimental techniques
In this chapter, we will present the experimental techniques used in this project and
data-analysis that used for the extraction of optical parameters such as equilibrium
conductivity and photoconductivity. In Secs. 3.1–3.4 we will discuss the experimental
methods which provide access to the broad band equilibrium absorption from UV
to THz region and Raman scattering. Secs. 3.5 and 3.6 introduce the setups used to
study of the pump-probe properties. The approach for raw data analysis is presented
in Secs. 3.8 and 3.9. Sec. 3.9 was developed partly by J. Lloyd-Hughes. The protocol
for determination of the beam size and fluence is presented in Sec. 3.7. Finally,
some samples are characterised with techniques such as transmission or scanning
electron microscopy that will be introduced in Chaps. 3.10 and 3.11. A part of this
chapter (Sec. 3.9) was published in “Giant Negative Terahertz Photoconductivity in
Controllably Doped Carbon Nanotube Networks”, ACS Photonics, 2019641058-1066.

3.1

Absorption spectroscopy

One of the powerful tools of the CNT characterisation is Absorption spectroscopy.
When light propagates through an absorbing medium, its intensity decreases exponentially according to the Beer-Lambert law:
I(x) = I0 e−αx ,

(3.1)

where I0 is the intensity of the incident light, α is the absorption coefficient, x is the
optical path length, and c is the concentration of an absorbing species in the material.
This is illustrated in Figs. 3.1 (a) and (b). The optical path length x is equal to the
liquid layer for CNTs dispersed in water and the thickness of the film if the samples is
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Figure 3.1: Illustration of Beer-Lambert law. The absorption in a material with
absorption coefficient α and concentration of absorbing species c. There are two
samples commonly used: (a) CNTs dispersed in the liquid and (b) free standing film
or thin film on quartz substrate.
a free-standing film or a film on the substrate support. By measuring the transmitted
intensity relative to the incident intensity, the absorbance (for a given wavelength λ)
is given by the following expression:

A = −log10

I
I0


= −log10 (T ).

(3.2)

The UV-vis-IR spectra is usually recorded by spectrophotometers which
measure the light intensity as a function of wavelength. Spectrophotometers are usually
consisted of a set of an incoherent source which produce the incident beam radiation,
a wavelength selector (a filter) which separates the radiation spectra components, and
the detection part (also called a spectroanalyser). In the spectrophotometer the sample
is reached by all the radiation that is dispersed by the monochromator and revealed by
the detector. The slits on the detection monochromator are important in performing
absorption spectroscopy measurements: narrower slits give better resolution and wider
slits provide better system sensitivity.
In this project, a dual-beam path UV-vis-IR spectrometer (Perkin-Elmer
Lambda 1050) with the empty reference sample at the reference path position was
used for freestanding sample measurements from 175 nm to 2500 nm.

3.2

Raman spectroscopy

The technique of Raman spectroscopy involves the measurement of the intensity of
inelastically scattered light with photon energies either red-shifted or blue-shifted
from the incident light by the energies of molecular vibrations. In most cases a
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Figure 3.2: Typical laboratory Raman spectrometer. The scheme for Raman
spectroscopy includes four basic parts: laser, set of mirrors, objective lens, diffraction
grating and CCD.
photon scatters elastically (Rayleigh scattering) from a material, however, a small
fraction of incident photons will decrease (Stokes) or increase (anti-Stokes) in energy
after the scattering event.
A typical Raman spectrometer includes: a laser, filters separating the
Raman scattered light from the elastic scatter, diffraction grating to disperse the beam
according to its wavelength, and a detector records the signal (Fig. 3.2). Notch or longpass optical filters can be used to separate Raman scattering from Rayleigh radiation.
The charge-coupled device (CCD) is an optical array detector consists of arrays of
capacitors. The grating in a spectrometer disperses the signal onto the CCD detector
by diffracting each wavelength at a different angle. The number of lines per millimeter
determines the dispersion characteristics. A high number of lines/mm results in a
high dispersion and thus a high spectral resolution, by distributing the signal over a
larger number of CCD pixels. The spatial resolution depends on the objective and the
excitation wavelength, λ. There are two types of the spatial resolution: lateral and
depth. Confocal microscopes typically have 250–300 nm lateral resolution and 1 µm
or less depth resolution.
In this work, Raman spectroscopy was carried out by using a Horiba LabRam
HR Evolution spectrometer with the 488, 660 nm central wavelengths and Renishaw
inVia Reflex Raman Microscope with 532 nm central wavelengths. The output laser
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Figure 3.3: A typical FTIR spectrometer scheme based on Michelson interferometer. The scheme for FTIR spectroscopy includes four basic parts: light source,
Michelson interferometer, set of mirrors and detector.
power was set less than 1.7 mW. The laser spot was focused with long working distance
50× objective giving a 3 µm spot size.

3.3

Fourier-transform infrared spectroscopy

Fourier transform infrared (FTIR) spectrometer usually consists of a light source,
interferometer (beamsplitter; fixed and moving mirrors), sample compartment
and detector (Fig. 3.3). The typical IR sources include solid-state materials heated
electrically to produce emission spectra in IR regions. Usually FTIR spectrometers have
the source monochromator needed to disperse or narrow the spectral bandwidth.
Typical FITR spectrometers include the Michelson interferometer. It is
used to split one beam into two with the different optical path. It includes a beam
splitter designed to reflect a half of the incident beam and transmit the rest. The
interferogram is the measured signal obtained from the detector as a function of the
optical path difference between the two beams. At the maximum of the interferogram
the movable mirror is at its "zero position", where the path lengths are equal. The
optical pathway length is modulated by the movable mirror. The interferogram as a
function of path difference (or time) is a time-domain signal. By using the Fourier
transform (or computationally, the fast Fourier transform (FFT)) the frequency
domain can be obtained, which give intensity spectrum. The transmittance, therefore,
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is obtained by the ratio between the sample and reference intensity spectra which
allows us to substract the influence of background (spectrum of source, instrument
functions and the responses of all optical elements) Therefore, T = |t|2 = Ssam /Sref ,
where t is the field transmission function, t = A exp(iφ). Here A is the amplitude
and φ is the phase of the complex transmission. The absorbance can be calculated by
using Eq. 3.2.
The resolution of the spectrometer is the main parameter which depends on the
distance travelled by the scanning mirror, size of image transmitted at the sample focus,
apodization function. The multiple reflections can introduce additional oscillations
that need to be taken into account. The sample substrate absorption can limit the
free spectral range. The same sample on different substrates can solve this problem.
To avoid these problems, in this project free-standing thin films without the substrate
were used.
In this project, the spectra were obtained by using a Bruker Vertex 70V IR
broad-band spectrometer from 3000 nm to 90 µm.

3.4

Terahertz spectroscopy

Figure 3.4 presents a typical THz-TDS scheme. An initial laser beam after passing
through a beamsplitter is split into two parts: the pump and the probe beam. The
pump beam is focused on the THz emitter, which generates THz radiation. The THz
radiation is focused onto a sample and after onto the detector using four parabolic
mirrors (Fig. 3.4). The probe beam gates the detector, whose response is proportional
to the amplitude and sign of the electric field of the THz pulse. By changing the time
delay between the pump and the probe beams by an optical delay stage, the time
profile of the THz transient can be traced. There are two types of THz emitters
(which can also be used as detectors): photoconductive THz scheme and optical
rectification scheme. Photoconductive antenna (PCA) is a plate of semiconductor
material onto which two parallel metal electrodes typically at a distance 50–200 microns
are deposited. In the presence of voltage between the electrodes antenna is used as
an emitter of THz radiation [167]. Another commonly used approach, optical
rectification (OR), is based on a second-order nonlinear property of electro-optic
crystals [168].
More precisely, the working principle based on electro-optic detection (when
the birefringence of an electro-optic material is modulated by an externally applied
electric field), can be described as follow. There are two possible situations during the
detection: zero-signal and non-zero signal. The first situation happens when the THz
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Figure 3.4: A typical THz-time domain spectrometer scheme. The scheme for
THz-TDS includes six basic parts: laser, beam splitter, delay stage, detector, emitter
and samples; (a) the transient signal and corresponding spectra after FFT; (b) the
detection part of the TDS-time domain spectrometer.
optical path length is longer than the probe beam length. The phase modulation of
the probe beam is analysed by a balanced photodiode setup, assisting of quarter-wave
plate (λ/4). After the quarter-wave plate the beam has a circular polarisation. Then
it splits into two beams of orthogonal polarisation by Wollaston prism, which are
then steered into a pair of balanced photo-diodes. A lock-in amplifier subsequently
detects the difference in probe light intensities measured by the photodiodes. We
then set the THz path length such that THz pulse arrives in the crystal at the same
time as the probe beam. After the quarter-wave plate we have a beam with elliptical
polarisation. The phase shift is observed. Wollaston prism separates it into two
non-equal components. The difference between the current onto the photodiodes is
proportional to the THz electrical field. The signal, in this case, is not zero. Let’s
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assume that the probe came earlier. In this case, polarisation is not changed and the
signal is zero.
By changing the time delay between pulses, it is possible to measure the the
time dependence of the electric field. The main feature of this measurement is
that it allows to detect not only the amplitude of the radiation, but also its phase.
R∞
After the FFT (E(ω) = √12π −∞ E(t)e−iωt dt) the complex transmission coefficient
can be obtained as a function of frequency as a ratio between the sample and reference
spectra (t(ω) = A(ω) exp(iφ(ω)) = Es (ω)/Er (ω)). For the spectrometers used, the
amplitude spectra have maxima at around 1THz.
In most of the commonly used setups, the small-signal measurement is performed by using lock-in amplifiers. The lock-in system selectively amplifies the
system at the given reference frequency f . The input signal is multiplied by the sine
wave at this frequency and filtered by long-pass filter to obtain the desired signal. The
applied time-domain signal is modulated by switching between on and off using the
chopper wheel (mechanical modulation) at a certain frequency or by applying a square
wave from the signal generator (electrical modulation). The modulation frequency
is limited by the physical speed of the wheel and a frequency response of all parts of
optics and electronics. At higher frequencies a lower noise can typically be achieved.
The lock-in amplifier averages the signal during a time defined by a time constant
τ . Ideally the time constant should be as large as possible to give a better signal to
noise ratio. The integration time is the number of reads per step times the time
constant, plus the settle time. The third important parameter is the time window
and the number of points. The influence of a time window arises from the FFT.
The shortening in the time domain is mathematically described as a multiplication
with a Heaviside top-hat function. The narrower than needed time-window cause
to unequal distribution of the frequency components, broadening and ringing in the
frequency spectrum. However, the time window is also limited by reflection in the
detection crystal which can introduce additional oscillations in the spectra.
An important parameter of TDS-THz setups is the working bandwidth. The
bandwidth can be limited by the substrate absorption (for example, z-cut crystalline
quartz has a weak absorption resonance at 3.9 THz), the detection crystal thickness
(owing to its finite frequency response) [169], the material of the emitter or detector
(ZnTe typically has a bandwidth of 0.1–4 THz, GaP 0.1–8 THz and LiNbO3 — 0.1–
2.5 THz) photoconductive emitter performance, pump pulse duration and power, low
transmitted signal through the sample and balanced photo-diode performance and
step size between points in the time domain.
In this project a home-made TDS-THz spectrometer with a home made photo-
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conductive antenna [170] and 200 µm thick GaP detection crystal was used.

3.5

Optical pump-THz probe spectroscopy

Optical pump-THz probe spectroscopy, also called time-resolved THz spectroscopy,
is an extension of THz-TDS spectroscopy presented in Fig. 3.4. In this technique,
an additional optical pump beam is introduced to change the transmission, and
therefore, conductivity, while the THz beam is used as a probe. In addition to
equilibrium THz-TDS setup, OPTP setup has a delay stage, with which the delay
between pump (optical beam) and probe (THz beam) can be controlled, and a
chopper which allows measuring Eon and Eof f one at a time (Fig. 3.5). More precisely,
the 800 nm beam is first delayed by the mechanical stage (the top mechanical stage
in Fig. 3.5) to delay the THz and gate relative to the optical pump (which is fixed)
and the another mechanical delay (the middle mechanical stage in Fig. 3.5) changes
the THz relative to the gate beam. The photoinduced change of the conductivity can
be extracted by using ∆E/E = ∆T /T (it will be discussed in Sec. 3.8). Without the
photoexcitation (when the pump beam is blocked by chopper) the Eof f is measured on
the detector, while under the optical pump excitation the Eon signal is measured. The
difference of two electric fields is calculated afterward as ∆E = Eon − Eof f . Therefore,
the relative change of the signal can be found as ∆E/E = (Eon − Eof f )/Eof f . By
performing FFT the frequency-dependent parameters can be extracted. By varying
the delay between pump and probe pulses the propagation of the electric field passed
through the sample is measured as a function of time after the photoexcitation. This
decay of the signal after the photoexcitation gives the so-called carrier lifetime
(carrier recombination time) [171, 172].
There are three types of measurements that can be performed by using OPTP.
If we fix the position of the pump-probe delay stage and simultaneous move THz
generation delay stage the THz pulse profile is recorded and frequency-dependent
photoconductivity is measured. Such a scan can be called a “1D scan of the THz
pulse”. If we now fixed the THz generation delay stage, and move the pump-probe
delay stage, the conductivity, at particular time delay in the THz pulse, ∆E/E can
be recorded as a function of time after photoexcitation, i.e. a “1D scan along the
pump-probe decay”. The movement of the both delays let us to measure time and
frequency-dependent components, a so-called “2D scan”. Typically 1D scan along
time-dependent component is taken when the THz generation delay position is fixed
the maximum of the THz pulse which corresponds to an average of ∆E/E around
1 THz.
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Figure 3.5: Schematic diagram of a typical OPTP setup. The scheme for
OPTP includes six basic parts: laser, beam splitter, delay stage, detector, emitter and
samples. The bottom left part represented the measured THz signal and corresponding
FFT. The bottom right part shows the shot-to-shot noise in the amplified laser. The
detection part is the same as presented in Fig. 3.4
In this work, an optical pump beam in OPTP was created by an optical
parametric amplifier (TOPAS), seeded with a 1 kHz, 40 fs, 800 nm pulse (from a
Newport Spectra Physics Spitfire Ace) to create pulses with a tunable centre wavelength.
The THz probe pulse was generated using a 2 mm thick <110> GaP crystal, and
detected with electro-optic sampling in a 2.0 mm thick <110> ZnTe crystal. The THz
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beam was < 0.5 mm in diameter at the sample due to the high numerical aperture
off-axis parabolic mirrors used, while the linearly-polarised optical pump beam was
more than 3 times larger in diameter (as assessed by the knife-edge method described
in Sec. 3.7). The THz generation beam was chopped at 500 Hz while the optical pump
beam was chopped at 250 Hz. The typical pump beam size was 2.4 mm, while probe
THz beam size was 0.568 mm which allows the uniform photoexcitation of the samples
with the uniform probe. The amplified laser system is used as a source of the pump
beam and fluence up to 360 µJcm−2 was achieved. The shot-to-shot noise test in the
amplified laser is shown Fig. 3.5. The overlap between the pump and probe beam,
as well as the sign of the photoconductivity, was verified by using a bulk wafer of
semi-insulating GaAs with known modulation depth and lifetime.

3.6

Transient absorption spectroscopy

TAS mainly measures a change in transmission of a sample as a function of time after
optical excitation. Therefore, the TAS signal is a function of pump wavelength, probe
wavelength, and time. Figure 3.6 shows the schematic of a typical pump-probe
system with hyperspectral detection [173]. Pump and probe are non-collinearly
focused on the sample. To prevent the detection of scatted light an additional iris
can be introduced in the scheme before the detection. The intensity of the signal
transmitted through the sample is recorded before the pump laser irradiation (“OFF”)
and after (“ON”) and the TA spectrum at a certain time delay τ is calculated as
follows:
∆A = −log10 (ION /IOF F ).

(3.3)

The differential transmission ∆T /T (of the intensity, rather than the electric
field, which is the case in OPTP) is given by:
∆T
ION − IOF F
=
.
T
IOF F

(3.4)

Combining Eqs. 3.3 and 3.4, we can rewrite the absorption change as:

∆A = −log10


∆T
+1 .
T

(3.5)

In this project, TAS was created by an optical parametric amplifier (TOPAS),
seeded with a 1 kHz, 40 fs, 800 nm pulse (from a Newport Spectra Physics Spitfire
Ace) to create pulses with a tunable centre wavelength. For the visible probe, a white-
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Figure 3.6: Schematic diagram of a typical TAS setup. The scheme for TAS
includes six basic parts: laser, delay stage, detector, emitter and samples.
light supercontinuum was generated by focusing the attenuated 800 nm fundamental
beam into a vertically translated 2 mm thick CaF2 window. The optical pump
beam was chopped at 500 Hz. Changes in absorbance created by the pump pulse
(500 Hz modulation frequency) were measured through the change in transmitted
probe intensity, using a fiber-coupled spectrometer. The transient absorption was
chirp-corrected using the KOALA package [174]. Transient absorption data were
obtained in transmission mode, ignoring reflection and scattering, and thus slightly
overestimated the absorption.

3.7

Beam profiling and fluence

For all laser-based methods described in the experimental section the applied fluence
is a function of beam area. Several methods can be used to determine the beamwidth.
The knife-edge measurement is widely used due to its simplicity and independence
on the wavelength radiation.
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Figure 3.7: The principle of knife-edge measurements. (a) A knife-edge measurement setup; (b) the typical curves obtained by using knife-edge measurements
with beam width of 0.07, 0.15, 0.23 mm.
In the knife-edge measurement the sharp edge of a non-transparent material is
used. This blade is positioned at the focus of the beam (Fig. 3.7 (a)) and moved to the
position where the beam is fully covered which corresponds to the minimum power
(background level) on the curves presented in Fig. 3.7 (b). Then the blade is moved to
the position where the beam is not covered. The transversal profile of the laser beam
is obtained at intermediate points in appropriate increments between maximum and
minimum values points.
Progressive covering of the beam allow to reconstruct the error function.
This measurement can be fitted by error function:
ymax
y = y0 +
2

√

!
2(x − x0 )
1 − erf(
) ,
ωbeam

(3.6)

where y0 is a background power, intensity or electric field, ymax —maximum power,
intensity or electric field, x0 is a position of the half of the maximum, erf —a standard
error function and ωbeam is the beam radius.
Laser peak fluence F is determined as energy (laser peak power Pmax )
delivered per unit area:
F =

Pmax
π

2
ωbeam
4

.

(3.7)

The initial excitation density immediately after the pump excitation is

57

calculated by the Equation [175]:
N0 =

F (1 − 10−A )
,
Epump

(3.8)

where F —pump fluence, Epump is the photon energy of the pump beam and A is the
absorbance for given energy determined as the absorption coefficient times by the
layer thickness.

3.8

Extracting the THz conductivity of a thin film

When the THz pulse passes through the sample, a portion of the pulse is transmitted,
some is absorbed and some is reflected. A portion of the beam is reflected on the
interface between sample and surrounding media. In the case of a thick sample the
transmitted pulse and internally reflected pulses arrive at the detector well separated
in time. For thinner samples the transmitted pulse overlaps in the time domain
with internally reflected pulses. Moreover, the CNT film is usually very thin in
comparison with the wavelength of the THz radiation. In this case, so-called “thin-film
limit” takes place, satisfying the condition:
nωd
(3.9)
 1,
c
where n is a thin film refractive index, ω = 2πf —the angular frequency, c—the speed
of light. The propagation of the electromagnetic waves through media with complex
refractive index ñ and α is shown in Fig. 3.8.
The spectra of the THz pulses through free space and sample have a complex
form:
ẼRef = E0 eikr = E0 eiφref erence ,
ẼSam = E0 t01 t10 eik(r−d) eikñd F Pvsv = ESam eiφsample ,

(3.10)

where

F Pijk =

N
X

[rjk rji e

2iωd
c

)p ,

(3.11)

p=1

where E0 —the electric field strength, k = ω/c = 2πf /c—the free space vector, r—the
optical path length, d— the sample thickness, ñ—complex refractive index, r01 and r10
and t01 and t10 —reflection and transmission coefficients at the front and back sides of
the sample.

58

FFT

Amplitude

Electric ﬁeld

Electric ﬁeld

n=1

Frequency (THz)

Generation delay (mm)

Generation delay (mm)

Generation delay (mm)

Amplitude

Electric ﬁeld

Generation delay (mm)
d < 150 nm

FFT

Phase

Electric ﬁeld

n, a

Frequency (THz)

Figure 3.8: The analysis of THz-TDS measurements. Propagation of the THz
pulse through reference (top) and through the free-standing CNT film (bottom) with
the refractive index ñ and absorption coefficient α and corresponding FFT.
The amplitude transmission and reflection coefficient at the front and back
interfaces of the sample can be expressed in terms of refractive index ñ:
2ñ
1 − ñ
=
,
1 + ñ
1 + ñ
ñ − 1
2
=1−
=
.
1 + ñ
1 + ñ

t01 = 1 − r01 = 1 −
t10 = 1 − r10

(3.12)

Then 3.12 is substituted in 3.10 to obtain the transmission function defined as:
T̃ =

i(ñ−1)ωd
ẼSam
4ñ
=
e c F Pijk .
2
(ñ + 1)
ẼRef

(3.13)

The typical CNT film thickness used in the project was 10–150 nm. The
absolute value of the refractive index of the 10 nm CNT film at 1 THz is 30. Therefore,
the left part of the eq 3.9 is equal to 0.006 which is significantly smaller than 1 and
the transmission function can be simplified using the approximation:
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F Pijk = F P010

eiωñd/c ' 1 + iωñd/c = 1 + 0.006i ' 1

 !−1


2iñωd −1
ñ − 1 2
= 1−
= 1 − r10 r10 e c
,
1 + ñ
 !−1

i(ñ−1)ωd
ñ − 1 2
4ñ
e c
1−
=
T̃ =
1 + ñ
(ñ + 1)2
 !−1

ñ − 1 2
4ñ
1−
.
1 + ñ
(ñ + 1)2

(3.14)

Finally, after simplifications and substituting  = ñ2 the complex transmission can be presented as:
T̃ =

2
2
=
.
2 − i(ñ2 + 1)ωd/c
2 − i(ε + 1)ωd/c

(3.15)

Therefore, the effective complex dielectric function of the CNT thin film
can be calculated:

2ic
ε̃ =
ω




1
− 1 − 1.
T

(3.16)

The dielectric function is related to complex conductivity by:
ε̃ = ε̃L +

iσ
,
ωε0

(3.17)

where ε̃L —frequency dependent lattice component of the dielectric function, ε0 —
dielectric permittivity of free space.
After equating the left sides of the Eqs. 3.16 and 3.17, the equilibrium conductivity can be found by using following equation:
σeq

2ε0 c
=
d




1
− 1 + iωε0 (1 + ε˜L ) .
T

(3.18)

In the case of highly conductive sample, it can be simplified:
σeq

3.9

2ε0 c
=
d




1
−1 .
T

(3.19)

Extracting the CNT film photoconductivity

The photoconductivity in THz region can be measured by using OPTP setup discussed
in Sec. 3.5. The photoconductivity ∆σ, the change of the equlibrium conductivity
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(“OFF”, with nj = noff ) under the photoexcitation (“ON”, with nj = non ), is extracted from measured relative change of the signal
Ton −Tof f
.
Tof f

Eon −Eof f
Eof f

=

Eon /ERef −Eof f /ERef
Eof f /ERef

=

The transmission of thin film in free space (ni = nk = 1) and in equilibrium

or after photoexcitation (Eq. 3.15) we have
2

Toff,on (ω) =

i(n2off,on

2−

+ 1)ωd/c

.

(3.20)

We can find the relative change in THz spectral amplitude from:
∆E
Eon − Eoff
Ton − Toff
Ton
=
=
=
− 1,
E
Eoff
Toff
Toff

(3.21)

where the second step was made by dividing top and bottom by the reference (no
sample) spectrum. Substituting Eq. 3.20 in Eq. 3.21 we have

2 − i n2off + 1 ωd/c
∆E
=
− 1.
E
2 − i (n2on + 1) ωd/c

(3.22)

This can be re-arranged to get an expression for n2on = on :
n2on = on =

2ic ∆E
ωd E
∆E
E

n2off + 1 −
1+

− 1.

(3.23)

The conductivity of the medium in the photoexcited state can then
be found from σon = −i(on − lattice )ω0 . Alternatively, if there is no change in the
lattice dielectric function after photoexcitation, then one can derive ∆σ = σon − σoff
as
∆σ =

− ∆E
E

 2c0
d


− iω0 (1 + n2off )
1+

∆E
E

.

(3.24)

Normally, when the photoexcitation doesn’t produce a massive change in the
mobility and/or carrier density (i.e. small change in conductivity) then ∆E/E is
small. In this case Eq. 3.23 becomes:
n2on = on = n2off −

2ic ∆E
.
ωd E

(3.25)

and the standard expression results:
∆σ = −

2c0 ∆E
2 ∆E
=−
.
d E
Z0 d E

(3.26)

If the first and last medium have refractive index ni and nk , then the important
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Eqs. 3.23 and 3.24 become:
n2on = on =

n2off + ni nk −
1+

(ni +nk )ic ∆E
ωd
E
∆E
E

− ni nk ,


 

∆E
∆E (ni + nk )c0
2
− iω0 (ni nk + noff )
1+
.
∆σ = −
E
d
E

3.10

(3.27)

(3.28)

Scanning Electron Microscopy and X-ray photoelectron spectroscopy

Fig. 3.9 shows a typical Scanning Electron Microscope [176–178]. It includes
the source of the beam (electron gun), lenses to control the beam size and focus it,
apertures to reduce the size of the beam, scanning coils for the precise control of the
focus, rastering system and detector of the scatted electrons. The first important
parameter is a magnification which is equal to the scanned area on the monitor
divided by the scanned area on the sample. The second parameter is the voltage (kV)
which is controlling the acceleration of the electron beam. The beam size on the sample
is controlled by changing the working distance determined as the distance between
lenses and the sample. In reality, all lenses have defects which introduce numerous
spurious optical effect as aberration and astigmatism. Due to the difference of the
applied magnetic field at different points, different electrons focus differently making
multiple focus points and the point source is represented as a disk. This spherical
aberration can be reduced by the number of apertures. The energy dispersion of
electrons causes chromatic aberration (Fig. 3.9). The disk with a finite radius is
produced. This effect becomes important when lower voltages are used. However, the
chromatic aberration determines the limitation of the microscope and cannot be
compensated by the user. Astigmatism determines the symmetry of the beam shape.
By applying the current on the certain stigmators the shape of the beam (red spot)
can be corrected. The correction of the resolution-limiting aberrations was performed
this work.
The increase of the acceleration voltage causes the decrease of the aberration,
increase in the electron energy and damage the sample. Higher voltage increases
the penetration depth and obscures the surface details and can make NTs virtually
invisible. The increase of the working distance increases the focal length, decreases
the resolution, and increases the aberration. Another limitation that needs to be
taken into account is contamination. Contamination appeared with the interaction
of the electron beam with the hydrocarbon and residual gases. Charging is the effect
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when the sample cannot effectively conduct the beam energy, the ground pathways
are broken and charges can be accumulated on the surfaces of the sample causing the
distortion of the image. Non-conductive parts of the samples need to be covered with
a thin conductive film (silver paint).
When the electron beam interacts with the sample it produces the various of
different radiation (for example, Auger electrons, back-scatted and second electrons,
X-Ray). The electron beam used in scanning electron microscopy (SEM) can
transfer to the atoms in the sample. The excited electrons on the shell can move from
one shell to another and if the energy enough leaves the atom with the hole. The
hole will interact with the holes from higher energy shells. The filling hole with such
energetic electrons cause in X-ray emission which is sensitive to the atomic number.
Silicon-drift detectors can detect the electromagnetic X-ray radiated. These detectors
are able to collect the energy information of the photons at a certain angle (Fig. 3.9).
Moreover, the quantitative information about the element content (as a percentage)
can be determined. In this project, Zeiss Gemini 500 with a resolution of 1 nm at
1 kV and 0.6 nm resolution at higher accelerating voltages. It is equipped with EDX
detector.

3.11

Transmission electron microscopy

The TEM operates by accelerating a beam of electrons to sufficient energy such
that it can transmit through a thin sample [176, 179]. The sample needs to be
almost atomically thin to be transparent to the incident electron beam. It has a
similar working principle as an ordinary optical microscope. The difference is that
the wavelength of electrons is much smaller than that of light and therefore high
resolution can be achieved—the image of individual atoms can be obtained. The
first half of a TEM is similar to SEM: it has the electron gun and lenses to focus the
electron beam. The portion of electrons transmitted through the sample is focused by
the objective lens into an image on the phosphor screen or CCD camera which allows
the user to see the image. Typically, the darker areas of the image represent the sample
areas on which fewer electrons are transmitted while the lighter areas of the image
represent those areas of the sample that more electrons were transmitted. Scanning
transmission electron microscopy (STEM) is a combination of TEM and SEM.
Most of the TEM microscopes can switched to STEM mode. In STEM mode, the
beam is finely focused and scans the sample area (as SEM does), while the image
is generated by the transmitted electrons. Electron energy loss spectroscopy
(EELS) can only be realised in a TEM system working in STEM mode.
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Figure 3.9: The principle of SEM. Schematic diagram of an SEM set-up (left). The
electron ray pass through a lens with astigmatism resulting asymmetric beam shape
at the focus position (labelled Astigmatism). Schematic representation of chromatic
aberrations in the lens (labelled Aberration). The electron beam profile in a lens
in which astigmatism can be corrected using a stigmator coils. Images reproduced
following [176–178]
EELS is based on the energy-loss spectrum of electrons that have been
transmitted through the sample [180]. The electron-energy loss is related directly to
the ionization energy which is different for different chemical elements and, therefore,
can be used to extract the elemental composition, chemical bonding, and electronic
structure. The typical high energy (higher than 50 eV) EELS spectrum (also called
core-loss energy region spectrum) contains a background and several broad peaks,
related to different inelastic scattering process. The excitation of electrons from
the core shells gives rise to K, L, M and N edges, originating from initial sates with
quantum numbers n = 1, 2, 3, 4. For heavy elements (like Mo used in this project), it
is recommended to use the lower energy (L or M ) ionisation edges for analysis: the
higher the atomic number, the more energy is required to excite electrons. Because
EELS can be combined with TEM imaging and X-ray emission spectroscopy it can be
used thorough material characterisation.
In this project JEOL ARM 200F (equipped with EELS and EDX), JEOL
2100 (equipped with EDX) and JEOL 2100+ were used. We gracefully thank Reza
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Kashtiban from the University of Warwick for providing TEM and EELS data.

3.12

Summary

The experimental setups used in this thesis, as well as the analysis methods have
been presented in this chapter. The combination of microscopy and spectroscopy
measurements allow us to fully characterise the CNT samples and understand their
properties. In particular, the reader will see that TEM verified the geometrical
structure and helped to understand better the optical properties measured by using
numerous spectroscopic techniques.
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Chapter 4

Optically-controlled Terahertz
modulator based on Carbon
Nanotube thin films
In this chapter, we will discuss the optical properties of pristine CNT thin films and
their possible applications. We studied static optical properties by using UV-vis-IR,
Raman and FTIR, THz-TDS and backward wave oscillator (BWO) spectroscopy.
In the second part of this chapter we focus upon ultrafast pump-probe spectroscopy
of the CNT films, and their possible application as an optically-driven modulator.
Finally, we will compare the performance of our modulator with commonly used and
recently developed modulators. Synthesis and sample preparation was performed by
our coworkers: A. G. Nasibulin, Y. G. Gladush and A. G. Mkrtchyan at the Skolkovo
Institute of Science and Technology, Moscow, and Department of Applied Physics,
Aalto University, Finland. The THz-TDS and BWO spectroscopy measurements
were performed in Prokhorov General Physics Institute of the Russian Academy
of Sciences with the help of G. M. Katyba and G. A. Komandin. The microscopy
measurements were performed by R. Kashtiban from the University of Warwick. The
UV-vis-IR, Raman, FTIR, OPTP measurements and data analysis were performed by
M. G. Burdanova. The majority of this chapter was published as “Optically-controlled
Terahertz modulator based on Carbon Nanotube thin films”, 2020, Carbon.

4.1

Background

Recently, Wang and co-workers presented a communications link with data transfer
at 3 Gbit/s using a carrier frequency of 0.34 THz [181]. This research indicates the
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potential for high demand for amplitude modulators that alter the amplitude of THz
radiation at high speeds. Recently, the development of various THz modulators has
been reported [182–184]: in general, it is a desirable to obtain large modulation
depth (MD), fast modulation speed (MS) and broad bandwidth by using either
electrical or optical tuning.
In electrically tuned modulators charge injection can modulate the THz
signal. In this case, transmission bandwidth, MD, MS are limited by dielectric constant,
losses, and response time of the device and cannot be operated at low temperature. The
modulators based on 2D electron gas (GaAs/AlGaAs, GaN/AlGaN heterostructure)
had a maximum intensity modulation depth up to 93 % [185, 186]. The modulation
depth of most electrically tuned modulators based on monolayer graphene can reach
80 % in the reflection mode and the MS of about a few kHz [187]. Therefore, for some
applications the MS of electrically-tuned modulators needs to be improved, which
could be the future direction.
Similarly to electrically tuned modulators, in optically controlled modulators generated carriers affect the conductivity of the material. Traditional semiconductors, such as GaAs, Ge and Si, are frequently used for optical THz modulation and
have a slow recombination time (typically exceeding 10 ns), a high modulation depth,
and a low insertion loss [184]. Low-temperature-grown GaAs has faster picosecond
recombination times due to the abundant defects introduced, however its lower mobility
means it struggles to obtain substantial MDs (< 40%) [188]. Nanomaterials with
optically tunable properties are suitable for the design of active modulation device.
Among them, graphene and TMDs show the properties that can overcome MS limit
particular to traditional semiconductors [184, 189, 190]. Moreover, low dimensional
materials have very low insertion losses which is ideal for optical modulation [191].
However, they still exhibit a weak MD even at large laser fluence. When considering
that graphene is an atom-thick material, the achieved MD is quite remarkable however
the overall performance cannot compete with bulk materials. In this chapter, we
present an optically controlled CNT based modulators that combined high MD and
GHz MS. In addition, we compared our modulators with the have been developed
modulators (Sec. 4.7).
Novel negative photoconductivity effect, common to 1D and 2D materials,
has been actively studied [134, 192–197]. This effect is based on the enhancement of
the THz radiation transmitted through a sample after pulsed optical excitation. It
was attributed to stimulated THz emission, enhanced scattering rate between carriercarriers, carrier-optical photons, a carrier heating or a trion formation. However, the
possibility of using this optical effect in THz signal modulation has not discussed
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yet particularly due to the low modulation depth achieved in the previous studies
(< 20 %) which will be discussed in detail in Sec. 4.7. The large MD and negative
photoconductivity observed in this work motivated us to investigate modulation
properties (Chap. 4) and understand deeper the nature of this effect (Chap. 5).

4.2

Sample preparation and morphology characterisation

The optoelectronic properties of CNTs are influenced by the environment in which they
are embedded [198–200]. Particularly, Coulomb interactions can be partially screened
by the dielectric response of this environment. This alters all optical properties as the
energy of the optical transitions and the electron-hole, electron-electron interactions are
changed, changing the binding energy and change the band-renormalisation processes.
To avoid the effect of the environment in the optical properties we used freestanding films (without a supporting substrate), as discussed in this and subsequent
chapters. These pristine, free-standing SWCNT films were used as a template for
doping (Chap. 5) and heterostructure growth (Chap. 6). SWCNTs were synthesized by
an aerosol method based on thermal decomposition of ferrocene catalysts in carbon
monoxide [6]. The synthesized SWCNTs were collected by passing the SWCNT based
aerosol flow onto nitrocellulose membrane filters. The collection time was varied to
achieve different SWCNT film thickness changing from 11 nm to 106 nm and labelled
by their transmittance at 550 nm, which varied from 95 % to 60 %. The thickness
of the SWCNT films were obtained by using the linear dependence of the measured
thickness and the optical absorbance at 550 nm reported in Ref. [201] (see Sec. 4.3 for
details). All CNT films were synthesised by using the same conditions.
Ultralight SWCNT films were deposited on metallic frames with the internal
diameter of about 3 cm by using a dry transfer technique. The CNT film was
exfoliated from the polymer membrane. It allows us to investigate the samples without
the substrate support, so-called free-standing (environment-free) films. One film
was also transferred onto a z-cut quartz substrate for comparison. A piece of semiinsulating GaAs was used to compare CNT OPTP results in the transmission mode,
while low-temperature grown GaAs was used for the reflection mode.
Low magnification annular dark-field (ADF) TEM images demonstrate the
films consisted of high purity, randomly oriented NTs (Fig. 4.1): in this figure
each row has the same scale bar, while the thickness of the samples increases from
the right-hand to the left-hand column. The small nanoparticles on the SWCNT film
surface are Fe catalysts. All samples show a percolated NT network with no separated
SWCNTs. The far-right column of the Fig. 4.1 shows that the SWCNT bundles in the
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Figure 4.1: Summary of TEM images. ADF TEM images of CNT films with 95 %, 90 %, 80 % 70 % and 60 % optical
transmission at 550 nm, from the right-hand column to the left-hand column. The top row shows the highest magnification,
200 nm scale-bar, the second, a medium magnification—500 nm, the third, the lowest magnification—1 µm.

1 mm

500 nm

200 nm

Increasing ﬁlm thickness

Sample
label

Bundle
diameter
(nm)

Bundle-bundle
contact distance
(nm)

Intertube
contacts
(per 1µm2 )

Filling
fraction (%)

95 %
90 %
80 %
70 %
60 %

17.9
19.3
24.3
32.7
30.3

88.1
47.6
24.2
19.9
21.4

156
310
512
945
>2000

25
40
70
90
94

Table 4.1: CNT film morphology deduced from TEM images.
thinnest film have a narrower diameter. The average individual CNT diameter was
found to be 1.8 nm with an average length above 10 µm. In the thinnest sample the
90 % of the SWCNTs are grouped forming bundles, due to the strong van der Waals
interactions between the individual CNTs and only 10 % are individualised.
Using the TEM images we extracted information about bundle diameter,
the conductivity pathway length, number of intertube contacts and filling
fraction. These parameters are summarised in the Tab. 4.1. With the increase of the
thickness, the bundle size is increased from 17.9 to 30.3 nm that can be understood
as follows. A longer deposition time causes an increase in bundle size due to the
van der Waals interactions between CNTs that are already deposited on the polymer
membrane, and the NTs that are newly arriving. The extra NTs increase the number
of intertube contacts and, therefore, shortened the mean spacing between bundleto-bundle contacts from 88 nm to 21 nm. The filling fraction, obtained as the ratio
between light and dark pixels in the TEM images was changed from 25 % for the film
with 95 % transmission, to 94 % for the 60 % transmission film.

4.3

Absorption and Raman spectroscopy

The UV-vis-IR absorption properties of the CNT films are shown in Fig. 4.2. It
is clear from the plot that with the increase of the deposition time the optical
absorption increases. The CNT film absorbance A(λ) at one particular wavelength
λ is linearly dependent on the film thickness d and the absorption coefficient which
can be described through the Lambert-Beer law as A(λ) = dα(λ). In Ref. [201] it
was shown that for the similar thickness the absorption coefficient is 1/417 nm−1 and
therefore A(550nm) = d(nm)(1/417) (550 nm was chosen because this wavelength
corresponds to the maximum human visual sensitivity and the peak in photon output
of the sun). The thicknesses of the SWCNT films were 11, 22, 47, 74 and 106 nm
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Figure 4.2: Absorption spectra of different CNT films. Data are shown for 5
films, labelled by their transmittance at 550 nm as 60 %, 70 %, 80 %, 90 % and 95 %,
and corresponding to five different thicknesses 11, 22, 47, 74 and 106 nm respectively.
respectively [202, 203]. Since the thickness of the of SWCNT films cannot be measured
precisely, the calculated values are used only for the estimation. In Fig. 4.2 the strong
π-plasmon absorption of the CNTs (at 279 nm) is followed by three excitonic absorption
S and E S ) and metallic (E M ) SWCNTs
bands corresponding to semiconducting (E11
22
11

at 2300 nm, 1240 nm and 870 nm respectively. By using the protocol described
in the Sec. 2.10 we determined the average diameter of 1.8 nm. This observation
confirmed the diameter that was directly observed from TEM (Sec. 4.2). As-grown
CNT NTs consist of one-third metallic and two-third semiconducting NTs. The
broadening corresponds to the distribution of NTs with different diameters.
Fig. 4.3 (a) shows RBM modes for five different films with different optical
transparencies at non-resonant above gap 650 nm laser excitation. Films with a higher
absorbance had a greater Raman intensity as a result of the greater number of CNTs
interacting with the incident laser beam. Their wall diameters have been derived from
the RBM frequencies, as discussed in Sec. 2.2. Our results show that the diameter
ranges from 1.5 and 2.1 nm with an averaged diameter of about 1.8 nm. This result is
in good agreement with the TEM and absorption spectroscopy measurement presented
earlier in this chapter. Figure 4.3 (b) shows the G and D bands. We analysed the
Raman spectra as described in Sec. 3.2. The high quality (low number of defects) of
the samples was verified by the low D mode intensity in comparison with the G band
(IG /ID > 100). The small shift of the G band towards higher frequency was observed
with an increase in the film thickness. It can be attributed to the higher oxygen doping
per NT in thinner films under the air conditions. Indeed, the thicker samples contain
more CNT inside of the bundles which are not interacting with oxygen.

71

a)

b)
4.96

1.24

0.99
60 %
70 %
80 %
90 %
95 %

600

400

200

G
Raman intensity (a.u.)

Raman intensity (a.u.)

800

~d, nm
2.48
1.65

D
0

50

100
150
200
Raman shift (cm-1)

1250

250

1350

1450
1550
Raman shift (cm-1)

1650

Figure 4.3: Raman spectra of different CNT films. Raman spectra of (a) RBM
and (b) G and D modes of CNT films, labelled according to their transmittance at
550 nm.

4.4

Charge transport studied by infrared and THz spectroscopy

The total spectrum covering the spectral range from UV to far-infrared is shown in
Fig. 4.4 (a). At longer wavelengths, the absorbance increases monotonically through
the infrared towards the THz range as a result of the conductivity associated with
delocalized carriers (Drude model) and axial plasmon motion (Lorentz model) as
described in Sec. 2.11 and 7.8. When SWCNTs form an extended network, a strong
Drude contribution is expected to be seen. The dependence between the absorbance at
550 nm and 1 THz is shown in Fig. 4.4 (b). 550 nm was chosen because this wavelength
corresponds to the maximum of human visual sensitivity and the peak in photon
output of the sun.
To check the accuracy of the conductivity extracted from THz-TDS, a KK
analysis on the transmission across the UV, visible, IR and THz range was performed.
The spectral behaviour of main optical parameters (transmission coefficient, phase
and conductivity) of two films (the thickest and the thinnest) obtained by using
KK analysis are presented in Figs. 4.5 (a)–(d). While for thicker sample (labelled
60 %), an acceptable agreement between KK and THz-TDS measurements is observed,
for the thinner sample the substantial differences of the imaginary part is observed.
The disagreement between the two approaches linearly scales with the frequency
(Fig. 4.6). If we now look at Eqs. 3.18 and 3.19, we can see that the simplification
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Figure 4.4: Broad band measurements of different films. (a) UV to far-infrared
broad-band spectra of SWCNT labelled as in Fig. 4.3; (b) the dependence between
the absorbance at 1 THz and 550 nm.

that we accept removed the part of the equation that linearly scales with frequency.
While the conductivity of the thinner sample is higher than the thicker sample, the
conductance, determined as the conductivity multiplied by thickness, is 2 mS for
thinner sample and 14 mS for thicker sample. The permittivity L , defined as a
permittivity at the frequency away from the optical resonances, is 607 for
the thinnest film. As the thickness of the samples increases the L is lowered and
reaches 266, 50 for 19 and 40 nm films respectively. However, such permittivity is
significantly higher than expected. Moreover, the equations that we used for refractive
index extraction are valid for non-dispersive sample. If the sample shows a large
dispersion, the significant variation of refractive index can influence the phase and add
an error. On the other hand, the KK equation that we used is an approximation as we
didn’t include the reflection. Therefore, this disagreement between the imaginary part
of the conductivity derived from KK and from THz-TDS needs further investigation
and analysis.
By fitting conductivity an important physical parameters can be extracted
as carrier mobility, scattering time. There are different models which can be used [172]:
Drude, Drude-Lorentz, Drude-Smith, hopping models, effective-medium theories. The
corrected conductivity was fitted by using different models as presented in Appendix
7.8. As it can be seen that all presented models can fit the conductivity. In particular,
it is hard to distinguish between Lorenz and Drude models when the TPC is centred at
lower frequency. This can explain the disagreements of the modelling approaches used
in the [204] and [123]. While in the first article the plasmon frequency was 0.1 THz,
in the last it was considered to be at 3-4 THz. However, both groups obtained a
reasonably good fit.
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Figure 4.5: Optical parameters extracted by using Kramers-Kronig (KK)
analysis. (a), (c) Amplitude and phase of translation obtained for 60 % and 9 5%
samples respectively; (b), (d) the real (red empty circles) and imaginary parts of the
conductivity (blue empty circles) with the conductivity obtained by using KK analysis
(solid lines) for for 60 % and 9 5% samples respectively.

4.5

Shielding effect

Such high conductivity results in the high shielding effectiveness (SE), the
electric field insertion loss when the material is added in free space with a normally
−1
R
incident plane wave. The SE can be defined as 20log( E
ES ) = −20log(|t| ), where ES

and ER are the field strength measured with and without sample respectively, |t| is
the sheet amplitude transmission coefficient. The SE can be tuned by the thickness
of our samples varying from 10.5 dB (∼ 0.11 dB/nm) to 2.7 dB (∼ 0.3 dB/nm). In
addition, we estimated the shielding effect by using the parameter [205]: g(f, f0 ) =
σRe (f )/σRe (f0 ), where f0 —the frequency at which the screening effect is week and
f —at which the screening effect has the maximum. We defined this parameter as
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Figure 4.6: Comparison between KK and THz-TDS imaginary parts of
conductivity The imaginary parts of the conductivity extracted from the raw measurement (red), after KK analysis (black) and the difference between them (green)
with a corresponding fit.

g(0.01 T Hz, 30 T Hz) = σRe (0.01 T Hz)/σRe (30 T Hz) and found that for all samples
it showed the same value of 50. This fact can suggest that the contribution of the
CNTs in the electromagnetic response is similar for all samples.

4.6

Optical modulation of THz radiation

The THz transmission of a conducting media is a function of conductivity. Therefore,
the modulation of THz transmission can be achieved by changing a material’s
conductivity using optical excitation. One of the important parameters for THz
modulation is the MD, which can be defined as

∆E
E

=

EON −EOF F
EOF F

. In traditional THz

modulators, such as semi-insulating GaAs, the photoinduced free carriers attenuate
the THz radiation and cause a reduction of the transmission and consequent
“negative” THz modulation with MD of −83 % and 3.34 dB insertion losses. Fig. 4.7 (a)
shows the change of the transmission amplitude and corresponding it SE of GaAs as a
function of time in ps under 650 nm excitation with a fluence of 210 µJm−2 . Having 0.7
transmission amplitude in equilibrium it becomes less transparent, reaching 0.1, under
the photoexcitation, which is typical for so-called “transmission-based modulators”.
For these modulators the SE is a critical parameter that needs to be minimised to
achieve higher modulation depth. In contrast, CNT thin films show an inverted
operation mode, with an increase in transmittance under optical excitation. For
the 60 % CNT film MD > +80 % under 650 nm excitation with a fluence of 210 µJm−2 .
Therefore, for such modulators, the SE needs to be increased in order to decrease the
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transition and to achieve higher modulation depth.
It is important to note that GaAs has 100 % absorbance in the visible range
with the absorption coefficient is 5×10−4 cm−1 [206]. Therefore, the penetration
depth determined as δ = 1/α is equal to 200 nm. Such a thickness is higher than
the thickness (∼ 90 nm) of the thickest CNT film, which gave the same modulation
depth. Moreover, in GaAs the absorbance is 100 % which means that all photon
are absorbed and contributed in OPTP signal, while for the CNT the absorbance is
0.22 and a significantly smaller fraction of photons were absorbed (ignoring
Fresnel reflection of a fraction of the pump) and produced the same amplitude OPTP
signal.
The transmission of the conducting media depends on the thickness of the
sample. Therefore, the CNT films with different CNT densities gave us the ability to
tune the MD which may be important for different applications. With the increase
of the thickness, the MD increases from about 10 % to 80 % (Fig. 4.7 (b)). As it can
OF F
be seen from the introduced definition of the MD ( EONE−E
), it depends on the
OF F

EOF F —equilibrium transmission. When the equilibrium transmission through the
sample is larger the MD achieved is expected to be smaller which can be seen from the
experiment (Figs. 4.7 (f), (e)). However, the saturation of the MD was observed with
the increase of the thickness and, therefore, further increase of the thickness seems to
be useless.
Among all investigated samples the thickest sample (labelled 60 %) has the
highers MD and SE and, therefore, showed the best parameters. This modulator
reaches ON-state operation mode within 2 ps (Fig. 4.7 (b), a red line). It reverts back to
its OFF-state operation at 20 ps timescales. Moreover, the high ON-OFF signal ratio
ON
( EEOF
∼ 1.79) can be achieved. The recovery time, defined as the time required
F

for the recovery from 90 % to 10 % of the maximum MD, was 8.5 ps for the thickest
sample.
The fine-tuning of the MD can be achieved by tuning the modulation
beam fluence. At the fluence lower than 40 µJcm−2 the linear change of the MD
was observed while at the higher fluence MD was saturated (Figs. 4.7 (c) and (g)).
The increase of the power upper than 210 µJcm−2 was avoided due to the sample
damage threshold achievement. At 7 µJcm−2 the MD was 12 % which is comparable
to graphene at higher fluence [192, 193].
The speed of modulation is another important parameter for the use of THz
modulators in high-speed applications. The investigated CNT device shows the MS of
300 GHz (3.3 ps) which is significantly faster than typical GaAs modulator with the
slow MS<1GHz (<2 ns) which can be seen in Fig. 4.7 (a) (the carrier recombination
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Figure 4.7: Summary of OPTP measurements. (a) The transmission of GaAsand SWCNT-based modulators under 650 nm excitation with a fluence of 210 µJm−2 .
Modulation depth as a function of pump-probe delay time for (b) samples with different
thicknesses in transmission mode at 650 nm pump wavelength; (c) 60 % sample under
the modulation fluence varying from 7 to 210 µJcm−2 (650 nm pump wavelength) in
transmission mode; (d) 60 % sample under the modulation fluence varying from 7 to
210 µJcm−2 (650 nm pump wavelength) in reflection mode; (e) the MD as a function
of absorbance at 550 nm; (f) the MD as a function of the equilibrium transmission at
1 THz under 650 nm excitation with a fluence of 210 µJm−2 ; (g) the modulation depth
as a function of fluence for 60 % sample at 3 ps under 650 nm excitation.
process is slow in semi-insulating GaAs and takes >1 ns to complete). The Si-based
modulators showed even slower recombination time of ms and consequently have slower
MS [207]. In addition, the thickest CNT sample (60 %) has been beaten by the thinner
CNT modulators which showed the faster MS (Fig. 4.9).
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The effect of the photo-induced THz absorption can be characterised
by
using the R energy modulation factor (EMF) determined as EM F
R
|EOF F (ω)|2 dω− |EON (ω)|2 dω
R
|EOF F (ω)|2 dω

=

integrating over the broad frequency range. This approach

was widely used to characterise modulators based on graphene [208], metamaterials
[209], organometal halide perovskite [210], polymer-based organic films [211], organicinorganic hybrid structures [212]. For traditional materials higher EMF reflects a
larger decrease of transmission under the optical excitation. In contrast, for the
thickest SWCNT film the EMF obtained between 0.37 and 2.6 THz was varying from
−0.1 to −0.99 with the increase of the fluence from 7 to 210 µJcm−2 . Negative value
indicates the increase of the transmission under the optical photoexcitation. The
obtained absolute value of EMF is similar to reported for a graphene modulator in
the same frequency range [208]. The EMF for GaAs varied between 0.09 and 0.95
with the increase of the fluence from 7 to 210 µJcm−2 which showed similar value as
reported in Ref. [213].
Expressed as a function of frequency the MD is a complex number as it
is the ratio of the transmitted (complex) electric field spectra. Figs. 4.8 (a) and (b)
show |M D| and arg(M D) as a function of frequency 3 ps after the laser irradiation
respectively. Given the finite THz pulse duration (∼0.5 ps) and the rapid dynamic
change in THz conductivity, 3 ps was chosen rather than closer to a zero delay. The
deep amplitude modulation was achieved with a nearly independent phase with the
maximum value of 9 ◦ . The MD maintains a similar shape for all fluences. In a frequency
range from 0.37 to 2.6 THz the MD was varying from 70 % to 35 % at 210 µJcm−2
while arg(M D) remains the same. The arg(M D) varied from 0.11π to 0.01π with a
change of the fluence. The presented modulator showed excellent characteristics as an
amplitude modulator and also can be used as a phase modulator which is important
for different applications. However, considered as a phase modulator only, it is clearly
inferior to some nanomaterial and metamaterial-based phase modulators. For example,
the phase shifters based on vanadium dioxide nanostructures and metasurface showed
a phase shift of up to ±0.38π and ±0.44π respectively [214, 215].
Figure 4.7 (d) shows the operation mode of the same modulator measuring in
the reflection mode. The reduction of the reflection under the optical excitation
was observed similar to reported by A.C. Tasolamprou et al. [216]. In equilibrium, the
reflected THz signal is high (the film is reflective), then after photoexcitation more
THz is transmitted through (less is reflected). Hence the film acts as a modulator with
a negative MD (normal operation, like positive photoconductors in transmission). The
27 % of the MD was achieved at 210 µJcm−2 which significantly higher than previously
reported values. The MS was 400 GHz with a recovery time of 7.5 ps.
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Figure 4.8: Frequency dependence of modulation depth at 3 ps after photoexcitation. The frequency dependent modulation depth (a) and change of the
phase (b) of 60 %-sample at 650 nm under fluence varying between 7 and 210 µJcm−2 .
In this Chapter we showed that CNT thin films can be used as amplitude
and phase modulators in transmission and reflection geometries. However, the higher
depth of the amplitude modulation was achieved in the transmission which makes this
geometry more preferable for the THz signal modulation. It could be also used for
simultaneous modulation of the reflected and transmitted signals where it is necessary.
However, as a reflection signal modulator, it showed less favourable characteristics as
reported for silicon or graphene. We also showed that it cannot compete with known
phase modulators.
The CNT can be used as an optically controlled switching device [217].
In these devices, the optical beam is used for the modulation of the probe beam
transmitted through the switching medium. In a conventional optically controlled
switching device, the “ON” state corresponds to 100 % transmission of the beam (or a
high level). The control light changed the refractive index and consequently made the
sample less transparent (T→0) which indicates the “OFF”. As was discussed earlier
in this chapter, the presented sample showed the inverted operational mode: at the
“OFF” or “0” stage the medium blocked the signal, and “ON” or “1” state the medium is
transparent for the signal. As it was shown in this chapter our device has ps switching
time with the 80 % of modulation depth. This idea could also be used for an ultrafast
shutter (pulse slicer) when one needs to transmit very short signal. For fast events the
mechanical shutter is too slow and optically controlled shutter can be used instead.
It can be used as for a bright CW (or relatively long) THz source as a modulator to
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60 % sample at different pump fluences at 650 nm excitation, while the filled blue
circles are at the same pump wavelength but for different samples at 210 µJcm−2 at
the peak of the THz pulse. Gr—graphene.
slice a shorter pulse out of it. It could be useful in free electron laser design, which
has a potential to generate high power short pulses narrow band THz radiation. In
communications, the shorter pulse permits us to increase the data rate. Moreover,
this system could be used as a visible-to-THz optical interconnect.

4.7

Comparison with other THz modulators

The positive ∆E/E dynamics under optical excitation of the CNTs is attributed to
negative photoconductivity, as reported in recent studies [134, 197, 218]. In equilibrium,
the CNTs are highly conductive with a conductivity given by the Drude model (7.8).
Under the optical excitation, the reduction a reduction of the density of mobile charge
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(or an increase in effective mass) was observed, as described in Chap. 5 and [197].
The unique inverted operational mode, high MD, and faster MS than conventional semiconductors, make CNT thin films prospective candidates for shielding
devices controlled by optical excitation. Some representative results of different
semiconductor (nano)materials available for inverted (∆T /T > 0) and traditional
(∆T /T < 0) operational modes are presented in Figs. 4.9 and 4.10 respectively. The
results show that the CNT modulator presented in this work has a higher MD than
graphene. However, the trend shows that with the decrease of the thickness of the
CNT film the MD reaches similar to graphene values reported in Ref. [192–194]. In
contrast to CNT films, photoinduced change of the transmission in stacked graphene
and graphite is relatively independent on the thickness [219]. The thickest sample
(60 %) showed significantly higher MD at the same fluence. The MS varies between
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different samples and was around 350 GHz on average, similar to some reported values
for graphene. Modulators based on MoS2 can also realise ∆T /T > 0, however, their
MD is lower (∼ 5%) than achieved with our modulator even at a comparable fluence
[195, 196]. It was reported that the same materials can show ∆T /T < 0 when 2D
materials were annealed [194, 196, 218]. However, their MD and MS are still lower
than those presented in CNTs. Some nanostructures, like CdTe and GaAs nanowires,
WSe2 , GaAs based nanostructures have higher MD but mostly struggling in MS
[220–223]. Among all the materials surveyed, the long CNT thin films reported here
demonstrate a uniquely high MD combined with fast MS.

4.8

Questions addressed in this chapter and conclusions

We experimentally showed that the photoinduced negative THz conductivity of asgrown long SWCNTs can be efficiently used for the optical modulation of THz waves.
We supplemented ultrafast THz spectroscopy measurement with Raman, UV-vis-IR
spectroscopy and TEM microscopy to evaluate the quality of the SWCNT network in
addition to the optoelectronical properties. As a narrow band-gap material, the CNTs
respond to a broad range of visible and infrared laser wavelengths (up to 2.5 µm).
Therefore, highly conductive transparent thin films consisting of a long SWCNT with
wide diameters are required for effective THz modulation. We utilised an optical-pump,
THz-probe spectrometer and varied the fluence of the optical pump beam to investigate
the influence of absorbed power on modulation depth at different THz frequencies. We
showed that with an increase in the CNT film thickness, the modulation performance
increases. As the photoconductivity lifetime is short, the device can be operated with
the modulation speed of more than 300 GHz and a modulation depth up to +80 %. The
concept of the novel THz shielding modulator based on photoinduced transparency is
presented. These results suggest the possibility of CNT THz modulators with a large
MD, a high speed, and a tailored working frequency suitable for THz communications.
The ultra-light nature of the CNT films makes such a THz modulator device relatively
simple.
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Chapter 5

Giant Negative Terahertz
Photoconductivity in Controllably
Doped Carbon Nanotube Networks
In the first section of this chapter, we introduce the CNTs samples modified by HAuCl4
doping, which were studied by static spectroscopy techniques such as absorption,
Raman and THz-TDS spectroscopy. In the second part we discuss the ultrafast pumpprobe spectroscopy measurements. Synthesis and sample preparation was performed
by our coworkers: A. G. Nasibulin, A. P. Tsapenko, Y. G. Gladush, D. A. Sadco at the
Skolkovo Institute of Science and Technology, Moscow, and Department of Applied
Physics, Aalto University, Finland. The electron microscopy measurements were
provided by A. G. Nasibulin, Skolkovo Institute of Science and Technology, Moscow,
and Department of Applied Physics, Aalto University, Finland and R. Kashtiban
and J. Sloan from University of Warwick. The UV-vis-IR, Raman, FTIR, OPTP
measurements and data analysis were performed by M. G. Burdanova. The majority
of this chapter was published as “Giant Negative Terahertz Photoconductivity in
Controllably Doped Carbon Nanotube Networks”, ACS Photonics, 2019641058–1066.

5.1

Adsorption and electrochemical doping

The optical and electronic properties of nanomaterials can be modified by additional
electron donors or acceptors that can be induced by the application of an electric field
or chemical doping [224, 225]. The electric field effect doping is usually performed in
CNT-based field-effect transistors, in which charge carriers are induced by changing the
electric potential between CNTs and the gate. A positive Vg induces electrons in the
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Figure 5.1: Schematic illustration of samples. (a) The experimental setup used
for the adsorption doping of the SWCNT film; (b) schematic diagram of typical a
CNT-based setup.
CNT making then n-doped, while a negative Vg induces holes making them p-doped.
The substitutional doping occurs when some carbon atoms in a CNT are substituted
by other atoms with a different number of valence electrons. For, example, nitrogen
(N) has one additional electron in comparison with carbon. Therefore, the substitution
of C by N atoms causes the nitrogen atoms to donate electrons, making the CNT
more n-doped. In contrast, due to the presence of the oxygen (O) and moisture in
the air CNTs are usually p-doped. Various atomic and molecular adsorbates can
successfully dope CNTs.
The doping level is characterised by the position of the Fermi level or
chemical potential (µ), the zero-temperature limit of which is referred to as the
Fermi energy (EF ) [226]. In pristine CNT samples the Fermi level is usually located
at the middle of the DOS. In CNTs exposed to the air, the chemical potential
is often slightly downshifted towards the valence band due to p-type doping with
adsorbed oxygen. The type of doping can be estimated by the work functions of
CNTs and doping molecules. If the work function of dopant is higher then in CNTs
the electrons will move to the lower states of the acceptor leading to p-type doping
of the CNTs. In this case, the Fermi level shifts towards or inside the valence band,
leading to the Pauli blocking of optical transitions between the vHs [227].

5.2

Sample preparation

A dry transfer technique was used to make free-standing films with a size
1 cm×1 cm×40 nm [6]. The thickness of the sample was roughly 40 nm, estimated
as discussed in Sec. 4.3 and [201]. As-grown films were used, which contained the
catalytic Fe nanoparticles used in CVD growth. To chemically dope, pristine
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Figure 5.2: Summary of TEM. (a)–(d) Low magnification and high magnification high resolution TEM images of CNTs; the small particles on are catalyst Fe
nanoparticles; (e) high resolution image of the individual CNT presented in figure (d);
(f) corresponding to (e) FFT after applied noise filtration; (g) IFFT of (f) raw data
provided by Reza Kashtiban.
SWCNT films were spin-coated at 1000 rpm using a droplet of HAuCl4 ethanol
solution, as shown in Fig. 5.1 (a). Samples were prepared where the concentration of
HAuCl4 was varied in the range from 4 to 30 mM [228, 229]. After 20 s, the solvent
had completely evaporated. Samples were stored in air and measured over a period of
weeks to 6 months after doping.
For electrical gating, SWCNT films from the same growth as used in the
adsorption doping study were transferred using the dry-transfer technique onto a 2 mm
thick z-quartz substrate, with edges touching a gold contact. A drop of the ionic
gel 1-butyl-3-methylimidazolium hexafluorophosphate covered the SWCNT film and
connected to a lateral gold gate contact. A second identical z-quartz substrate was
placed on top and sealed by epoxy to encapsulate the devices, preventing moisture
and oxygen from interacting with the ionic gel or SWCNTs (Fig. 5.1 (b)).

5.3

Morphology characterisation

TEM images obtained for a free-standing CNT film are shown in Figs. 5.2 (a)–(d)
and 5.3 (a). The high resolution and contrast are based on the atomic number of
the elements present, and provide information about the purity and nanoparticle
size parameters. Our TEM images reveal very long (L > 10 µm) high-purity free-
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Figure 5.3: Electron microscopy characterisation of doped samples. TEM
image of (a) pristine and (b), (c) doped samples with different concentrations of the
dopant; (d) the schematic illustration of the CNT doped with HAuCl4 nanoparticles.
In the atomic structures C, Au, Cl and H are marked by dark grey, orange, green, and
light grey respectively; e) high magnification SEM image of the doped sample. TEM
data provided by A Nasibulin.
standing SWCNTs. The bundle sizes of CNTs are fundamentally quite small (5–6)
SWCNTs per bundle and 10 % of the SWCNTs are individualised. The thin film
had a uniform distribution of CNT bundles across the film. The small particles
embedded on the CNTs are Fe nanoparticles used to catalyse growth. The thin flakes
on the surface of the tubes, evident in panel (d), are amorphous carbon [90].
Figure 5.2 (e) shows an individual SWCNT with a 2.1 nm diameter. Fast
Fourier Transformation was performed showed the reciprocal space of the structure
(Fig. 5.2 (f)). After the noise filtration the inverse fast Fourier transformation
(IFFT) were performed revealing the structure of the NTs. Figure 5.2 (f) reveals a
SWCNT with the chiral angle of about 21.7 ◦ most likely corresponds to the chiral
(20,12) NT. Overall, 100 individualised NTs were analysed revealing the average
diameter of about 2.1 nm and more than 60 % SWCNTs located in the diameter
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Figure 5.4: Histograms of SWCNT and bundle diameters from TEM images.
Fitted statistical analysis of the distribution of the diameters of (a) an individual CNT
and (b) CNT in bundles obtained using TEM.
range of 1.7–2.5 nm (Fig. 5.4 (a)). The distribution histogram of the CNT bundles
shows that 17 % of the NTs are individualised or in small bundles. The average bundle
size was found to be 7.9 nm which corresponds 3–4 NT in the bundle cross-section
and about 14 CNTs in the bundle (Fig. 5.4 (b).
The individual SWCNTs together with those narrow bundles can enhance
the conductivity of film due to the increase of the conductivity pathways as current
transport mainly occurs on the surface of the tubes and bundles that will be discussed
in detail later (Sec. 5.5).
The surface morphology of the doped SWCNT film was checked using SEM
and TEM. Figure 5.3 (a) shows TEM image of the surface morphology of an ethanoldensified SWCNT film. After HAuCl4 nanoparticles (NP) deposition (Fig. 5.3 (b)
and (c)) a similar densification effect was observed (the increase of the density due
to the presence of the liquid solvent). The NP size was less than 5 nm. With the
increase of the concentration of the dopant the number of the particles on the
surface was increased. Figure 5.3 (c) shows the schematic illustration of investigated
samples. HAuCl4 doping can be explained by adsorption of formed AuCl4 anions
which formed nanoclusters. The attachment of the particle to the CNT surface and
consequent doping is implemented by the Cl atoms. Figure 5.3 (e) show SEM images
of the lightly-doped CNT network under lower and higher magnification, respectively,
and illustrate the film’s uniform morphology on these length scales.

5.4

Static absorption and Raman spectroscopy

The absorption spectra of the pristine SWCNT films (blue line in 5.5 (a)) show three
S (2300 nm), E S
absorption peaks in the near-infrared range, corresponding to the E11
22
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Figure 5.5: Absorption and Raman measurements of pristine and doped
samples. (a) Absorbance and (b) Raman spectra of pristine (blue) and doped SWCNTs
made from HAuCl4 solutions with concentrations of 4 mM (red), 15 mM (green), and
30 mM (black); the red arrow indicates the surface plasmon mode of the adsorbed gold
nanoparticles around 550 nm, while the black and green arrows with asterisks mark
the positions of intersubband plasmons; (c) the Raman mapping of doped samples
based on the position of G mode taken at 660 nm.

M (890 nm) excitonic absorption lines for interband transitions in
(1300 nm) and E11

the semiconducting (S) and metallic (M) SWCNTs (Fig. 5.5 (a), blue line). It allows

88

us to estimate the distribution of the CNT diameters in our pristine sample using the
empirical Kataura plot discussed in Secs. 2.2 and 2.10. Therefore, it was found that the
S and E S peaks correspond to the CNT with the 2.143 nm
central position of the E11
22

diameter which has a good agreement with our TEM images analysis. According to
the empirical Kataura plot, the lowest band of the peak (0.4 eV) corresponds to NTs
with the 1.5 nm diameters and the higher energy side (0.6 eV) corresponds to NTs with
diameter 2.7 nm. However, the absorption spectroscopy measurement showed broader
distribution in the comparison to TEM extracted distributions. It can be explained by
the broadening of individual components for each of the chirality present in the sample
due to the finite energy widths of vHs. SWCNTs synthesized by traditional aerosol
methods are usually a mixture of ∼ 1/3 metallic and ∼ 2/3 semiconducting SWCNTs
which is in agreement to the observed absorption spectra showed three distinct peaks
[36].
The work function of SWCNTs is higher than for HAuCl4 and a downshift
of SWCNTs Fermi level towards valence band is expected to be seen (as discussed
in Sec. 5.1) [228]. Therefore, HAuCl4 doping initiates a charge transfer from
SWCNTs to dopant.
An evolution of the absorbance occurs upon increasing adsorption doping,as can
be seen in Fig. 5.5 (red, green, and black lines). For the lowest concentration (4 mM,
red), the chemical potential has lowered, depleting the two highest valence bands of
S and E S excitonic optical absorption transitions. The
electrons, suppressing the E11
22
S at 0.95 eV and
position of the Fermi level can be estimated by the absence of E22
M at 1.4 eV. Indeed, we estimate the chemical potential to be
the presence of E11

µ ' −0.6 eV from the requirement that the valence band i = 1 state be occupied for
metallic tubes, while the semiconducting i = 2 states are unoccupied.
At higher doping levels additional visible absorption peaks arose between 1000
and 2000 nm (green and black asterisk in 5.5), which can be attributed to intersubband transitions (discussed in the Sec. 2.9). As the doping level increased the consequent shift of the intersubband plasmons towards lower wavelength (blue-shift)
was observed. The peaks at 550 nm most likely are plasmons of gold nanoparticles
[230]. The intersubband plasmon was recently characterised experimentally and theoretically [118, 231]. It was shown that the position of the intersubband plasmon
highly depends on the position of the Fermi level and can be estimated using Eq. 2.11
and experimental results presented in Ref. [231]. We found that for medium doped
and highly doped cases the Fermi level was shifted by −0.7 eV (the plasmon peak
position is 1533 nm) and −0.9 eV (1326 nm) respectively. This agreement is consistent
with the estimated −0.6 eV from the lightly doped sample made above.
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In the UV range, some new peaks were observed in addition to the increase
in the absorbance after adsorption doping. These new peaks are most likely due the
gold nano-particle plasmons distribution and higher-order transitions between VHs
(as discussed in detail in Ref. [229]). The additional absorption may be explained by
the π-plasmon mode changing strength, similarly to the case reported for Fe-doped
SWCNTs [232]. Moreover, the small shift in the π−plasmon position can be attributed
to the overall change of the dielectric function due to the presence of the particles.
The Raman spectroscopy measurements are presented in Fig. 5.5 (b). The
high G/D ratio confirmed the good quality of the sample. The shift of the G mode
peak due to p-type doping can be seen from ∆ν=2 cm−1 for the lowest doping, to
∆ν=18 cm−1 for the highest doping. A shift in the G mode for the gated sample is
also evident: applying a gate voltage Vg =−2 V resulted in ∆ν=2.5 cm−1 , similar to
the lightest doped sample, while n-type doping was obtained with positive gate voltage
in this device.
As it was discussed above the change in G peak position and its intensity can
indicate the doping level. It can be used not only to verify the difference between
samples with different doping levels but also can present the variation of the doping
across the sample. The Raman spectrum was taken every 200 µm with a 3 µm beam
size (from a knife-edge measurement), across an area with the size 2000 × 2000 µm2
and the consequent mapping based on the position of the G mode were plotted for
each of doped samples (Fig. 5.5 (c)). These maps show that samples are uniformly
doped on the length scale of THz or OPTP spectroscopy measurements (typical beam
sizes of about 1mm).

5.5

THz Spectroscopy

The dielectric properties were characterised in the frequency range from 0.1 to 4 THz
with terahertz time-domain spectroscopy. It is hard to determine the thickness of the
sample therefore we investigated the change of the conductance (sometimes also called
the sheet conductance or surface conductivity) which was determined as σ · d. The
conductance was calculated using Eq. 3.19 described in Sec. 3.8. The calculation of
conductance is very useful when doped samples are investigated. As the thickness of
the sample was not changed after doping we can directly compare pristine and doped
samples. The transmission and absorbance were obtained by applying FFT to the
time-domain electric field waveforms of the THz pulse. For all samples absorbance,
and consequently conductivity, rises monotonically through the infrared towards the
THz range as a result of free-carrier absorption by axial localised plasmonic motion and
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Figure 5.6: THz spectroscopy measurements of pristine and doped samples.
The real (blue circles) and imaginary (red circles) parts of the measured conductivity
for pristine (a) and doped samples (b)–(d).
localised carriers that were discussed in Sec. 2.11. As it can be seen from Fig. 5.6 the
conductivity has a distinct peak at lower frequency located below the bandwidth
of the THz setup. The same peak is behaviour was observed for all films presented
in Chap. 4. A highly conductive SWCNT network films exhibit a conductivity that
can be described by Drude model and a weak plasmon term (7.8). The Drude plus
plasmon conductivity model can be used to fit the equilibrium conductivity and is
given by
σ(ω) =

ω2

iσpl ωγpl
σD
2 + iωγ + 1 − iτ ω ,
− ωpl
D
pl

(5.1)

where σD and τD are the Drude dc conductivity and momentum scattering time, and
where σpl , ωpl and γpl are the plasmon strength, frequency and scattering rate.
It was also shown that the contribution of the Drude term dominates with the
increase of the length of the NTs (see more information in the Sec. 2.11). Therefore, in
our samples, the equilibrium conductivity, or equally conductance, can be described
using only Drude term. In Drude model scattering is described by the momentum
relaxation time τ which characterise the charge transport.
It is important to note that the equilibrium conductivity measured in our
samples is not the conductivity of an individual CNT but the effective conductivity
of the whole network. Moreover, our samples consist of one-third of metallic and
two-third of semiconducting SWCNTs and ∼ 4/9 of intertube junctions are dominated
by Schottky barriers [233]. These potential barriers greatly suppress carrier transport
and increase junction resistance [234]. As it can be seen from Fig. 5.3 (a) some of the
tubes covered with amorphous and graphitic carbon. When these flakes cover the
tube-tube junctions it improves the electrical transport between crossed NTs [90].
In Figs 5.6 (a)–(d), an increase in the amplitude and width with an increase
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in the doping level can be observed. We used two approaches to find the optical
parameters. The qualitative approach requires evaluating the momentum scattering
rate by finding the frequency at which the conductance is half its maximum value
fHWHM . Within the Drude model of intraband free-carrier absorption depends on
σD = N e2 τD /m∗ for carrier density N , momentum scattering time τD and effective
mass m∗ . Hence, fHWHM = 1/(2πτD ) and the observed increase in fHWHM after doping
implies an increase in the momentum scattering rate and consequent broadening of
the spectra. The position of fHWHM can be seen in Figs. 5.6 (a)–(d). The quantitative
approach involves the fitting of conductivity using model described by Eq. 5.1.
The mean free path of electrons in an individual CNT is typically 1 µm [235].
For CNT lengths less than 1 µm, electron transport is essentially ballistic within the
NT and the resistance is independent of length [236]. The increased dopant density
increases carrier-dopant scattering and the increased carrier density enhances the
carrier-carrier scattering rate. For these tubes, with lengths well above 1µm,
charge transport is not ballistic. A smaller τD at a higher doping level somewhat
offsets the increase in σD from a larger N .

5.6

Optical pump-THz probe spectroscopy

The THz photoconductivity dynamics of doped samples and reference were measured
under optical beam excitation centred at 650 nm with fluence up to 25 µJcm−2 . This
wavelength corresponds to the above gap excitation of the NTs and is located lower in
energy than the plasmon of the gold nanoparticles. Holding THz generation delay at
the maximum position of the THz pulse without the photoexcitation, we measured
the relative change of the signal as a function of pump-probe delay (Fig. 5.7 (a)).
After the photo-excitation the ∆E/E is reaching its maximum in about 1–2 ps. The
photoinduced THz MD exceeds ∆E(t)/E = +60 % for the pristine and +50 % for
the medium doped sample. The conductivity recovers to the equilibrium state within
15 ps.
The frequency-dependent (THz) conductance of the films in equilibrium,
σeq (ω), and at times after photoexcitation, σeq (ω, t), were determined for all doped
samples as described in Secs. 3.8 and 3.9 using Eqs. 3.19 and 3.27. In all cases,
the amplitude of the transmitted THz pulse was increased under optical excitation,
demonstrating negative photoconductivity. This is in contrast to the normal
positive photoconductivity of semiconductors such as GaAs (Chap. 4). GaAs shows
the photoconductivity can be seen in Fig. 5.8 (a) by comparing the real part of the
sheet conductance σ of the undoped film without excitation (open blue circles) and
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Figure 5.7:
OPTP measurement analysis of pristine and doped samples. (a) ∆E/E at the peak of the THz pulse versus t. The insert shows the linear
dependence between fHW HM and Nef f /m− ; (b) ratio of effective density of electrons
to effective mass,Nef f /m− , versus pump-probe delay time t for pristine (open circles)
and 15 mM doped (filled circles) samples; (c) frequency width of σ1 (ω,t), fHW HM ,
versus t.
2 ps after photoexcitation at several pump fluences (filled blue circles). The observed
conductance after photoexcitation was lower in amplitude, and an enhanced suppression
of σReal (ω, t = 2ps) with increasing fluence is evident in Fig. 5.8 (a). At higher fluences
a narrower shape was observed for σReal (ω, t = 2ps). It can be clearly seen from
tracking the frequency fHW HM = f (σmax /2) at which the phtoconductance is half its
maximum value (red squares). As higher fluence as the narrower shape was observed
and consequently lower fHW HM was extracted Fig. 5.11 (c). The evolution of the
photoconductance as a function of time is shown in Fig. 5.8 (b). With the increase of
the time, the increase of the amplitude and broadening of the width was
observed that can be tracked as the increase of the fHW HM . It is fully recovered to
the equilibrium conductance within 20 ps.
The equilibrium conductance and conductance at 2 ps after photoexcitation
of doped samples is shown in Figs. 5.9 (a)–(c). Samples doped with HAuCl4 showed
the same behaviour as samples doped electrochemically: the lowering of amplitude
and the narrowing of the shape. This observation is consistent with the longrange transport from delocalized charges: the increase in the amplitude cause to the
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Figure 5.8: Evolution of frequency-dependent conductance of pristine and
doped samples. (a) Equilibrium conductance (empty dots) and conductance at t =
2 ps after excitation (filled dots) of the pristine SWCNT film at fluence F = 0, 2.8, 6.95,
14.3, 26µJcm−2 . Real (blue circles) and imaginary (red circles) parts of the measured
sheet conductance (σd) are plotted. The arrow points from low to high fluence. The
green circles connected by black line indicate the change in fHWHM ; (b) conductance
at t = 1.8 ps, 3.2 ps, 5.4 ps and 20 ps after photoexcitation, for F = 26µJcm−2 . The
arrow points from early to later times.
broadening of the shape. Some small peaks 0.9 THz and 1.7 THz can be seen for
all doped samples may be linked to intra-excitonic transitions associated with dark
excitons [133]. In this article, L. Luo et al. observed a peak in σ1 at 1.5 THz for (6,5)
SWCNTs. Given their low overall spectral weight, we do not consider them further
here. The nature of these peaks is still not clear. The fHWHM of electrochemicallydoped samples is marginally larger than the adsorption-doped sample, which may be
a consequence of increased scattering associated with the short-range disorder in the
local dielectric environment of the ionic gel.
The fHWHM is lower for the doped sample in comparison with the pristine
sample. For both doped and pristine samples the broadening and increase of the
amplitude was observed Fig. 5.7 (b). Moreover, fHWHM decreases with the increase
of the fluence. The observed behaviour can be explained as follows. Within the
Drude model of intraband free-carrier absorption, σ(ω) = σD /(1 − iωτD ), where
σD = N e2 τD /m∗ for carrier density N , momentum scattering time τD and effective
mass m∗ . Hence, fHWHM = 1/(2πτD ) and the observed reduction in fHWHM under photoexcitation implies an increase in momentum scattering time (reduction in
momentum scattering rate).
To analyse the change in spectral weight with doping and photoexcitation we
used the partial sum rule for the effective electron density, Neff as described in
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Sec. 2.13, Eq. 2.19. The cut-off frequency used for our analysis was limited by the
spectral bandwidth and set as ω 0 /2π = 2.2 THz. As m∗ is not known, we calculated
Neff (ω 0 )/m∗ as the effective density of charges contributing to electromagnetic absorption at frequencies below ω 0 divided by the effective masses. As the conductivity is
lower and narrower at the peak of the decay (5.7 (a)), the integration of the spectra gave
the lowest values at the peak position. The experimental negative photoconductivity
corresponds to an overall reduction in the height of the peak, σD , as a consequence of
a reduction in Nef f , or an increase in m∗ . Importantly, the change in N or m∗ after
photoexcitation must outweigh the increase in τD , which acts in the opposite direction,
to increase σD . While stated here with reference to the Drude model, we stress that
similar conclusions can be drawn for the plasmon model in the limit ω  ωpl .
Assuming that the Drude term is dominant and the reduction of the conductivity
is due to the reduction of the effective density of charges contributing to electromagnetic
absorption we extracted the Nef f /m∗ as a function of time,fluence and doping level.
Firstly, we obtained the Nef f from σ1 (ω, t) = σeq + ∆σph spectra at pump-probe
delays from t = −2.5 ps to t = 17.5 ps, as reported in Fig. 5.7 (b) for the 15 mM doped
sample and the pristine SWCNT film at a fluence of 26 µJcm−2 . After photoexcitation
the Nef f is suppressed within 1 ps for both pristine and doped samples. After that it
recovers to the equilibrium state within less than 20 ps. As it can be seen in Fig. 5.7 (a),
the relative change of the signal ∆E/Eof f = [Eon − Eof f ]/Eof f is lower for the doped
sample. However, the change of the signal Eon − Eof f is higher for the doped sample
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Figure 5.10: Comparison between qualitative and quantitative approaches.
(a) Effective number of electrons, Neff (assuming m∗ = 1), and DC conductivity σD
versus fluence, F ; (b) frequency width of σ1 (ω, t = 2 ps), fHWHM , and 1/(2πτD ) using
the fitted τD from the Drude plus plasmon model, versus F .

but E/Eof f = [Eon − Eof f ]/Eof f is suppressed due to the higher conductivity
of the doped sample in equilibrium. The same effect is observed for for relative
change of the ∆N/Nof f = [Non − Nof f ]/Nof f . To show that the Non /m∗ is higher
than Nof f /m∗ for the doped samples in comparison with pristine sample we plot
Nef f /m∗ as a function of pump-probe delay (Fig. 5.7 (b)). The solid lines illustrate
fits using Neff /m∗ (t) = A − Be−t/τ , where A = Nof f /m∗ is the equilibrium value of
Nef f /m∗ and B is the modulation depth.
The recombination times obtained are τ = 2.4 ps for the pristine SWCNT
film and τ = 1.5 ps for the doped film. As it can be seen from Figs. 5.7 (b) and (c),
fHW HM shows similar behavior as Nef f /m∗ . We then plot, fHW HM as a function
of Nef f /m∗ which shows a pure linear behaviour (insert Fig. 5.7 (a)). We plot then
fHW HM and Nef f /m∗ as a function of fluence. At higher fluences the changes in
Neff /m∗ , fHWHM and ∆E/E (Fig. 5.11 (c)) appear to saturate, potentially as a result
of the bleaching of the excitonic absorption resulting in less than one exciton on
average per incident photon. We found that fHWHM ∝ Neff /m∗ (insert Fig. 5.11 (a))
for different fluence which shows an agreement with the dependence extracted at
different pump-probe delay times (insert Fig. 5.7 (a)). The doped sample has a
shallower gradient than the pristine sample, implying that the carrier scattering rate
is a function of the chemical potential. In addition, we performed the quantitative
analysis which reveals that Drude weight and Neff /m∗ behave similarly, as do fHWHM
and 1/2πτD (Figs. 5.10 (a) and (b)) For the simplicity the weak plasmon term was
globally fitted giving fixed parameters: ωpl = 0.15 THz, τpl = 1/γpl = 175 fs and
σpl = 2096 Ω−1 cm−1 . The Drude weight and Neff /m∗ behave similarly, as do fHWHM
and 1/2πτD (Figs. 5.10 (a) and (b)).
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5.7

Comparison between electrochemical and adsorption
doping

In addition to the adsorption doping we performed electrochemical doping. In contrast
to adsorption doping, which is not adjustable after the dopant deposition, the electrical
gating of an ionic gel allowed the doping level of the CNTs to be controlled. However
because the process involves ion migration through the ionic gel, it is a slow and
hysteretic process. The last fact allows us to distinguish between properties related
to doped NTs and dopant nanoparticles. In the Sec. 5.4 we showed that absorption
and Raman spectroscopy measurements are two approaches that can be effectively
used to investigate doping behaviour in CNTs. A comparison between a lightly doped
HAuCl4 CNT (Fig. 5.5 (a), a red line) and electrochemically gated sample (Fig. 5.12 (a),
a red line) reveals a striking similarity. Both measurements show the absence of the
S , around 2500 nm) of the semiconducting NTs under
lowest excitonic absorption (E11

an applied gate voltage (−2.0 V) due to the shift of the Fermi level as discussed in
the Sec. 5.4. However, the remarkable difference is observed—the absence of the peak
at 550 nm in the electrochemically doped sample. This observation confirmed that
this peak arises from the metal nanoparticles seen in TEM (Figs. 5.3 (b) and
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Figure 5.12: Optical properties of an electrochemically doped sample. The
absorbance (a) and Raman (b) spectra of pristine (blue) and chemically-doped SWCNTs sample (red); (c) equilibrium conductance (empty dots) and conductance at 2 ps
after photoexcitation at F = 26 µJcm−2 (filled dots) of ionically gated sample at
Vg = −2.0 V. Real (blue circles) and imaginary (red circles) parts of the measured
conductance are plotted; (d) ∆E/E at the peak of the THz pulse versus t for ionically
gated sample at Vg = 0 and Vg = −2.0 V.
(c)), and is not anything to do with the properties of the doped CNTs. The observed
similarities allow us to make a conclusion: the absorption changes irrespectively of
the process by which carriers were injected. In order to confirm this observation,
we performed Raman spectroscopy measurement which reveals the up-shift of the G
peaks under the negative applied voltage and down-shift under the positive applied
voltage (Fig. 5.13 (b)). The prominent suppression of the G peaks is present in the gated
sample similar to the adsorption doping (Fig. 5.12). Moreover, some similarities can be
seen in comparisons of equilibrium conductance (empty dots) with total conductance
(filled dots) of adsorption doped and electro-chemically doped samples presented in
Fig. 5.9 (a) and Fig. 5.12 (c) respectively. Moreover, the suppression of the ∆E/E and
faster initial decay observed for gated sample similarly to adsorption doped samples
(Fig. 5.7 (a)). Therefore, the THz and OPTP spectroscopy results are a consequence
of doping the SWCNTs, rather than being linked to the electromagnetic
response of the adsorbed nanoparticles.
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5.8

Discussion and interpretation of negative photoconductivity

The findings presented above can tell us more about the nature of charge transport in
CNT films. Firstly, the observed the reduction in fHWHM under photoexcitation implies
an increase in momentum scattering time as fHWHM = 1/(2πτD ). The increase in τD
acts to increase the Drude weight, σD . However, experimentally a reduction in σD was
observed, which can be attributed to a substantial reduction in N , or an increase in m∗ .
Negative photoconductivity that we observed is rare for semiconductors and semimetals, and previously was reported for 2D materials such as graphene and MoS2
[237]. In graphene, for instance, the reduction of the conductivity after photoexcitation
was explained by changes to the Drude weight resulting from the thermal
broadening of the carrier distribution after optical excitation: the momentum
scattering rate increases, lowering the Drude weight, and outweighing the increase
in carrier density [238, 239]. In CNTs, the negative photoconductivity in undoped
samples was recently reported [134]. It was attributed to the broadening of the
plasmonic response, for a plasmon at low frequency (10 GHz), where photoexcitation
was assumed to heat-free charges and thereby increase the momentum scattering
rate, assuming that the number of charges remains constant. This is in contrast,
to our finding: photoexcitation produces a pronounced reduction in the
scattering rate, evident from the narrowing of σ1 (ω), simultaneously to a
reduction in mobile carrier density (we used N/m∗ as a measure of the mobile
carrier density).
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Due to the strong, weakly-screened Coulomb interaction, many-body particle
states exist in CNTs even at room temperature, as discussed in Chap. 2. Under
photoexcitation excitons form rapidly (Sec. 2.12). Due to the high density of free
charges (Drude-component), an exciton in a SWCNT can bind to a free charge to form
a trion, a quasiparticle which consists of three charged particles. As it was shown,
HAuCl4 results in p-type doping (Fig. 5.5 (b)) confirmed the shift of the G mode
due to p-type doping), therefore, most likely positive trion, two holes and electron,
is created under the optical excitation. There are two conditions that need to be
satisfied: (i) trion has a large binding energy, and (ii) free charges need to exist within
the exciton diffusion length. The first condition is evidently satisfied: trions lay
lower in energy than the bright singlet exciton E11 transition by 70 meV for
a suspended SWCNTs [240]. The second condition requires enough free charges
within 100 nm (the typical exciton diffusion length in the SWCNT) [9, 241–243]. To
assess the second condition, we calculated the number of excitons and free charges per
SWCNT as follows [147, 244]. In one of our experiments the fluence was 26 µJcm−2 .
The number of photons absorbed by the sample at 650 nm was 1.7 × 1013 cm−2 .
Assuming that one photon produces one exciton we estimated the number of excitons
to be equil to 1.7×1013 cm−2 . From transmission electron microscopy (Figs. 5.2 (a)–(b))
the SWCNT areal density was 2.5 × 1011 cm−2 , and the ratio of these sheet densities
yields 70 excitons per one SWCNT. Moreover, the sum rule analysis, performed in the
previous section, provides the carrier sheet density in equilibrium, which varies from
2.4 × 1014 cm−2 for the pristine sample to 1.2 × 1015 cm−2 for the highest adsorption
doping case, corresponding to between 1000 and 5000 free charges per a SWCNT
(assuming m∗ = 1). However, if a lower effective mass [245] more typical of these
tubes is assumed (m∗ = 0.2) then between 200 and 1000 free charges per SWCNT
results. Assuming an average SWCNT length of 1 µm, the hole density per unit length
is between 1 and 5 nm−1 for the highest p-type doped sample. This is comparable to
the number of dopant ions per unit length [228]. Since the exciton and hole number
density are both high, there is a ready supply of free charges close to each exciton on
each SWCNT, satisfying condition (ii).
Moreover, the recombination times extracted were τ = 2.4 ps for the pristine
SWCNT film and τ = 1.5 ps for the doped film (solid red line, Fig. 5.7 (b), which are
close to the 2.7 ps single-exponential trion lifetime reported for hole-doped SWCNTs [110, 111]. Trions was found in polymer-wrapped (6,5) semiconducting SWCNTs
and showed similar behaviour. They are formed within 500 fs of photoexcitation by
rapid exciton diffusion to less-mobile holes and subsequently decay with a 2 ps lifetime
[147]. The recovery times observed here are therefore consistent with trion decay
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times, which are similar to exciton lifetimes. The negative photoconductivity observed
in our experiments is created by a photoinduced lowering of the free charge density
Nef f , or increased mass m∗ , which is also in agreement with trion interpretation. The
lower momentum scattering rate is consistent with the lower free charge density.
The MD observed in this chapter (up to 60 % for pristine and +50 % for the
doped samples) suggests a potential application of the giant negative photoconductivity
of SWCNTs in ultrafast THz modulators as described in Chap. 4. This positive change
of the signal is in contrast to observed negative photoresponse of GaAs presented in
Chap. 4. The reduction of the MD due to doping has implications for THz modulator
design, as it is not desirable to suppress the MD. However, doping increase the
modulation speed making modulator faster. Therefore oxygen doping or doping by
catalysts also needs to be taken into account when CNT-based modulators are designed.
Further annealing, purification, and encapsulation are required even for the pristine
samples, which are known to be doped by oxygen as they are stored in the air.

5.9

Deterioration

The deterioration of optoelectronical properties, including AC conductivity, is a critical
issue for different applications. Doping with Au precursors, like AuCl3 , HAuCl4 ,
Au(OH)3 , etc. has been demonstrated to enable the doping effect of numerous
materials like graphene [246, 247]. The formed nanoparticles allow adsorption doping
with long-term stability. We monitored the stability of HAuCl4 -doped graphene
for 5 months. The 30 mM HAuCl4 doped sample was selected as a control sample
to investigate potential degradation in the doping efficiency with exposure time in
air. The same measurements as described in Secs. 5.4 and 5.5 were taken 5 months
after the day when doping was performed. For the first month samples were in the
glovebox and didn’t deteriorate significantly. After 5 months in air a significant
change in the properties was observed. Figure 5.14 (a) shows that peaks around π
plasmon disappeared, and the peak around 1440 nm also disappeared (these peaks
were attributed to new intersubband transitions like E31 at high doping levels). After
5 months the E22 transition was again visible. A new peak at 550 nm was clearly seen,
which can be attributed to the plasmon resonance of metallic Au nanoparticles formed
from the loss of chlorine. Figure 5.14 (b) shows the change in the Raman spectra. In
the aged samples, the position of the G+ mode has shifted back towards its equilibrium
position. The conductivity in THz region was also reduced due to the reduction of
the doping (Fig. 5.14 (c)).
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Figure 5.14: The deterioration effect. (a) The absorption spectra of pristine (blue)
and a doped SWCNT with 30 mM HAuCl4 (black) as prepared and after 5 months;
(b)ṫhe Raman spectra of pristine (blue) and a doped SWCNT with 30 mM HAuCl4
(black) as prepared and after 5 months. Legend is the same as on (a); (c) the sheet
conductivity of a doped SWCNT with 30 mM HAuCl4 as prepared (open circles) and
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5.10

Questions addressed in this chapter and conclusions

In this chapter, we investigated the optical properties of a SWCNT doped with HAuCl4
and verified some properties using electrically-gated devices made with an ionic gel. We
performed a combined analysis using UV-vis-IR absorption spectroscopy, Raman spectroscopy, and transmission electron microscopy in addition to ultrafast spectroscopy.
The TEM characterisation revealed the low number of NTs in a bundle which results
in the effective chemical doping which results in adsorption doping being particularly
effective, as verified by UV-vis absorption spectroscopy. With increasing doping, a sup-
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pression of the excitonic transitions was observed, followed by intersubband plasmons.
We observed a shift of the Raman G mode for the adsorption doped samples that
indicated p-type doping. The increase of the electrical conductivity due to the doping
results in suppression of the THz modulation performance. However, doped samples
covered a broader transmission range with a higher suppression which can be used
in shielding devices. We found that the negative photoconductivity effect observed
was created by a photoinduced lowering of the free charge density (or increased mass),
which we ascribed to the formation of trions, and which simultaneously lowered the
momentum scattering rate. In contrast to previous studies we include (i) detailed understanding of the equilibrium conductivity and its influence on the photoconductivity
and (ii) an appreciation that excitons are the primary photoproduct rather than free
electron-hole pairs. The adsorption doped samples showed a pronounced degradation
that may be avoided in the future by sample encapsulation in air-free conditions. We
observed the reduction of the MD and the decrease of the MD due to doping that
needs to be taken into account at THz modulator design. Moreover, we found that the
optical properties of CNTs change irrespectively of the process by which carriers were
injected and both adsorption or electronical doping can be used equally to control
THz signal.
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Chapter 6

Ultrafast optoelectronic processes
in 1D van der Waals
heterostructures
At the start of this chapter, we introduce the 1D heterostructure samples that were
studied by static spectroscopy techniques such as absorption, Raman and THz-TDS
spectroscopy. Subsequently, we discuss the ultrafast pump-probe spectroscopy measurements. The synthesis and sample preparation were performed by our coworkers
from The University of Tokyo, R. Xianga and S. Maruyama. The microscopy measurements were provided by R. Kashtiban and J. Sloan from University of Warwick. The
part of this chapter was published as “Ultrafast optoelectronic processes in 1D radial
van der Waals heterostructures: carbon, boron nitride and MoS2 NTs with coexisting
excitons and highly mobile charges”, Nano Letters, 2020. The UV-vis-IR, Raman,
FTIR, OPTP, OPOP measurements were performed by M. G. Burdanova.

6.1

Background

2D transition metal dichalcogenides show growing interest after the discovery of the
indirect to direct band gap crossover from multi-layer to monolayer materials in
2010 [248], and the opportunity for their use in heterostructures [16]. Heterostructures
of atomically-thin 2D materials show unique emergent properties associated with
interlayer coupling and charge transfer, opening up new possibilities for the development
of nanoelectronic devices [249, 250]. When 2D materials roll up to form 1D NTs,
dramatic changes in the optoelectronic properties result from curvature
and quantum confinement. For example, graphene, a Dirac semi-metal, has no
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excitons, while CNTs made from the same structure host excitons as shown in Chaps. 2.
The binding energy is the smallest amount of energy required to remove
a particle from a system of particles. If thermal energy (kT=25,7 meV) becomes
comparable to the exciton binding energy all created excitons will have a tendency to
dissociate and form free chargers. For example, in 3-dimensional semiconductors, like
GaAs, exciton binding energies of less than 10 meV [38, 39]. In this case, the thermal
energy is usually sufficient to thermal or spontaneous dissociation of excitons even
at elevated temperatures and exciton densities, and mostly free chargers exist in the
system. In contrast, quantum confinement effects and reduced Coulomb screening
in low-dimensional materials give rise to large exciton binding energy. In this case,
excitons would be formed due to the exciton binding energy greater than the thermal
energy which results in less free charge carriers in the system. For example, binding
energy of a monolayer MoS2 is 540–550 meV obtained theoretically and experimentally
[251, 252].
The first TMD micro- and NTs were synthesized from the vapour phase in 1993
[253]. However, their properties are not very well investigated in comparison with
the CNT. It was shown that they can be used in different applications: mechanics,
transistors, where inner CNT are used to electrically gate an outer TMD NT, such as
MoS2 [17], or radial p-n junctions for nano-scale photovoltaics or photodetectors [18],
for instance exploiting flexoelectricity [19, 254–257]. The mechanical flexibility of MoS2
suggested that the synthesis of high-aspect-ratio NTs not only by using carbon can be
achieved and relatively low diameter tubes have been produced recently [17]. This
development let us investigate the unique optical properties of single wall and multi
wall MoS2 NTs (SWMoS2 NT and MWMoS2 NT respectively) in 1D-heterostructure
included boron nitride and CNTs.

6.2

Samples preparation

Samples were prepared as described by R. Xiang and co-workers as follows [17]. We
used 20 nm-thick CNT films with a network comprising 10 % individual and 90 %
bundled NTs (around 5 per bundle). The mean diameter of the NTs was 2.1 nm, while
tube lengths were up to 10 µm. Films contained a mix of one-third of metallic and
two-thirds of semiconducting SWCNTs with a mix of chiralities. Free-standing
films were obtained by a dry-transfer technique [258], and were used as a matrix for
BNNT and MoS2 NT growth by CVD. In brief, the pristine as-grown CNT film
was preheated at 1050 ◦ C in Ar/H2 for 1 hour at low pressure. After this annealing step,
individualised and bundled CNTs were coated by BNNTs at 1050◦ C (1–3 hr) at low
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pressure, and subsequently cooled slowly to room temperature. Finally, the MoS2 NT
growth was performed at 550◦ C at low pressure, and also cooled slowly to room
temperature. As-grown the outer BNNT and MoS2 NT were evenly distributed in
chirality [17]. For reference experiments, monolayer and multi-layer 2D MoS2 were
obtained by mechanical exfoliation by M. Broome and E. Sakamoto-Rablah. A 2D
monolayer flake of MoS2 was transferred by using PMMA as a support film onto hBN
on Si/SiO2 at 85 ◦ C. After the optical characterisation films were transferred to TEM
grids for the electron microscopy characterisation by using a dry-transfer technique.

6.3

Microscopy characterisation

The morphology of the 1D van der Waals (vdW) heterostructure films was directly
imaged using SEM (Fig. 6.1). High magnification SEM image was required for better
visualisation of the morphology of hierarchical structures. The MoS2 tubes were
deposited on very long high-purity aerosol grown free-standing SWCNTs grown as
described previously in Chaps. 4 and 5. As the bundle sizes of CNT wrapped by BNNT
are relatively narrow in diameter (4–10 nm diameter), they are a suitable template
for the growth of MoS2 NTs. The thin film showed a uniform distribution of the
C@BN@MoS2 NT heterostructure along with the film. Therefore, we minimised the
number of intertube contacts. It is important to note that MoS2 NT do not have
a preferential in-plane orientation. A small fraction of the product (<2 %) is
present as MoS2 nanoparticles on the surface of the films.
A deeper analysis of the 1D heterostructure was performed by using TEM.
The summary of the TEM images performed is presented in Figs. 6.2 (a)–(g). Low
magnification annular dark-field (ADF) scanning transmission electron microscopy
(STEM) images (Fig. 6.2 (a) and 6.2 (b)) demonstrated that the films consisted of
high purity, randomly oriented nanowires). The C@BN NT film had a similar
morphology as pristine CNT films presented in Chaps. 4 and 5. Small nanoparticles
observed in both C@BNNT and CNT films are Fe catalyst used in the CNT synthesis.
The TEM microscopy revealed that after BN coating CNTs were in the form of small
bundles and individualised NTs. The morphology of the CNT film in C@BNNT
composite was not changed. Brighter regions in the dark-field STEM images result
from areas with higher atomic numbers. Therefore, Molybdenum (Mo) having the
atomic number 42 is expected to be brighter than Sulfur (S) which has an atomic
number of 16, and importantly brighter than Boron (B) and Nitrogen (N) with the
atomic numbers of 5 and 7 respectively. C, B and N are the nearest neighbours on the
periodic table, hence, it is hard to distinguish between them. Therefore, the nanowires
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Figure 6.1: SEM image of 1DvdW heterostructure. Low magnification scanning
electron micrograph of a C@BN@MoS2 NT film. The majority of the free-standing
film consists of long MoS2 NTs, outside BN NTs and CNT bundles. A small fraction
(< 2 %) of MoS2 nanoparticles are also evident. The insert shows the cross-section of
the 1D van der Waals heterostructure.
in Fig. 6.2 (a) indicate predominantly the Mo atoms response, while the nanowires in
Fig. 6.2 (b) show the extent of the BNNTs and CNTs. These images directly attest to
the high coverage of MoS2 NTs on the BNNT templates. Moreover, MoS2 NT grown
on C@BN NTs fills some of the space between C@BN NTs, increasing the filling factor
of the film.
Similar magnification STEM images as described above were used to find the
individual heterostructure size. The cross-sections measurement of individualised
NTs and bundles were taken for CNT, C@BN NT and C@BN@MoS2 NT films. The
statistics show that the CNTs have a mean diameter of 2.1 nm, with a mean bundle
diameter of 7.9 nm (see Fig. 6.3). After BN overgrowth the mean nanowire diameter
was 11.1 nm (average 4–5 walls of BN), rising to 14.1 nm after MoS2 growth (2–3
walls of MoS2 NT). A similar variance for the CNT, BNNT and MoS2 NT diameter
distributions indicated relatively uniform BN and MoS2 layer thicknesses.
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The above-mentioned estimate of the number of walls was performed as
follows. The van der Waals gap between 2D heterostructure layers is about 0.35 nm.
The space between Mo and S atoms is 0.162 nm [259]. For Figure 6.3 (b) the total
thickness of 4–5 BN layers in the C@BN NT heterostructure adds an additional 1.4 nm–
1.75 nm on each side of the CNT or CNT bundle, accounting for the increase in mean d
seen in Fig. 6.3 (a) from the CNT to C@BN NT sample. Similarly, (c) and (d) show the
total thickness of two or three MoS2 layers in the C@BN@MoS2 NT heterostructure:
two monolayers will add 2.6 nm to the composite’s external diameter, while three
monolayers will add 3.8 nm. The extra diameter experimentally (Figs. 6.3 (a) and (b))
is 3.0 nm. The estimated 5 walls of the BNNT perfectly act as a tunnelling barrier
between CNT and MoS2 [260]. A similar width to the BNNT and CNT diameter
distributions suggests that CNTs with different diameters are uniformly covered by
BNNTs, with the BNNTs having a relatively uniform thickness. MoS2 NT showed
broader distribution in the range of 7–27 nm with a mean diameter of about 14.1 nm
(Figs. 6.3 (a), (c) and (d)). The above estimation of the thickness of the walls has a
good agreement with the observed individual 1D heterostructure TEM image that
revealed 2 formed walls of MoS2 NT and the third forming wall (Fig. 6.2 (c)).
Selected-area electron diffraction patterns (Fig. 6.2 (d)) obtained over a 3.5 µm2
area showed diffraction rings distinguishable based on the lattice constants expected
for CNTs, multi-layer hexagonal BN (hBN) and MoS2 , and indicated no preferred
crystallographic orientation in the sample. With an increase in the number of
layers the diffraction rings became broader and less intense. Discrete points observed
in CNT most likely arise from the catalyst nanoparticles, and disappear after BN NT
growth, indicating partial removal of the catalyst by the high growth temperature.
ADF-STEM images and STEM electron energy loss spectroscopy (STEMEELS) near the end of an incomplete MoS2 NT (Fig. 6.2 (e)) verified that the 1D
heterostructure contained bundles of CNTs (red) covered by multi-walled BNNTs and
MoS2 NT. EELS spectra (Fig. 6.2 (f)) integrated along the line scans extracted from
a spectrum image of a rectangular area shown in Fig. 6.2 (e) indicate the changing
composition of the 1D heterostructure for cross-sections shown by the dashed lines
in Fig. 6.2 (e): from top to bottom an increase from zero to three MoS2 walls can
be observed, most clearly using the S and L edges. The elemental distribution was
also verified by energy-dispersive X-ray spectroscopy (Fig. 6.2 (g)), where the BN and
MoS2 can be seen to constitute MWCNTs outside the CNT bundles. Kinks
in the CNT bundles prevent the BNNT growth and subsequent MoS2 NT formation.
All TEM micrographs show the absence of caps of MoS2 and confirm that they are
open-ended.

109

Frequency (%)

a)

45
40
35
30
25
20
15
10
5
0

c)

CNT
BN NT
MoS2NT

d BN NT = 7.9 ± 3.5 nm
d BN NT = 11.1 ± 3.3 nm

d MoS NT = 14.1 ± 4.7 nm
2

b)

BN
BN

0.35 nm

BN

0.35 nm x 5
= 1.75 nm

0.35 nm x 4
= 1.4 nm

BN
BN
BN
C

10
15
20
25
5
Tube/bundle diameter (nm)
d)

Mo

S

0.162 nm

S

0.615 nm

Mo
1.29 nm

S
Mo

0.162 nm
S

S

0.162 nm

S

0.615 nm

S
Mo

0.35 nm

S

0.615 nm

1.90 nm

S

BN
Mo

0.162 nm
S

0.35 nm

BN

Figure 6.3: Analysis of the diameters and thickness of the walls. Fig. 6.3 (a)
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on CNT and then MoS2 on the BN@CNT increases the mean diameter d without
altering the width substantially; (b)–(d) the interlayer spacing and thickness of each
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6.4

Band structure and band gap alignment

Depending on the relative positions of the conduction band and valance band of the
individual components in the heterostructure, there are generally three types of
band alignments, including type I (straddling gap), type II (staggered gap), type
III (broken gap), as illustrated in Fig. 6.4 (a). In type I alignment, the bandgap of one
of the materials is located within the bandgap of another one. Therefore, electrons
and holes tend to relax in the first narrow bandgap material. In type II, there is a
large band offset on either conduction band or valence band. In this case, electron and
holes from different materials move in different directions. The separation of charges
is achieved. In the case of type III band alignment, the bandgap of a semiconductor is
located outside of the second one. Therefore, the tunnelling effect is expected to be
seen [261, 262].
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A simple estimation of the band alignment is shown in Fig. 6.4 (b). The average
work function of SWCNT is about 4.46 eV [263]. The work function of h-BN is about
4.7 eV [264]. The work function of monolayer MoS2 is about 5 eV [265]. For 2.1ṅm
CNTs the direct band gap between the first VHs of semiconducting NTs is about
0.46 eV while for MoS2 it is about 2 eV.
After pristine CNT films are exposed to air for some time, the CNTs show
p-type doping due to due to the physisorbed oxygen while pristine MoS2 NT n-type
appeared due to the S-vacancies [266–269]. After annealing the BNNT prevent CNT
oxidation. The diagram is drawn with the Fermi level mid-gap for a semiconducting
CNT, but that it is probably slightly closer to the CB of the MoS2 as MoS2 is often
n-type. The finite number of electrons that overcome the BNNT made potential
barrier will transfer from the MoS2 NT to the CNT. However, 4–5 walls of a BNNT
have a good insulating properties [260].
It is important to note that the above discussion is based on the bandstructure
of 2D MoS2 , which is in principle different for MoS2 NT. In theory, the electronic
structure of a MoS2 NT is determined by the d-orbitals of Mo and the p-orbitals of S
atoms. When a MoS2 sheet is rolled up the inner sulfur layer is compressed, while
the outer sulfur layer is stretched, modifying the hybridisation of the atomic orbitals
[270]. The electronic band structure of MoS2 NT is predicted to vary with chirality,
with zigzag (n,0) tubes exhibiting a direct gap at the Γ-point that only exhibits weak
optical absorption: the transition is not electric-dipole-allowed, owing to the different
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magnetic quantum number of the CB minimum and VB maximum [271]. Therefore,
the bandgap alignment estimation could be rather more complicated if we take into
account 1D nature of MoS2 NTs. However, for this work with the relatively large
diameter MoS2 NTs we assume that the material behaves in a similar way to 2D MoS2 .

6.5

Static absorption spectroscopy

The heterostructure consists of a CNT, BNNT and MoS2 NT and hence exhibits the
combined optical absorption of all components. We characterised it by using
UV-vis-IR and FTIR spectroscopy. The absorption spectra of the pristine CNT film
(red), C@BN NT film (green) and C@BN@MoS2 NT film (blue) are shown in Fig. 6.5.
In the UV, the π-plasmon absorption in the CNTs (around 300 nm) is the strongest
feature, and the tail of this peak extends throughout the visible. It corresponds to the
collective π−oscillations of the band electrons transverse to the NT axis direction and
carbonaceous impurities, and the tail of this peak extends into the far-IR part of the
spectrum [272]. In the near-IR three excitonic absorption bands, corresponding to
S and E S ) and metallic (E M ) SWCNTs, are evident at 2300 nm,
semiconducting (E11
22
11
S is spread from 1800 nm to 3500 nm with the central
1300 nm and 890 nm. The E11
S from 1100 nm to 1800 nm. It allows us to estimate
wavelength 2500 nm and E22

the distribution of the CNT diameters in our pristine sample by using the empirical
Kataura plot discussed in Sec. 2.2 and 2.10. Therefore, it was found that the central
S and E S peaks corresponds to (27,0) chirality CNT with the
position of the E11
22

2.143 nm diameter which has a good agreement with our TEM images analysis.
This sample has very similar distributions of diameter and length as for the CNT films
presented in Chap. 5.
In the C@BN NT composite a small red-shift of ∼ 5 nm was observed for the
π-plasmon, due to a change in the local dielectric environment surrounding
the CNTs. The BN introduced an additional sharp absorption feature at 205 nm
(6.0 eV) assigned to the exciton of hBN by comparison to observations on bulk and
mono-layer hBN [273–275]. This absorption is attributed to band-to-band optical
transitions across the direct band gap [276–278]. The absorption peak at 7.25 µm
(1378 cm−1 ) for C@BN NTs can be assigned to the in-plane BN stretch and is
shifted in comparison with hBN (1367 cm−1 ) as a result of strain [46, 279, 280]. The
weaker absorption at 12.14 µm (823 cm−1 ) is associated with the out-of-plane radial
buckling, where B and N moving radially in-phase [281]. The absorption band at
∼1545 cm−1 is not present in our samples. It corresponds to the stretching of the
h-BN network along the tangential directions of a BNNT. There are no longitudinal
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Figure 6.5: Absorption spectroscopy measurement of 1D vdW heterostructure and its components. The broad band absorbance of the CNT (red), C@BN NT
(green) and C@BN@MoS2 NT (blue). The insert shows in-plane stretching modes and
out-of-plane radial buckling modes of the BNNT.
optical (LO) modes present for our samples. The lower absorbance associated with
the out-of-plane mode is due to the in-plane and out-of-plane modal coupling, and
as the sheet rolls into a tube lead to stiffening in the low-frequency tube mode
and reduction of the change in dipole moment during stretching [282]. MoS2 NT
coverage causes an additional reduction in the out-of-plane motion. It was shown that
LO-modes detected in BNNTs was attributed to curvature induces a strain on the
h-BN networks. Authors also suggest that only highly crystalline BNNTs would show
up this mode [283].
The absorption spectra of the C@BN@MoS2 NTs showed four intense absorption
lines associated with the A (660 nm, 1.88 eV) and B (613 nm, 2.02 eV) excitons, and the
C (435 nm, 2.85 eV) and D (400 nm, 3.10 eV) interband transitions of MoS2 similar
to what was observed in Refs. [284–287]. The A and B peaks in MoS2 are associated
with K-point excitons separated by the spin-orbit splitting energy of the valence
band. At energies above the direct gap (∼ 2.25 eV) strong interband absorption
produces unbound electron-hole pairs. The C peak is attributed a maximum in
the joint density of states due to the parallel CB and VB in a localised region of
reciprocal space between the K and Γ points [288–291]. The fourth peak (labelled D)
most likely arises from another extremum of nearly-degenerate states in the electronic
band structure [292, 293].
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The absorption spectrum of 2D atomically thin layers of MoS2 was found to
be largely unaltered, except for a small blue-shift of the resonances in comparison
with the bulk material [248]. The curvature induced strain is expected to shift the
absorption peaks towards higher frequency [294]. Moreover, it was shown that thinner
MoS2 NT have significantly stronger absorption in the same region in comparison with
thicker NT [284]. Therefore, the absorption from SWNT is expected to be enhanced.
However, the observed peaks are very well aligned to the previously observed exciton
positions for 2D-monolayer samples [295, 296].
In Ref. [295] it can be seen that one monolayer of 2D MoS2 causes an increase
in the absorbance by 0.050 at the A and B exciton positions. The absorption spectra
of the C@BN@MoS2 NTs shows the increase of the absorption by 0.2 in comparison
with C@BN NT. The contribution of the background was estimated to be about 0.07.
Therefore, assuming that we have very well spatially separated MoS2 we estimated the
number of MoS2 NT per thickness to be about 3–4. Thus, despite having a fill fraction
of around 40 %, the MoS2 NTs in the composite act as though they have around 4
times the absorbance of a monolayer of MoS2 . This can be understood to result from
the larger effective surface area of a cylinder, and having multiple MoS2 walls (3–4).

6.6

Raman Spectroscopy

Fig. 6.6 (a) showed RBM modes between 100 and 200 cm−1 which correspond to the
metallic NTs with the diameters varying between 1.3 and 2.5 nm, calculated by using
the approach described in Sec. 2.2. The G mode was observed at 1587 cm−1 . The ratio
between G and D mode intensity was higher than 30 which indicates the high quality
of CNT samples. The BNNT and MoS2 NT reduced the amplitude of the RBM
and G modes due to the damping effect (Fig. 6.6 (d)). The screening effect could
take place: MoS2 NT absorbed light in a visible range where Raman spectroscopy
measurements were taken and hence lower the intensity of light reaches the CNT which
is not the case for the BNNT. An additionally applied strain shifted all modes
towards lower frequency due to the compressive axial force. The C@BNNT has an
additional Raman active and IR active mode around ∼803 cm−1 is associated with the
out-of-plane radial buckling mode where boron and nitrogen atoms are moving
radially inward or outward (Figs. 6.6 (b) and (c)). The Raman active peak around
1378 cm−1 is not clearly present in Raman spectra of C@BN NT sample or hidden by
strong D and G CNT modes in comparison with the sharp h-BN mode appeared at
1367 cm−1 (Fig. 6.6 (d)). The G mode of CNT in C@BN@MoS2 NT heterostructure
was red-shifted.
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Figure 6.6: The summary of Raman spectroscopy measurements. (a) Raman
spectra of CNT with 448 nm (red), 532 nm (black) and 660 nm (green). The left insert
shows RBM modes and right insert—G and D modes; (b) Raman spectra of CNT (red),
C@BN NT (blue) and C@BN@MoS2 NT (green) with 660 nm; (c) Raman spectra of
C@BN NT with 448 nm (red), 532 nm (black) and 660 nm (green); (d) Raman spectra
of CNT (red), C@BN NT (blue) and C@BN@MoS2 NT (green) with 660 nm. The
insert shows the shift of the G modes; (e) Raman spectra of h-BN E2g in-plane mode.
C@BN@MoS2 NT showed out-of-plane A1g phonon mode red-shifts, while
the in-plane E12g phonon mode blue shifts in comparison with monolayer MoS2
(Fig. 2.3 (a)). The position of the modes are at 383.3 cm−1 and 406 cm−1 under
532 nm excitation (Fig.2.3 (d)) which corresponds to SWMoS2 NT modes according
to the theory [297]. 2LA(M), is a second-order Raman mode due to LA phonon
scattering. It is present under resonant to A transition excitation only and appeared
at ∼450 cm−1 . The small peak at about ∼416 cm−1 that could be assigned as B1u
mode. The direct comparison between 1D, 2D-1L and bulk MoS2 were performed
under the same experimental conditions at 448 nm excitation. In bulk material
two peaks were found at about ∼383.8 cm−1 and ∼408.4 cm−1 which has a good
agreement with previously observed values. With the decrease of dimensionality the
shift of these modes were observed due to the long-range Coulomb interaction
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Figure 6.7: The summary of Raman spectroscopy measurements of 1D vdW
HS. (a) Raman spectra of C@BN@MoS2 NTs with a 448 nm (blue), 532 nm (red) and
660 nm (green) laser; (b) Raman spectra at 488 nm of a 1DC@BN@MoS2 NT (blue), an
exfoliated monolayer of MoS2 on h-BN (cyan) and a multi-layer MoS2 flake (purple).
induced by the effective charges resulting from the relative displacement between Mo
and S atoms [298, 299]. Thus, for example, for 2D monolayer peaks were observed
at ∼385.34 cm−1 and ∼402.67 cm−1 and for 1D SWMoS2 NT at ∼379.53 cm−1 and
∼379.53 cm−1 . Therefore, C@BN@MoS2 NT showed peaks which are shifted to lower
frequency in comparison with the bulk material and only E12g were shifted by 4 cm−1
in comparison with 2D MoS2 . Therefore, the in-plane vibrational mode is sensitive
to the curvature induced strain in contrast to the out-of-plane mode, which remains
the same. The competition between the vdW force stiffening and the curvature
strain-softening can play significant role in the observed shift similar to what was
observed in WS2 [300]. The width of the Raman peaks can indicate the crystalinity
of the MoS2 , and the number of imperfection and defects [298]. A broader peak
could be a result of crystalline disorder in the MoS2 structure [301]. However, the
broadening caused by low dimensionality most likely is due to the distribution of
SWMoS2 NT with different diameters in our sample which have different curvature
and hence different in-plane and out-of-plane frequencies. The peak intensity ratio
between E12g and A1g is higher than 1 for 2D and bulk structure and lower than 1 for
1D.

6.7

Photoluminesence

No PL was observed at room temperature for C@BN@MoS2 NT thin film, in
comparison with bulk and monolayer MoS2 (Fig. 6.8) due to the 3–4 wall thicknesses
that turn MoS2 NT from a direct to indirect semiconductor [248, 302]. It is known
that indirect thick MoS2 has a strong phonon-assisted scattering of the K point
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electron to the Q point and the matrix element for PL is low results in low quantum
efficiency which could take place in our case. Moreover, according to the selection rules
the direct transitions between the lowest states of the conduction and valence bands
are not optically allowed (“dark”), in some zigzag MoS2 NT. The additional peaks
appeared at 610 nm, 630 nm are present in the C@BN NT and CNT were attributed
to Raman-active modes from the CNTs.
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Figure 6.8:
The PL measurement of MoS2 in 1D vdW heterostucture.(a) Spectra of PL 2D MoS2 @hBN (red), hBN (black), C@BN@MoS2 NT (blue)
and C@BN NT (green) measured in the spectral range of the A and B excitons at
room temperature under 488 nm above gap excitation.
Recently, it was shown that the thicker wall MoS2 NT without the support (a
free-standing) showed the cross-over between direct and indirect transitions
tuning by temperature revealed by PL [303]. The interesting structure, the nanoscrolls showed bright PL. In this structure, the direct exciton emission is found at
532 nm while indirect transitions were not investigated. The energy emission of the
nanoscroll is lower than in monolayer due to strain [304]. However, it is impossible to
compare directly NTs and nanoscrolls as with nanoscrolls significantly lower diameters
and significantly different strength can be achieved.
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6.8

THz and broadband UV-visible-IR Spectroscopy

The experimental data presented in the Sec. 6.5 with a combination of the THz measurement allow us to reconstruct the broadband spectra of three investigated samples
(Figs. 6.9 (a)–(c)). The experimental transmittance can be used to estimate the
absorption coefficient using Eq. 3.1 derived in Sec. 3.2. This equation is derived ignoring the Fresnel reflection, and total internal reflections, of the sample. Alternatively,
we extracted the absoption coefficient via a numerical method that calculated the
transmittance for a thin film with a complex refractive index comprised of numerous
lorentzian peaks.
It can be seen that experimental absorbance is different from modelled in
IR and UV regions where Beer’s law often fails. In particular, near the pi-plasmon
absorption of the CNTs, and for the MoS2 NT absorption peaks, the simple approach
based on Eq. 3.1 does not match the actual absorbance. We used the fitted complex
refractive index and calculated the reflectance of the thin film. The reflectance is
increased towards the THz region, as a result of the metal-like (Drude-like) behaviour
observed in the samples: metals reflect efficiently below their plasma frequency.
Intraband carrier motion in the 1D vdW heterostructures was investigated
by using THz-TDS spectroscopy as described in Sec. 3.4. The data were analysed as
described in Sec. 3.8. The real parts (Re(σeq )) of the effective THz conductance,
that describing the NT conductivity embedded in any surrounding media, and the real
parts of the dielectric function (Re(eq )) are shown in Fig. 6.10. For the heterostructure,
C@BN NT and C@BN@MoS2 NT are averaged over the composite. Comparing the
equilibrium conductivity of pristine sample used in this chapter and Chap. 4, we
can make a conclusion that the same thickness sample showed lower conductance
that could be attributed to slightly different condition using a different reactor and
a slightly different protocol. Perhaps, some samples have more defects or catalysts
nanoparticles which alter their conductivity. The C@BN NTs retain a large fraction of
the conductance of the CNTs (> 90 % at 1 THz), demonstrating that the inner CNTs
in the heterostructure are highly conductive, and may be used to electrically gate
the outer layers in future devices.
It was shown in Sec. 6.3 that in each 1D-heterostructure in average we have 4–5
insulating walls of BN. It is known that BN acts as a good tunnel barrier even for a
monolayer [260], and hence prevents charge transport between CNT bundles, with the
consequence of slightly suppressing the conductivity. As a result, this suppression is
most prominent at low frequencies. Therefore, it reduces intertube conductivity, while
the intratube (plasmonic) conductivity remains comparable.
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Figure 6.9: The broad band spectroscopy measurement of 1D vdW heterostructure and its components. Transmittance (blue), absorbance from Eq. 3.1,
actual absorbance extracted from a thin film model of the transmittance (green), and
reflectance (black) extracted from the thin film model.
MoS2 NT increased the Re(σeq ) in comparison with the C@BN NTs heterostructure. It can be seen that the uniform, almost constant conductance was added within
the THz region. As it was mentioned the BN NT has 4–5 walls in average that prevents
the charge transport between the CNT and MoS2 NT. This extra conductivity may
be associated with free charges in the outer MoS2 NT that can be described by using
Drude model [305]. It was also shown that the THz conductivity in MoS2 is enhanced
by S-vacancies [306]. However, there are a finite number of charges that still can
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Figure 6.10: The THz spectroscopy measurement of 1D vdW heterostructure and its components. (a) Real part of equilibrium conductance of C (red empty
circles), C@BN (blue empty circles) and C@BN@MoS2 NT (green empty circles) NT
films; (b) as (a), for the real part of the dielectric function in equilibrium.
move between the MoS2 NT, and CNT may have altered the conductivity of the
encapsulated CNTs. This latter process is possible due to the band alignment of the
C@BN@MoS2 heterojunction shown in Sec. 6.4. The conductivity of the encapsulated
CNT can be also altered by strain-induced changes that can clearly be seen from
Raman spectroscopy measurements described in detail in the Sec. 6.6. It was also
shown in Figs. 6.2 (a) and (b), that MoS2 NT fill the space between CNT in the
network and covered C@BN NTs heterostructure. The change in the shape in addition
to the network changes can alter the effective conductivity as can be described by
effective medium theory. Therefore, due to the different processes that might influence
the conductivity we are not able to draw any firm conclusions about the differences in
effective conductivity between samples.

6.9

Transient absorption spectroscopy

To establish whether excitons in the MoS2 NTs are the principle photoproduct after
light is absorbed by the MoS2 component of the vdW heterostructure, we tracked the
dynamical absorbance in the UV and visible range at different pump-probe
delay times t after femtosecond pulsed excitation. In Fig. 6.11 broadband transient
absorption spectra of the C@BN@MoS2 NTs are shown for excitation at 350 nm (at
energies above the D peak). The pump was absorbed predominantly in the MoS2 NTs,
which had high absorbance compared to the C and BN NTs (Fig. 6.5 (a)) at this pump
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Figure 6.11: Transient absorption spectroscopy of C@BN@MoS2 NT film.
(a) Transient absorption spectra, A(E, t) = A0 (E) + ∆A(E, t), as a function of pumpprobe delay time t and probe beam energy E (excitation wavelength 350 nm; 1 mJcm−2
fluence). Here, t = 0.0 ps was defined as the probe pulse arriving just before the pump
pulse, and hence shows the equilibrium absorbance, A0 (E), (empty red circles). Data
at t = 0.5 ps (green circles) and t = 100 ps (blue circles) are also shown, along with
fits (solid lines). The dashed vertical lines correspond (from left to right) to the A,
B, C and D features in the equilibrium absorbance, while the contribution from each
peak is shown by the lower coloured lines; (b) ∆A(E, t) spectra from the experiment
(circles) and corresponding fits (dashed lines) at t = 0.5 ps (green) and t = 100 ps
(blue); (c) expanded view of the fitted absorbance in the range near the A and B
excitons, with the same color code as in (a).
wavelength. The probe wavelengths (315–720 nm) covered the absorption range of
S , E S and E M energies where
the MoS2 NTs, and were higher in energy than the E11
22
11

CNTs exhibit their transient response [307].
The total absorbance spectra A(E, t) = A0 (E) + ∆A(E, t) are reported
in Fig. 6.11 (a), where t = 0 (red dashed line) corresponds to the probe arriving
immediately prior to the pump, and thus shows the absorbance in equilibrium around
the A, B, C and D peaks (dashed vertical lines). We modelled the experimental
absorbance at each pump-probe delay using 4 resonances with variable energy,
linewidth and strength (lower curves in Fig. 6.11 (a)) superimposed on top of a monotonically increasing background accounting for the absorbance of the CNTs. The
fitted ∆A (Fig. 6.11 (b), dashed lines) reproduced the experimental data (points).
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The contributions from the A and B excitons to the fitted absorbance is reported in
Fig. 6.11 (c).
Prominent A and B excitonic absorption was present at all time delays, and at
similar energies to equilibrium. From this we can conclude that, similar to the case of
monolayer 2D MoS2 and other TMDs, excitons are the primary photoproduct
in the MoS2 layers of the present vdW heterostructure. Further, the exciton dynamics
are similar to those reported in monolayer MoS2 [295], suggesting that there was no
substantial charge transfer to the CNT.
Modifications to the strength and linewidth of the A and B excitons account
for the observed ∆A in the 1.7–2.2 eV range. Immediately after photoexcitation, the
B exciton lowered in strength, but retained a similar linewidth to that in equilibrium
(Fig. 6.11 (c)). The A exciton broadened, and increased in strength above its equilibrium
level after 1 ps, creating a positive ∆A at energies below 1.98 eV. Similar trends were
observed at all pump wavelengths, including resonant to the A exciton. Changes in
the interband absorption strength (2.2–3.2 eV), including around the C and D peaks,
were also evident, and can be linked to bandgap renormalization [295, 308].
The broader A-exciton linewidth results from faster energy, phase or momentum
relaxation after photoexcitation, as in atomically-thin 2D TMDs [4]. However, the
increase in A exciton strength here is unusual and may result from either the dynamic
screening of the Coulomb interaction, or from trion formation. In the former
case, the finite quasiparticle density screens the Coulomb interaction, lowering the
binding energy and redshifting the single-particle bandgap, with little change in the
excitons’ energies [4]. A weaker Coulomb interaction reduces the exciton oscillator
strength, consistent with the B exciton’s lower absorbance after photoexcitation, but
inconsistent with the A exciton’s increased strength. Alternatively, if the MoS2 NTs
are lightly doped in equilibrium (as suggested by the THz conductivity spectra above),
the A exciton’s absorption strength is partially reduced by Pauli blocking, similarly to
the case for doped CNTs [197]. When the pump pulse injects excitons, the formation
of trions removes the extrinsic charges from the conduction band or valence band,
thereby removing the Pauli blocking effect and increasing the A exciton’s absorbance,
consistent with the experimental result.

6.10

Optical pump-THz probe Spectroscopy

Optical pump THz probe spectroscopy gives a measure of the excitation-dependent
conductivity (photoconductivity) of the sample as a function of time after the photoexcitation. It also allows to distinguish between free-carrier response and bound
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Figure 6.12: Summary of OPTP measurements of 1d vdW heterostructure
film, and reference films of its components, C@BN NTs and CNTs. Transient
THz response of CNT, C@BN NT, C@BN@MoS2 NT films: (a) at 435 nm pump
wavelength with 100 µJcm−2 fluence, (b) at 340 nm, 435 nm, 450 nm, 650 nm and
950 nm.
charges (exciton, trion) response in nanomaterials [237].
The dynamical THz conductance under 435 nm is presented in Figs. 6.12 (a) and
(b). Figure 6.12 (a) shows the differential transmission signal ∆T /T versus pumpprobe delay time in ps for the CNT, C@BN NT, C@BN@MoS2 NT films. As it can be
seen in Fig. 6.5 the absorption of CNT and C@BN NT films (at the pump wavelength)
is the same, while for C@BN@MoS2 NT film, it is about 8 times higher. This difference
in the absorbance is reflected in the maximum intensity of the ∆T /T . The ∆T /T of
CNT and C@BN NT samples are almost identical while the intensity of MoS2 NT film
is reduced. BN encapsulation does not noticeably alter the optoelectronic properties of
the CNTs. It might be due to the finite number of charges which moved from CNTs to
MoS2 NTs reducing CNT photoconductivity or it might be due to the screening effect:
MoS2 NTs absorb a part of the pump light, and so fewer pump photons reach the
CNTs. However, even if only a half of the pump light reaches CNTs, the photoinduced
change may have a similar size as we are in the saturation regime which is evident in
Fig. 6.14 at 2 ps.
Interestingly, the C@BN@MoS2 NT film exhibits a different dynamic, a
cross-over from ∆T /T >0 at early times to ∆T /T <0 for t>7 ps. This negative ∆T /T
appears only in C@BN@MoS2 NT, is not present in the reference sample, C@BN NT
film, and can be attributed to a normal photoconductive response from the MoS2 NTs.
When the pump wavelength was altered from 350 nm to 650 nm, corresponding to strong
absorption of the pump in the MoS2 NTs, this cross-over in ∆T /T was universally
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observed (Figs. 6.12 (a) and (b)). At the longer pump wavelength (λ >650 nm), the
light is predominately absorbed by CNTs (Fig. 6.5) and change of the sign at longer
pump-probe delay time is not observed.
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Figure 6.13: The frequency-dependent photoinduced conductance at different pump-probe delays. (a) The real and imaginary parts of ∆σ(ω) at 2 ps (points)
show a negative photoconductance associated with the CNTs, which can be modeled by
the Drude model (lines) as described in the text; (b) as in (a), but at 12 ps pump-probe
delay, showing the positive photoresponse associated with normal photoconductance
in the MoS2 NTs.
This positive change of the ∆T /T is identical to what was observed in
Chaps. 4 and 5. It can be explained as a reduction and narrowing of the conductivity
due to the photoexcitation in CNTs. As it was shown in Chaps. 4 and 5 it might be due
to the lowering of the carrier density of free charges, n, increase in their effective
mass, m∗ , which consequently alter the Drude-term with the simultaneous narrowing
of the conductivity spectrum reveals that the momentum scattering rate, γ. Therefore,
at t = 2 ps the real and imaginary parts of the experimental photoconductance (points,
Fig. 6.13 (a)) were modelled by the Drude function ∆σ(ω) = σD /(1 − iωτ ) (solid
lines). Here, the momentum scattering time was τ = 1/γ = 110 fs, while the dc
photoconductance σD = −0.6 mS (where 1 mS ≡ 10−3 Ω−1 ) was negative to account
for the lower conductivity under photoexcitation. Here to correctly fit the conductivity
we varied both the Drude weight and the lifetime.
To understand better the negative change of the ∆T /T we analysed the
frequency dependent conductance at 12 ps and compare it with the results at
2 ps described in the previous paragraph. As it can be seen from Fig. 6.12 the 2 ps
pump-probe delay time represents the response from CNTs, while at 12 ps it is
dominated by MoS2 NT response. The real and imaginary parts of the experimental
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Figure 6.14: Fluence dependence of differential THz transmission, ∆T /T ,
for C@BN@MoS2 heterostructure. Transient THz response at 435 nm pump
wavelength with fluence F = 0 − 0.2 mJcm−2 . The insets show how ∆T /T varies with
fluence at fixed pump-probe delays of 2 ps (top inset) and 12 ps (bottom inset). A
negative ∆T /T is evident at later times for all fluences.
photoconductivity at t = 12 ps (points, Fig. 6.13 (b)) can be modelled by the same
approach as at t = 2 ps, but with a positive dc photoconductance σD = 0.018 mS and
τ = 80 fs, corresponding to γ = 12.5 THz. Assuming an effective mass m∗ ' 0.6me
representative of carriers in the K-valley of MoS2 , the effective mobility of carriers in
the MoS2 NTs is µ = e/m∗ γ ' 234 cm2 Vs−1 . This is comparable to the best field-effect
mobilities (µ > 200 cm2 /Vs) obtained at room temperature in MoS2 monolayers [309]
and multilayered MoS2 [310]. Notably, the mobility observed here for MoS2 NTs in
a 1D vdW heterostructure is higher than the ∼ 40 cm2 Vs−1 reported for individual
multi-walled MoS2 NTs [256], and is also higher than reports for monolayer MoS2 from
OPTP spectroscopy [196, 311]. Here, the relatively low momentum scattering rate
and significant mobility attests to the high quality and relatively defect-free nature of
the MoS2 NTs.
We conclude that at later times the negative ∆T /T corresponds to a positive
photoconductivity uniquely associated with mobile charges in the MoS2 NTs, and which
persists for ∼ 300 ps (Fig. 6.15). An excitonic origin can be ruled out: excitons
in MoS2 yield intraexcitonic transitions in the mid-infrared [312] instead of the THz
[172]. Indeed, the optical probe examines the change in exciton absorption strength,
where negative ∆T /T shows an increase in absorption, and this does not recover after
1 ns (Fig. 6.15 (a) and (b)), indicating that excitons persist over this time window. In
contrast, the THz probe shows a negative ∆T /T that reduces over the same time
window and tends to the positive ∆T /T seen for CNTs, indicating the recombination
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Figure 6.15: Comparison of ultrafast optical probe and THz probe spectroscopy. Data are shown for the C@BN@MoS2 NTs at 435 nm pump wavelength at
0.2 mJcm−2 fluence. Optical pump, optical probe (wavelength 435 nm) data (∆T /T
denotes the change in intensity of the probe) at earlier (a) and later (b) time delays;
(c) and (d) show the transient THz response (∆T /T denotes the differential THz
electric field) at earlier and later pump-probe delays.
time for free charges in MoS2 is faster than the exciton lifetime (Fig. 6.15 (c) and
(d)). Moreover, the positive photoconductivity of the MoS2 NTs was observed
to increase linearly over a wide range of pump fluences (10–200 µJcm−2 , Fig. 6.14,
12 ps) suggesting that free charges are produced in proportion to the absorbed photon
flux.
The observation of free charges in the MoS2 NTs is intriguing given the strong
excitonic effects evident in the equilibrium and dynamic absorbance in the visible range
prominent excitons, although atomically-thin MoS2 also exhibits both free charges
and excitons [138, 313]. Several scenarios exist for free charge formation within the
MoS2 NTs, without invoking charge exchange with the CNT. While exciton-exciton
annihilation can yield free charges in atomically-thin TMDs [138], this process is most
effective at high exciton densities. Methods for the direct generation of free charges
include exciton-exciton annihilation [138], which is most effective at high exciton
densities. At lower excitation densities, without exciton-exciton annihilation, exciton

126

dissociation can proceed via electron trapping at defects [313], leaving mobile holes,
or via thermal dissociation if the exciton binding energy is low.

6.11

Questions addressed in this chapter and conclusions

In this chapter, we discussed the optical properties of radial 1D van der Waals
heterostructure consisting of CNTs wrapped by co-axial BN and MoS2 NTs. SEM
and TEM confirmed high quality of the sample on microscopic and atomic scale.
TEM with EELS and EDX reveal that each 1D-heterostucture in average consists of
individualised and bundled CNT (∼8 nm thick), 4–5 walls of BN NT insulator and 2–3
walls of MoS2 NT. The heterostructure consists of a CNT, BNNT and MoS2 NT and
hence exhibits the combined optical absorption of all components. MoS2 NTs shows
excitonic and interband absorption similar to 2D MoS2 , such as the A (660 nm, 1.88 eV)
and B (613 nm, 2.02 eV) excitons, and the C (435 nm, 2.85 eV) and D (400 nm, 3.10 eV)
interband transitions. Raman spectroscopy measurements showed the response of each
of the nanostructures. The change of the CNT properties due to the encapsulation was
observed. The MoS2 NT Raman modes showed different behaviour in comparison with
2D monolayer and multilayer. The MWMoS2 NTs studied in this chapter didn’t show
PL emission, which might indicate the indirect nature of the band-gap. In Chapter 6
SWMoS2 NTs produced by the same method are discussed. A dynamic switch from
negative to positive photoconductivity was observed and explained in terms of the
different temporal dynamics for free-carrier absorption in the CNTs and MoS2 NT.
Chaps. 6 and 7 shows the co-existence of free charges and excitons in MoS2 NT.
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Chapter 7

Low dimensional exciton – exciton
annihilation in Molybdenum
disulfide nanotubes
In this chapter we will present results from ultrafast spectroscopy (OPTP and transient
absorption) on C@BN@MoS2 NTs, with either single-walled or multi-walled MoS2
tubes.
Using transient absorption spectroscopy we will show that the rapid EEA
process in MoS2 creates a pronounced time-dependence to the differential absorption,
which is distinct from that seen in 2D MoS2 . I discuss potential explanations for
these effects, including reaction limited and energy transfer processes and the change
of the dimensionality of the diffusion processes. Synthesis and sample preparation
was performed by our coworkers from The University of Tokyo, S. Maruyama and
his research group. The microscopy measurements were provided by R. Kashtiban
and J. Sloan from University of Warwick. The UV-vis-IR, Raman, OPTP, OPOP
measurements were performed by M. G. Burdanova.

7.1

Background

To analyse the transient absorption dynamics for the heterostructure samples requires
an understanding of the ultrafast processes in their individual components. Further,
any processes that can transfer charge or energy between layers should also be
considered. The detailed analysis of transient absorption of monolayer and bulk
MoS2 were performed by H. Shi et al. [314]. They showed that intraband relaxation
is dominated by both carrier-carrier and carrier-phonon scattering in bulk MoS2 ,
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while in a monolayer MoS2 , made by using mechanical exfoliation, by defect-assisted
scattering. The carrier lifetime was found to increase with the number of layers as
defect-assisted recombination at the surface becomes significant as the thickness is
reduced [313]. Transient absorption spectroscopy of CVD grown MoS2 with 3.16 eV
excitation at 10 K showed the formation of hot-excitons during the cooling processes
(1–2 ps), biexciton formation (2 ps), and exciton relaxation to the lowest (A-exciton)
state (4 ps) [315]. The pumping of B and C exciton and probing A excitons of a bulk
MoS2 crystal showed intervalley processes time of 0.35 ps, following by relaxation
of hot-carriers on 50 ps time scale and carrier lifetime of 180 ps [316]. A similar
experiment of 4–5 layers MoS2 showed exciton-exciton scattering within 500 fs
[317]. Exfoliated monolayer MoSe2 showed the fast exciton-exciton annihilation within
less than a 50 ps with an exciton lifetime longer than 150 ps which is in contrast to bulk
material which has a lifetime of 300–400 ps attributed to indirect bandgap transitions
[139]. Transient absorption spectroscopy pumping at the C-exciton and probing at
A-exciton peak at room temperature revealed a carrier lifetime of 100 ps. Transient
absorption spectroscopy of an exfoliated monolayer MoS2 pumping at 1.96 eV and
probing at 1.91 eV at 78 K revealed phonon-related processes with 7.1 and 61.3 ps
lifetimes [318]. In some articles, the fast component of the decay of a monolayer MoS2
is attributed to surface-defect trapping, the intermediate component is attributed
to carrier-phonon scattering [287, 314] and the slow component to interband
electron and hole recombination. According to [314] surface trapping is a
dominant mechanism in comparison with exciton induced process. The disagreement
of some studies arises from the difficulty of the thickness and area control of exfoliated
MoS2 .
Due to the many-body effects in low-dimensional materials EEA, a twobody interaction, can have an effect. In EEA, excitons form a pair, and one relaxes,
transferring energy to the remaining exciton, which consequently relaxes. This reaction
annihilation

formation

can be written as 2 X −−−−−−−→ X∗ −−−−−−→ X. The energy involved in the process
is released in the forms of phonons. In Ref. [138] the existence of efficient annihilation
in monolayer 2D MoS2 was shown. This effect is rather more prominent at higher
fluence due to the bimolecular nature of the EEA rate, and the higher exciton density.
Even at lower fluences EEA can compete, with non-radiative monomolecular processes
such as defect-trapping or surface trapping. It was shown that EEA is different
in monolayer and multilayer TMD systems: in the monolayer system, strong
Coulomb interaction enhances EEA [319]. Due to the strong Coulomb interactions,
Auger processes are effective for carrier capture by defects. In Ref. [313] a MoS2
monolayer was investigated under 452 nm pump excitation and 905 nm probe. This
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probe wavelength is longer than the A exciton transition wavelength at which probe
photons were absorbed by the exciting free charges created by the pump light. The
multi-exponential behaviour was explained as a free charge response сaught by
slow and fast defect states. The energy that is not involved in the photogeneration
of carriers is transferred to phonons. These hot phonons dissipate through layers
and along layers, increasing the lattice temperature.

7.2

Sample preparation and microscopy characterisation

A C@BN@MoS2 NT heterostructure sample was fabricated as described in Chap. 6.
The control of the MoS2 NT wall thickness was performed by varying the deposition
duration. The TEM images of a SWMoS2 NT and MWMoS2 NT are presented in
Figs. 7.1 (a) and (b). From these images, it is obvious that the MoS2 NTs consist of
hollow and tubular shapes with 1–2 and 2–3 walls, and ∼10 and 14 nm in diameter,
respectively. TEM images also show a high purity MoS2 NT, and no deformity in
the structure (Figs. 7.2 (a) and (b)). It is also evident from Figs. 7.2 (a) and (b) that
the filling fraction of NT is about 70 % for both samples. We estimated the average
number of NT to be about 20 per 200 nm×200 nm area, with a similar density in both
samples.

7.3

Absorption, PL and Raman spectroscopy

The optical absorbance of the C@BN@MWMoS2 NT (red line), C@BN@SWMoS2 NT
(purple line), and two reference samples, C@BN NT (orange and black lines), as
calculated from the transmission (A=-log10 T), is shown in Fig. 7.3 (a). The absorption
properties of the MW samples is the same as was shown in Sec. 6. The absorption
of two C@BN NT, reference samples used as the template for the MoS2 NT growth,
are identical. A sharp absorption feature at 205 nm (6.0 eV) can be assigned to the
exciton in BN NT. The same peak is observed in both C@BN@MoS2 NT samples. In
the C@BN@MWMoS2 NT this peak is less intensive due the enhanced thickness of
the BN layer in the SWMoS2 NT sample. The absorption of the MoS2 NTs has four
prominent broad peaks at energies similar to a monolayer MoS2 [296], including the A
(660 nm, 1.88 eV) and B (613 nm, 2.02 eV) K-point excitons [4], and the C (435 nm,
2.85 eV) and D (400 nm, 3.10 eV) interband transitions of MoS2 [285, 287]. A small
difference of A, B, C and D peaks positions indicated the narrower distribution of the
diameters due to the absence of the additional walls.
The PL spectra under non-resonant laser excitation (λ = 488 nm) shows typical
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a)

b)

MWMoS2 NT

SWMoS2NT

10 nm

10 nm

Figure 7.1: High magnification transmission electron microscopy images of :
C@BN@SWMoS2 NTs (a bright field image) (a) and C@BN@MWMoS2 NTs (a dark
field image) (b).

b)

a)

100 nm

100 nm

Figure 7.2: Low magnification transmission electron microscopy images of :
C@BN@SWMoS2 NTs (a bright field image) (a) and C@BN@MWMoS2 NTs (b) (a
dark field image).
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Figure 7.3: A comparison of the optical properties of vdW heterostructures with SW and MW MoS2 . (a) Absorption spectrum of C@BN@SWMoS2 NT
(purple) and C@BN@MWMoS2 NT (red) and two reference, C@BNNT, samples
(orange and black); (b) PL spectra of C@BN@SWMoS2 NT: red—data, blue—
Gaussian fit, green—a contribution from A and B excitons; (c) Raman spectra
of C@BN@SWMoS2 NTs under 488 nm (green), 532 nm (blue) and 660 nm (red)
laser excitation. The dashed red line represented the same measurement of
C@BN@MWMoS2 NTs taken under the same conditions.
double band at 1.82 and 1.97 eV arises from A and B-excitons respectively (Fig. 7.3 (b)).
The A-exciton PL is shifted by 20 meV in comparison with ground state absorption.
SWMoS2 NT PL spectrum exhibits an intense PL band in comparison with the
indirect band-gap MWMoS2 NT presented in Sec. 6.7. At tens of meV below the
A-exciton peak trions can also result in light emission (usually refereed as A± , the
superscript indicates the type of the charged exciton). In Ref. [320] the large Stokes
shift (also 20meV) observed was explained by trion formation. The trions formation
probability is higher in 1D (and without a substrate) due to the reduced effective
dielectric constant. Therefore, we can conclude that the observed A peak could be
from trions rather than excitons.
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Raman spectroscopy measurement showed similar behaviour as described in
Sec. 6.6. Presented in Fig. 7.3 (c) is the Raman spectra of a SWMoS2 NT collected with
a non-resonant excitation wavelength of 532 nm and 488 nm. Two intensive peaks
can be seen representing the out-of-plane A1g phonon mode red-shifts, while the
in-plane E12g phonon mode shifted in comparison with MWMoS2 NT presented in
Sec. 6.6. The smaller splitting for SWMoS2 NT is consistent with 2D MoS2 , where the
smaller splitting is a result of there being no interlayer coupling for SWMoS2 NT or
monolayer MoS2 . The position of the modes are at 383.7 cm−1 and 405.7 cm−1 under
532 nm excitation. Furthermore, the A1g mode undergoes a red-shift, while blue-shift
was found for the E2g mode. Such behaviour has been observed in 2D MoS2 and other
TMDs [302, 321]. Under resonant to A transition excitation (660 nm) the additional
mode appeared at ∼450 cm−1 which was assigned as longitudinal acoustic (2LA) modes,
second-order Raman features associated with intervalley electron transitions created
by two LA phonons close to the K or M points. The small peak at about ∼416 nm
that could be assigned as B1u mode appeared due to the strong electron-phonon
coupling. The 2LA mode exhibits a remarkably strong intensity in comparison with
the MWMoS2 NT (Fig. 6.7).
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Figure 7.4: The summary of OPTP measuremnt of 1D vdW heterostructure.
Transient THz response of the CNT, C@BN NT, C@BN@MoS2 NT: (a) at 435 nm
pump wavelength with 100 µJcm−2 fluence, (b) at 340 nm, 435 nm, 450 nm, 650 nm
and 950 nm.

7.4

Optical pump-THz probe spectroscopy

The dynamical THz conductivity under 400 nm is presented in Fig. 7.4 (a). The
differential transmission signal ∆T /T versus pump-probe delay time (ps) for

133

C@BN NT, C@BN@SWMoS2 NT and C@BN@MWMoS2 NT films showed the different
behaviour. At earlier delay time the positive ∆T /T is similar to what was observed
in CNTs (Chaps. 4 and 5, 6). The C@BN@MWMoS2 NT film exhibits a different
dynamic, a cross-over from ∆T /T > 0 at early times to ∆T /T <0 for t >7 ps as
it was shown in Chap. 6. The C@BN@SWMoS2 NT film exhibitis an intermediate
dynamic: ∆T /T at a later time is still less positive than for the reference C@BN NTs,
but it didn’t change sign. After the optical pump light is absorbed, OPTP spectroscopy
determines the change in the intraband free-carrier absorption strength associated
with mobile, delocalized charges. Therefore, we made a conclusion that free-carrier
absorption in the MoS2 NTs is weaker in the SWMoS2 NT sample. As it can be seen
from TEM images the number of walls varied between from 1 wall for SWMoS2 NT
to 3 walls for MWMoS2 NT. Therefore, each of the MoS2 walls gave a contribution
of about 0.08 % of the ∆T /T . The C@BN@SWMoS2 NT film exhibits a similar
wavelength-dependent dynamics to the C@BN@MWMoS2 NT (Chap. 6). When the
pump wavelength is altered from 400 nm to 600 nm the "positive" photoconductivity
contribution from MoS2 NTs (negative ∆T /T ) becomes less pronounced (Fig. 7.4 (b)).
At longer pump wavelengths (λ >650 nm), the light is predominately absorbed by the
CNT and a higher ∆T /T at longer pump-probe delay time is observed.
In the Sec. 7.6 we will show that the transient absorption spectra reveals the
EEA processes in MoS2 . The photoconductivity measurements are sensitive only
to free charges (responsible for real conductivity), whereas transient absorption can
probe excitons (bound electron-hole pairs responsible for imaginary conductivity).
The process revealed by TA correlates to the OPTP measurements. For example, EEA
results in the response to THz due to the change in the number of free carriers and
scattering time, thus change the frequency and time dependent photoinduced THz
transmission.
The EEA can be confirmed performing the pump-probe fluence-dependent
measurements. It is known that the lifetime decreases as pump fluence increases,
indicating exciton-exciton annihilation process. Moreover, the component of the decay
that attributed to EEA has a progressively higher amplitude in comparison to the
rest of the components with the increase of the fluence.
The interpretation of C@BN@MoS2 NT measurements is difficult because there
is an overlap of the free carrier’s response of MoS2 NT and CNT at earlier times. Due
to the dominant contribution of the CNT response, it is impossible to use OPTP for
EEA conformation. Therefore, to make a conclusion, the further fluence-dependent
measurement on MoS2 NT only is required.
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7.5

Transient absorption spectroscopy

Broadband transient absorption spectra of C@BN@SWMoS2 NT are shown in
Fig. 7.5 (b) after excitation with the laser pulse at 350 nm and 200 µJcm−2 , where
absorption was predominantly in the MoS2 NTs (Fig. 7.5 (a)). The probe spectrum
(315–720 nm) covered the absorption range of the MoS2 NTs (Fig. 7.3), but excluded
S and E S [307]. Photobleaching (∆A < 0)
the transient response of the CNTs’ E11
22

is evident at early pump-probe delay times (t < 500 fs) at similar wavelengths to
the equilibrium A, B, C and D peaks. However, the subsequent dynamics differ
(Fig. 7.5 (c)): the transient signal at the A exciton changed sign from +∆A < 0
to ∆A > 0 after 1 ps, while at the B exciton a fast recovery of the bleach (within
1.5 ps) was followed by a slower dynamic. The photobleaching at the C and D
wavelengths exhibited a slower return to equilibrium, similar to the dynamic of
the transient photoinduced absorption (∆A > 0) around 500 nm associated with
hot-carrier relaxation.
To elucidate the origin of these features in ∆A, the total absorbance spectra
A(t, λ) = A0 (λ) + ∆A(t, λ) are reported in Figs. 7.6 (a) and (b), for different pump
photon energies and at constant pump fluence. At t = 0.5 ps a reduction in the
C and D peak strength is evident for all pump wavelengths, with a simultaneous
increase in absorbance in the 470–580 nm range. We interpret this as a reduction in
the single-particle bandgap of the MoS2 NTs, created by many-body interactions that
lower the conduction band and raise the valence band. Bandgap renormalisation
was identified as playing a prominent role in the transient absorption spectra of a
monolayer MoS2 based on first-principles calculations [295], and was directly observed
by angle-resolved photoemission spectroscopy [322]. While interband absorption is
altered by bandgap renormalisation, the excitonic peaks do not change substantially
in energy [322]: the red-shift from bandgap renormalisation is offset by an increase
in screening created by many-body interactions, which lowers the exciton binding
energy [322, 323]. Further understanding of ultrafast processes can be achieved by
tuning the intensity of the incident light (Figs. 7.6 (c) and (d)). Data presented
in Fig. 7.6 (d) at different fluences are used in Sec. 7.6 to study EEA. The relative
amplitude of the A and B-excitons is gradually decreased with an increase in the
number of incident photons. Due to the contribution of the band nesting to the C and
D transitions [289], the generated hot carriers relax to the side-band and influence
C and D transitions. Therefore, this additional to excitonic transitions, free-carrier
like contribution, enhance the amplitude of the C and D peaks at higher fluence (Figs.
7.6 (c) and (d)). The blue-shift of all peaks prominent at lower excitation density arise
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Figure 7.5: Optical properties of C@BN@SWMoS2 NTs (a) UV-vis-IR absorbance A0 = 10−T for C@BN@SWMoS2 NT (red) NT films; PL spectra of a
C@BN@SWMoS2 NT (blue) measured in the spectral range of the A and B excitons
at room temperature under 488 nm excitation; (b) the transient absorption spectra
of C@BN@SWMoS2 NT as a function of both pump-probe delay time, t, and probe
beam wavelength, λ, under the 350 nm excitation with 200 µJcm−2 fluence; (c) the
decay curves for four bleaches of A (660 nm), B (613 nm), C (435 nm) and D (400 nm)
excitons showing different dynamics. The dash white and black lines corresponds to
the position of the A, B, C and D on static absorption measurements. The white area
corresponds to the pump pulse (350 nm centre wavelength).
from binding energy reduction due to the band-gap renormalisation [295]. However, it
harder to see the blue-shift at higher fluence due to more broadening.

7.6

Exciton-exciton annihilation

We turn now to the initial exciton decay dynamics (in the first 1 ps). Many-body
effects such as EEA and defect-assisted Auger recombination play a prominent role in
the decay of excitons in 2D TMDs [138]. Under photoexcitation, the EEA in MoS2
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Figure 7.6: Pump wavelength and power dependence for SWMoS2 NT
(a) Absorbance in equilibrium, A0 (black line), and absorbance A(λ) at pump-probe
delay t = 0.5 ps (coloured lines), for different pump wavelengths at 200 µJcm−2 ; (b) as
(a), but for t = 5 ps; (c) transient absorption spectra, ∆A(t,λ), as a function of pumpprobe delay time tp−p and probe beam wavelength λ (excitation wavelength 350 nm,
F = 20 µJcm−2 ) (d) as (c), but at F = 114 µJcm−2 .
becomes a major decay pathway if 1) material possesses strong many-body interactions;
2) the density of excitons is an order of 1012 cm−2 with an average separation of 10nm
or less 9.5 nm [138]. EEA is expected to be even stronger in MoS2 NTs in comparison
with 2D monolayer material in analogy to the CNT [324]. We assumed that one
photon absorbed produces one exciton and the absorption at the resonant wavelength
is proportional to the density of excitons. At the 200 µJcm−2 with the absorbance at
the pump wavelength A = 0.64, the exciton sheet density is 3.25×1014 cm−2 . TEM
image (Fig. 7.2) shows that the NT areal density is 5×1010 cm−2 . The ratio of these
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two numbers yields 6500 excitons per MoS2 NT, assuming the average length is
200 nm, an average exciton separation of ∼1 nm.
At early times and at high exciton densities—where EEA dominates—the optical
absorbance change can be written ∆A0 /∆A(t) − 1 = N0 /N (t) − 1 ∝ td/2 , where ∆A0
is the maximum absorbance change (as described in Sec. 2.14). Thus the dynamics
can be used to determine the excitons’ dimensionality, de .
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Figure 7.7: Exciton-exciton annihilation and decay pathways from transient
absorption spectroscopy (a) B-exciton dynamics establishes bimolecular recombination as dominant at early times t = t − tpeak after the maximum excitation population
at time tpeak = 400 fs (350 nm, fluence 40 µJcm−2 ). Black and red lines: expected
shape for excitons diffusing in 1D or 2D; blue lines: fit (more details are provided in
the text); (b) peak of transient absorption spectra as a function of the incident photon
density; (c) the extracted dimensionality of the B exciton versus incident photon
density and pump fluence. The dashed line is a guide for the eyes.
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Figure 7.8: Schematic illustration of exciton-exciton annihilation in NT:
(a) exciton-exciton annihilation process; (b) the cross-sectional view of 1D heterostructure; c) exciton-exciton annihilation in optically excited 1D heterostructure. At low
photon fluence low-density excitons need to diffuse along the NT before undergoing
EEA. At higher fluence, due to the high exciton density the mean distance between
excitons is reduced and both diffusion around the circumference and along the NT
axis during exciton-exciton annihilation is observed results in 2D exciton-exciton
annihilation.
Fig. 7.7 (a) demonstrates that the B exciton’s dynamics at λ = 613 nm (blue
circles) are consistent with de ' 1.5, intermediate between the 2D (solid red line)
and the 1D (solid black line) case. For the A exciton the approach adopted is not
applicable: ∆A at one probe wavelength does not track the carrier population because
of the strongly time-dependent linewidth that can be seen from Fig. 7.6 (a) and (d)
at later pump-probe delay time. When the incident photon number was higher than
2 × 1014 cm−2 the photobleach at the B-exciton wavelength (613 nm) did not scale
linearly with fluence, suggesting changes to the B-exciton linewidth at higher fluences.
(Fig. 7.7 (b)).
If the NT circumference φ is smaller than the excitonic Bohr radius then
excitons can only diffuse in 1D, along the axis of the NT [149]. This is the
case for SW CNTs. We estimated the excitonic Bohr radius at the lowest exciton
state (n = 1, m = 0) as a1,0 ' 4 nm using calculations for a monolayer MoS2 , in
an environment with dielectric constant  ' 4 [325]. The SW and MW MoS2 NTs
had circumferences of '31 nm and 44 nm, respectively. Thus the condition a1,0 < φ,
required for 2D-like exciton motion and de ' 2, is satisfied. Therefore, excitons in
MoS2 NTs are expected to move in a 2D geometry, both axially and circumferentially,
as they undergo EEA (Figs. 7.8 (a)). These processes are pictured in Figs. 7.8 (b) and
(c).
Experimentally, de ' 2 was observed at higher fluence (Fig. 7.7 (c)). However,
the dimensionality reduced at lower excitation fluence to de ' 1.4 (Fig. 7.7 (c)). In
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Figure 7.9: The transient absorption spectroscopy and exciton-exciton annihilation of C@BN@SWMoS2 NT and C@BN@MWMoS2 NT. (a) Equilibrium
absorption spectroscopy (top) and transient absorption spectra at λ = 350 nm and
F = 60 µJcm−2 (bottom) of C@BN@SWMoS2 NT (red) and C@BN@MWMoS2 NT
(black); (b) the decay curves for B-exciton bleaches (613 nm) of C@BN@SWMoS2 NT
(red) and C@BN@MWMoS2 NT (black) at λ = 350 nm and F = 60 µJcm−2 (c) the
quality of ∆Amax /A(t) − 1 calculated from data in (b) as a function of pump-probe
delay time. Red lines corresponds to the fit obtained by using an exciton-exciton
annihilation model described in the text.
this regime, excitons must diffuse along the NT to find another exciton with which to
recombine, hence lowering the dimensionality of the recombination reaction.
One interpretation of the results in the EEA regime is that the observed
dimensionality close to 2D for the B exciton in MoS2 NTs points to a smaller extent of
the exciton wavefunction than the NT circumference (φ ' 44 nm), and implies that
excitons move both around the circumference and along the NT axis during EEA, but
that at lower fluences on average an exciton will have to travel along the NT before
finding another exciton with which to recombine.
Alternatively, as discussed in the Sec. 2.14 the 1D diffusion can be replaced
by single-step FRET. When the density of excitons is low and the distance between
excitons is long, the long-range interactions can take place. Indeed, at a low pump
power the combination of 1D-diffusion and FRET is expected and a high pump
power the 2D diffusion is dominant. Alternatively the 2D-diffusion can be replaced
mathematically equivalent reaction limited approach. In particular, the SmolochowskiNoyes theory of diffusion-limited reaction shows that the diffusion of two particles
in their center-of-mass frame is equivalent to the diffusion of a single particle in the
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presence of a reaction (i.e., recombination) center with twice the diffusion constant
[326].
All three models essentially have one free parameter: the diffusion
constants D2D and D1D or the Forster-radius RF . While it is impossible to distinguish
between different models we can certainly conclude that one or more processes gave
a contribution to the observed dynamics. Among all competing interpretations, the
the possibility of being in the reaction-limited regime is more favourable. It is due
to the high fluence used in the project (up to 20–200 µ Jcm−2 ). Therefore we can
tentatively rule out the geometrical (dimensionality) interpretation. It is important
to note that the interaction between the CNT and MoS2 NT is also possible and to
verify the results we need a MoS2 NT without the CNT.

7.7

The comparison between SW and MW MoS2 NT

The well-known dependence of ultrafast properties of 2D MoS2 on a number of
layers [287, 327] motivated us to investigate the transient absorption measurement
of a SWMoS2 NT and MWMoS2 NT films. The number of the wall was verified by
using TEM imaging (Fig. 7.1 (a) and (b)). The equilibrium absorption spectroscopy
measurement shows a small red-shift of all peaks with the increase of the thickness of
the walls due to the reduced confinement and inter-layer electronic coupling
(Fig. 7.9 (a), top). The comparison of the transient absorption at 0.5 ps showed the
consistent red-shift (Fig. 7.9 (a), bottom). The overall earlier time dynamics of a
SWMoS2 NT and MWMoS2 NT remains the same (Fig. 7.9 (b)). To understand the
difference between EEA processes in the SWMoS2 NT and MWMoS2 NT we applied
dimensionality-dependent EEA rate equation to the dynamics presented in Fig. 7.9 (b).
Surprisingly, this model revealed the same dimensionality of 1.51 for both SWMoS2 NT
and MWMoS2 NT under the same excitation fluence (7.9 (c)). Therefore, we make a
conclusion that strong EEA happened in SWMoS2 NTs similar to MWMoS2 NTs.

7.8

Questions addressed in this chapter and conclusions

In this chapter, we showed that the time scale associated with EEA reveals two distinct
pathways of exciton diffusion in MoS2 NT: around the circumference and along with
the NT. Such difference arises from the smaller extent of the exciton wavefunction
than the NT circumference. This is in contrast to CNTs, which are typically narrow
enough that the excitons wrap around the CNT circumference, and hence diffuse in
1D. The further tuning of the dimensionality of the EEA reaction was performed by
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varying the incident number of photons. Our results show that a lower number of
photons per NT promoted the movement of generated excitons along NT axis: excitons
must diffuse along the NT to find another exciton with which to recombine. SW and
MW MoS2 NT seem to have similar dimensionality, suggesting that EEA for excitons
is relatively independent of any inter-layer electronic coupling between MoS2 NT walls.
An improved understanding of EEA in NTs may be important, for instance as at high
exciton densities, if these materials are to be developed as nanotube LEDs.
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Conclusion
Ultrafast studies of 1D van der Waals nanomaterials, in particular based on CNT, are
still in their infancy. The knowledge of many ultafast properties is still partial and
more experimental work is required. In this thesis we tried to move a little forward
towards a better understanding of the photoinduced properties.
In this thesis, it was shown that only a combination of different techniques, such
as absorption, Raman and THz-TDS spectroscopy, transient absorption spectroscopy,
optical pump-THz probe spectroscopy and transmission electron microscopy can give a
better understanding of the observed properties and results in valid interpretations. In
addition, we used free-standing thin CVD-grown NT films produced by a dry-transfer
technique which are free of chemicals, defects, big bundles and interactions with
the substrate which significantly helped in understanding NTs properties. Some of
our efforts have also been focused on the study of 1D van der Waals nanomaterials
applications.
In the first part of the thesis, the thin CNT films have been investigated by
a number of different techniques. The most significant results have been the OPTP
spectroscopy which revealed unique high negative photoconductivity of as-grown
long SWCNTs. We showed that this effect can be efficiently used for the optical
modulation of THz waves. As a narrow band-gap material, the CNTs respond to a
broad range of visible and infrared laser wavelengths (up to 2.5 µm), which allowed
us to perform the optical modulation by any wavelength femtosecond lasers. The
further control of the main parameters, such as modulation depth and speed, was
performed by variation of laser fluence and film thickness. In particular, we showed
that the thick-film modulator can be operated with the modulation speed of more
than 300 GHz and a modulation depth up to +80 % at 210 µJcm−2 . The comparison
with a recently reported modulation depth of 2D materials based on photoinduced
transparency shows that our modulator showed the best performance.
In the next chapter the effect of doping concentration on photoconductivity was
investigated. We investigated the nature of the negative photoconductivity effect and
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observed photoinduced lowering of the free charge density (or increased mass), which
we ascribed to the formation of trions that simultaneously lowered the momentum
scattering rate. The increase of the electrical conductivity due to the doping results in
the suppression of the THz modulation performance. In addition we investigated the
environmental effect: sample showed a long-term pronounced degradation that can be
avoided by further encapsulation in air-free conditions. The comparison with ionicallygated samples shows that THz and OPTP spectroscopy results are a consequence
of doping the SWCNTs, rather than being linked to the response of the catalyst
nanoparticles left from CNT growth.
In Chapters 6 and 7 we showed novel optical properties of novel 1D van der
Waals heterostructures. All spectroscopy measurements showed the response of each
of the nanostube in the heterostructure. In Chapter 6, the MoS2 NT wrapped around
the CNT and BNNT, revealed by TEM, showed the response from free charges and
excitons which can be distinguished by using two different pump-probe techniques,
OPTP and TAS measurements. While the positive THz photoconductivity was
attributed to free charges, TAS showed the pronounced exciton formation and further
exciton-exciton annihilation. The strong 2LA Raman modes resonant to the A-exciton
provide evidence that direct K-point excitons can be scattered into intervalley excitons
consisting of Q-point electrons and K-point holes.
In Chapter 7 it was demonstrated that the photoinduced properties can be
controlled by the applied laser power and can be assigned either to reaction-limited,
diffusion-limited or ET processes. Interpretation of the results is complex due to the
co-existence of different quasiparticles and also due to the mathematically equivalent
models that can be applied. However, our research made a significant contribution
to the understanding of the manipulation of excitons and free charges in 1D heterostructures that can be used in optoelectronic devices. Finally, we briefly showed
the change of the ultrafast properties with a variation of the MoS2 wall thickness. In
particular, the MWMoS2 NT doesn’t show a strong PL which could be attributed to
the indirect nature of the band gap structure in comparison with SWMoS2 NT. The
PL of SWMoS2 NT showed two distinct peaks which are shifted in comparison with
as-grown 2D material. This behaviour can be attributed to the trion formation which
could also explain the change of the sign of A-exciton dynamics. However, the further
investigation of annealed and doped samples is needed to clarify this hypothesis.
Summarising, the optical and electrical measurements of the investigated
CNT, doped CNT and novel CNT@BNNT@MoS2 NT materials showed the unique
properties associated with their low dimensionality. Furthermore, the experimental
results presented in this work opens many possibilities for using these materials as
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active components of optoelectronic devices.

Further Work
A number of different studies can be performed in addition to the results presented in
this thesis. For a better understanding of THz spectroscopy results, especially negative
photoconductivity the temperature-controlled study can be conducted. Moreover, the
temperature-dependent photoconductivity of doped NTs hasn’t been investigated. The
reported results described mostly the properties of free-standing films. The influence
of the substrate on the optical properties of all investigated samples is still far from
completely understood. The modulation performance of the presented devices is
expected to be improved by surface passivisation techniques, annealing, and so on.
This thesis included the first measurement of 1D vdW heterostructures based
on the CNT, BNNT and MoS2 NT that was built on Lego blocks principle and can be
extended by using other materials.
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Appendix
In the following, we detail the fitting procedure of conductivity that can be applied
to pristine films presented in Chaps. 4–6. As mentioned in the text the qualitative
approach to the optical parameters is possible by fitting equilibrium conductivity
by Drude, Lorentz (plasmon), and effective medium theories. The models discussed
in this chapter assume that: (i) the examined medium has an infinite extent (Drude
model and the axial surface electrical conductivity); (ii) CNTs with finite length (but
ignoring any effective medium considerations) or (iii) effective medium approach, which
includes the microscopic (local) conductivity and also the nanoparticle-nanoparticle
electromagnetic response. It will be shown to the reader that all approaches can
reasonably well fit the observed conductivity, explaining the disagreement between
approaches used in different articles, and therefore the simplest approach should be
the simplest approach consistent with the data and physical understanding of the
samples should be considered.

A.1

Drude model

The Drude model describes the free charge carriers under an applied electric field.
The main parameters that can be extracted are scattering rate γ, which is inversely
proportional to the scattering time τ = 1/γ, and number of charges N . The complex
conductivity can be described as [171, 172, 328]:
σD (ω) =

N e2
τ
.
mef f 1 − iωτ

(A.1)

Figs. A.1 (a) and (b) shows the Drude fit that corresponds Nef f = 10 ×1024 m−3
and τ = 90 fs for a thicker sample and Nef f =16.5 ×1024 m−3 and τ = 97 fs for
thinner sample assuming mef f = 0.2me . The Drude model cannon perfectly fit CNT
conductivity as it does not account for nanoscale effects.
The fHW HM = 1.5 THz that was found for thinner sample corresponds to
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Figure A.1: Conductivity spectra obtained by using KK and corresponding
Drude fit. The real (red) and imaginary (blue) parts of the conductivity and the
Drude fit (dash lines, same colour) of (a) thick sample (60 %) and b) thin sample
(95 %).

106 fs. The integration of the real part of the conductivity over the available frequency
range gave the charge carrier density of 21 ×1024 m−3 assuming that the mef f = 0.2me .
A thick sample showed fHW HM = 1.44 THz that corresponds to 110 fs with the charge
carrier density 16.6 ×1024 m−3 .
The axial surface electrical conductivity of an individual metallic SWCNT of
small diameter (<2 nm) also follows Drude law in the form [205, 329]:
σD (ω) =

2ie2 υF
,
π 2 ~R(ω + iν)

(A.2)

where the υF = 106 m/s, R—CNT radius, ν—the relaxation frequency.
As an example, the conductivity of individual CNT with 1.8 nm diameter
CNT and ν/2π = 1013 rad/s is presented in Fig. A.2 (a). Semiconducting nanotubes
have a large band gap and expected to give a very weak contribution in the THz
region. However, due to the shift of the Fermi level doped CNT can contribute to
M ) we can see that the
the conductivity. If look now at the excitonic transitions (E11

diameters are varying in the range of [1.6; 2.2] nm. Assuming now that the contribution
of the nanotubes with the diameter close to 1.1 nm is 25 %, NT with the diameter
1.8 nm—50 % and 2.5 nm—25 % we can easily reproduce the measured conductivity
response (Fig. A.2 (b)). The contribution of each Drude terms are presented as
filled area. The obtained from the fit parameters are ν1 /2π = 7.95 × 1012 rad/s,
ν2 /2π = 1.24 × 1012 rad/s, ν3 /2π = 7.96 × 1012 rad/s. These numbers are not precise.
However, we can see that multiple Drude terms can also fit the conductivity. The
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Figure A.2: Conductivity spectra obtained by using KK and corresponding
Drude fit. (a) The real (red) and imaginary (blue) parts of the conductivity of
individual nanotube with the diameter 1.8 nm; (b) the real (red) and imaginary (blue)
parts of the conductivity obtained by multiple Drude fit (dash lines, same colour)
obtained for thin sample (95 %).

physical nature of the multiple Drude terms can be explained as follows. Drude model
assumes a single mass but the distribution of CNT diameters gives a distribution of
masses.

A.2

Drude and Plasmon model

The conductivity for the Lorentzian response is given by [171, 172, 328]:
σL (ω) =

iω
N e2
,
mef f ω 2 − ω02 + iωγ

(A.3)

where ω0 is a resonance frequency. In CNT, under an applied electric field, electrons
and holes move in the opposite directions until they reach the end of the CNTs, where
they accumulate and form a dipole. This dipole acts as a restoring force, causing the
harmonic oscillation of carriers at the resonance frequency. This restoring force causes
the harmonic oscillations of carriers. Hence the CNT is expected to have a plasmon
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Figure A.3: Conductivity spectra obtained by using KK and corresponding
Drude plus plasmon (Lorentz) fit. The real (red) and imaginary (blue) parts of
the conductivity and the Drude fit (dash lines, same colour) of (a) thick sample (60 %)
and (b) thin sample (95 %). The contribution of each of the models in the resulting
conductivity is presented by the filled area under the corresponding peaks.

response with a resonant frequency that is sensitive to the length of the NT and the
carrier density.
Figs. A.3 (a) and (b) shows the fit obtained by using the combination of the
Drude and Lorentz (plasmon) model, σD−L = σD + σL . For the thicker sample the
ratio between Drude and Lorentz (plasmon) amplitudes was ∼5; the position of the
plasmon peak was 2.25 THz with the τD = 160 fs and τp =25 fs. For thinner sample the
ration between Drude and Lorentz (plasmon) amplitudes was ∼4.5; the position of
the plasmon peak was ∼2.7 THz with τD = 140 fs and τp =18.4 fs. As it can be seen
the plasmon position and amplitude is similar for the thinner and thicker samples.
However, a good fit can be also obtained if we set the initial guess of the
plasmon position closer to the lower frequency (Figs. A.4 (a) and (b)) For a thicker
sample the ratio between Drude and Lorentz (plasmon) amplitudes was ∼2.52; the
position of the plasmon peak was 0.19 THz with the τD = 180 fs and τp =29 fs. For
thinner sample the ration between Drude and Lorentz (plasmon) amplitudes was ∼4.7;
the position of the plasmon peak was ∼0.19 THz with τD = 140 fs and τp =22.4 fs.

A.3

Effective medium theories

When the filling fraction of the CNT in films is low the EMT must be considered. In
EMT the conductivity of the composite is analysed by using dielectric functions of the
CNT and the host material in which CNT is embedded. The optical parameters of
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Figure A.4: Conductivity spectra obtained by using KK and corresponding
Drude plus plasmon (Lorentz) fit. The real (red) and imaginary (blue) parts of
the conductivity and the Drude fit (dash lines, same colour) of (a) thick sample (60 %)
and (b) thin sample (95 %). The contribution of each of the models in the resulting
conductivity is presented by the filled area under the corresponding peaks.

CNT can thus be extracted independently from the measured dielectric function of the
composite layer. The combination of Maxwell-Garnett effective medium theory with
Drude plus plasmon model was successfully used to describe SWCNT and MWCNT
optical parameters. The Maxwell-Garnett model can be introduced as follows [330]:
εef f = εh

(1 − N )(1 − f )εh + [N + f (1 − N )]εm
,
(f N + 1 − N )εh + N (1 − f )εm

(A.4)

where f is the filling fraction, N —the geometrical factor, εh —the dielectric function of
the host material, εm —the dielectric function of the CNT.
Assuming that the plasmon is located at higher frequency we combined Drude
plus plasmon model and Maxwell-Garnett assuming that the filling fraction is 0.92 for
a thicker sample and 0.25 for thinner sample as obtained from TEM (Sec. 4.2) and
geometrical factor is 0 which corresponds to elongated cylinders.
For a thicker sample the ratio between Drude and Lorentz (plasmon) amplitudes
was ∼5.46; the position of the plasmon peak was 3.05 THz with the τD = 150 fs and
τp =16.2 fs. For thinner sample the ratio between Drude and Lorentz (plasmon)
amplitudes was ∼7.5; the position of the plasmon peak was ∼2.91 THz with τD =
140 fs and τp =18 fs (Figs. A.5 (a) and (b)).
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Figure A.5: Conductivity spectra obtained by using KK and corresponding
Drude plus plasmon (Lorentz) fit with Maxwell-Garnett effective medium
theory. The real (red) and imaginary (blue) parts of the conductivity and the Drude
fit (dash lines, same colour) of (a) thick sample (60 %) and (b) thin sample (95 %).
The contribution of each of the models in the resulting conductivity is presented by
the filled area under the corresponding peaks.

A.4

Waterman-Truell effective-conductivity model.

The effective refractive index of the composite material containing carbon nanotubes
can be described by Waterman-Truell formula [205, 331, 332]:

nef f

v
Z
u
4πf X
u
∼
Fj (0, ω, L)Nj (L)dL,
= t1 + 2
3k

(A.5)

j

where k = 2π/λ = ω/c, Fj (0, ω, L) is the plane-wave scattering amplitude of individual
CNT with the length L, Nj (L)—the length distribution function.
The forward-scatted amplitude Fj (0, ω, L) can be determine by using axial
polarizability:
αj (ω, L) = k −2 Fj (0, ω, L),

(A.6)

where the polarizability of the spheroid material can be presented as:
αj (ω, L) = −

LRj2
(ωpj )2
,
6 ω 2 − (ωpj )2 njz + iων

where njz ≈ 4(Rj /L)2 [ln(L/Rj ) − 1]
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(blue) parts of the conductivity and the Drude fit (dash lines, same colour) of thin
sample (60 %).

The length distribution can be approximated by using Gaussian distribution:
√
Nj ≈ exp[−(L − L0 )2 / 2∆].

(A.8)

Assuming that the radius of CNT is 1.8 nm and length is 10 µm, ∆ = 3 µm,
ν = 1.13 ×1013 rad/s, f = 0.06 we reproduced the conductivity. The further adjustment
of the parameters can minimize the difference between experimental and theoretical
results. Moreover, we assumed that we have just one type of the nanotubes with 1.8 nm.
This model can include more parameters describing the distribution of the diameters.
This approach showed that the broad terahertz peak is due to a finite-length-induced
axial plasmonic effect which becomes Drude-like for very long CNTs (Figs. A.6).
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[124] Q. Zhang, E. H. H.ároz, Z. Jin, L. Ren, X. Wang, R. S. Arvidson, A. Lüttge,
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