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Abstract
Carbon nanotubes are intriguing materials and extensively studied for both their
fundamental properties and extraordinary performance in various applications during
the last 20 years. They are extremely small in diameter, light in weight, sensitive
to the environment, strong, and chemically stable. They can be either metallic or
semiconducting depending on their species. The semiconducting species can absorb
and emit light in a wide range of wavelengths. These outstanding properties of carbon
nanotubes promise abundant applications that may be revolutionary.
The opto-electronic behaviour of a single-walled carbon nanotube (SWCNT) is
extremely sensitive to its physical structure and ambient environment. Structural defects and surrounding environment are extrinsic influential factors that often obscure
the understanding of the intrinsic behaviour. Progress on SWCNT synthesis has been
made continuously but not until the last 10 years, have single SWCNTs been isolated
individually and from substrates so that their fluorescence can be detected.
The fundamental science of an optically generated exciton (an electron-hole pair)
in an ideal semiconducting SWCNT is not fully understood despite many studies of
exciton behaviour using various optical approaches. The major challenge is controlling
SWCNT sample qualities. SWCNT’s fundamental properties, such as the absorption
cross section, quantum efficiency, radiative and nonradiative lifetimes, remain under
i

debate. Knowing the intrinsic SWCNT properties is essential to understand exciton
transport and relaxation mechanisms.
To minimize the extrinsic effects, we have selected high-quality unprocessed SWCNTs for investigation. Collaboration with Dr. P. Finnie and Dr. J. Lefebvre at National Research Council Canada, allow us to access pristine SWCNTs individually.
Since the emission from a single SWCNT is low, it requires unconventional methods
to measure the PL dynamics. Suggested by the results, exciton transport in a semiconducting SWCNT is diffusional at room temperature, with high diffusivity (130
-350 cm2 /s) and long diffusion length (∼ 1 - 5 µm). At lower temperatures, we observed a more efficient exciton-exciton interaction that suggests the contribution from
hot excitons or a longer existence of delocalized excitons. Highly efficient excitonexciton annihilation and long coherence time in a SWCNT are promising for making
a single-photon source at near-infrared wavelength range and developing quantum
computers.
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Chapter 1
Introduction
An ideal single-walled carbon nanotube (SWCNT) is a tube like nano-material made
purely of carbon atoms [1,2]. Its circumference is composed of as few as approximately
5 - 20 atoms. A SWCNT’s strong in-plan σ-bonding and weak out-of plan π-bond
result in some SWCNT physical and chemical properties similar to its allotropes,
diamond and graphite [1]. To give one example of its uniqueness, a SWCNT can be
either metallic or semiconducting determined by its species [3]. In addition, if it is
in perfect vacuum, there is nothing else outside the SWCNT itself for it to attach
to, to be supported, to interact with or to be screened electronically. This is largely
different from many of the existing nano-materials that are made by a “top-down”
method (i.e., eliminating a three-dimensional material until it reaches a small scale
of ∼ 10 nm typically by electron-beam lithography). A SWCNT is synthesized by
a “bottom-up” method: Carbon atoms are released by an energetic source and they
sometimes form a seamless tube naturally when these atoms are cooling down [1]. In
contrast to the “top-down” nano-materials, there are fewer heterogeneities in terms
of structures. In contrast to a quantum wire, not only is a SWCNT closer to a 1D
1
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system because its diameter could be 10 times smaller but also its diameter is precisely
defined by the SWCNT species.
In such a marvelous material, excitonic behaviour in a photo-excited semiconducting SWCNT (S-SWCNT) particularly interests us. We study single SWCNTs by
photoluminescences (PL) spectroscopy with ultrafast pulse excitation. Even though
a S-SWCNT has a direct band gap, luminescence from individual S-SWCNTs has
only been observed since 2002 and 2003 due to two distinct revolutionary sample
preparation methods [4, 5]. This fact immediately signifies that S-SWCNTs are very
sensitive to their environment. One method requires post processing and the resulting
individual SWCNTs are wrapped by surfactant molecules in solution [4]. In the other
method, the grown SWCNTs are air-suspended on a patterned substrate [5].
An exciton is an excited state of an electron-hole pair bound by the Coulomb force
that can exist in insulators or semiconductors. An exciton is called a quasi-particle
because it is an excitation of many body system. In a direct band gap semiconductor,
such an excited state can relax by emitting a photon with the exciton band gap energy.
The probability of seeing such emission depends on the exciton lifetime and decay
processes.
The exciton lifetime in a conventional three-dimensional semiconductor is short.
Excitons are unstable at room temperature because the lattice thermal energy (25
meV) is larger than the exciton binding energy (e.g., ∼ 5 meV for gallium arsenide).
However, excitons in a S-SWCNT are extremely stable because they experience a large
binding energy (∼ 0.5 − 1 eV) due to reduced screening effects and strong Coulomb
interactions [6–9]. The calculated effective exciton lifetime is ∼ 10 - 100 ns, which
is sensitive to the band to band transitions and exciton-phonon couplings [10–12].
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In addition to the intrinsic constraints determined by the SWCNT species, band
to band and exciton-phonon coupling strengths are easily perturbed by localized
structural defects and environmental inhomogeneities [13]. Efforts are made to select
high quality S-SWCNTs for our studies.
The exploration of replacing conventional semiconductors (e.g., silicon) and metals with carbon nanotubes (CNT) in optoelectronic devices is ongoing. These include
single CNT field effect transistors, CNT solar cells, near-infrared optical sensors, and
transparent, mechanically flexible displays by CNT-coated plastic films [14]. These
applications will progress and benefit from a better understanding of the fundamental band structure, carrier transport, carrier interaction and relaxation mechanisms
of CNTs. Since the simplest form of nanotubes is a defect-free single-wall carbon nanotube, the work presented in this thesis contributes to our increasing understanding
of the photoexcited exciton behaviour in single semiconducting SWCNTs.
Due to the challenge of weak SWCNT emission, experimental results are often
based on ensemble measurements. In addition, processed nanotube samples are easier
to obtain compared with unprocessed air-suspended SWCNTs. Much of the fundamental understanding of the photophysics of S-SWCNTs has been based on the results
from processed nanotube ensemble studies, due to the large number of these studies [15]. Even after processing, there remains nanotube bundles, contaminants, and
defects, thus, several basic optical properties remain under debate. Reported SWCNT
optical absorptions are ∼ 0.1 - 2×10−17 cm2 /atom [16–21], optical quantum efficiency:
∼ 0.01 - 20% [4, 10, 22], exciton effective lifetime: ∼ 10 - 200 ps [10, 19, 23–29], and
exciton diffusion length 6 - 600 nm [30–34]. Such large variations result from the high
sensitivity of SWCNTs to their structural defects and environmental inhomogeneities.
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Exciton relaxation dynamics are studied at low to moderate injected exciton densities. At low densities, PL increases linearly with exciton density determined by
the exciton effective lifetime and quantum efficiency. PL was observed to be sublinear starting at fluences of ∼ 1014 photons/cm2 /pulse or higher [25, 35]. The onset
of sublinear behaviour depends on the nanotube samples. The SWCNT optical behaviour is influenced by exciton diffusion at room temperature. Exciton transport
and interaction mechanisms at low temperatures remain unknown with few articles
reported.
To extract the intrinsic SWCNT optical properties and understand the microscopic
exciton behaviour, we apply PL spectroscopy on selected single unprocessed SWCNTs by ultrafast optical pulse excitation. One of the challenges is to detect very weak
emission light from a single S-SWCNT at near infrared wavelengths. We implement
unconventional experimental methods and theoretical models to explore the excited
exciton relaxation dynamics. The results are consistent among our selected SWCNTs
including those suspended on very different substrates and optically excited by very
different pathways. We extract the optical absorption of ∼ 2 - 4×10−17 cm2 /atom,
measured quantum efficiency: ∼ 3 - 10%, intrinsic exciton effective lifetime: ∼ 350 750 ps, and intrinsic exciton diffusivity of ∼ 130 - 350 cm2 /s. These values are among
the highest reported [36, 37]. Our preliminary results at lower temperatures show
that in the same SWCNT, the optical quantum efficiency is higher due to a longer
radiative lifetime, and the exciton-exciton interaction is more efficient. Exciton transport and interaction at lower temperatures may be different from diffusive motion at
room temperature. Possible mechanisms include high-momentum long-range exciton
transport or long-lived delocalized excitons.

Chapter 2
Background and Theory
2.1
2.1.1

SWCNT structure
Physical structure

A SWCNT can be thought as a a seamless tube rolled up from a graphene sheet.
Graphene is an atomic layer of graphite and has a hexagonal lattice structure expanded by the unit vectors ~a1 and ~a2 (see Figure 2.1). The symmetry of such structure determines how a SWCNT can be rolled. Chirality (n, m) defines the unit vector
→
−
→
−
along the circumference ( C = n ~a1 + m ~a2 ) and T , the unit vector perpendicular
→
−
to C , which defines the translational symmetry along the nanotube axis [2, 3, 38].
Chirality determines the species of the SWCNT. SWCNTs with the same chirality
→
−
→
−
are structured with the same C and T . Thus they are identical in their physical structures except their total lengths [2]. The following section explains how the
chirality determines the band structure of a SWCNT and whether it is metallic or
semiconducting.
5
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(5,2) SWCNT

armchair
(n,n)

a2
a1
(-3,4)

(5,2)
Zigzag
(n,0)

Figure 2.1: Lattice structure of graphene and a SWCNT with chirality (5,2). The unit
cell of graphene is defined by the unit vectors ~a1 and ~a2 while those of the
→
−
→
−
→
−
(5,2) SWCNT are defined by C = 5 ~a1 +2 ~a2 and T = −3 ~a1 +4 ~a2 . C and
→
−
T define the circumference and the translational period of a SWCNT.
Zigzag (purple) and armchair (green) SWCNTs are also shown in the
figure representing two extreme chiral angles of 0◦ and 30◦ .

2.1.2

Band structure and Van Hove Singularities

The simplest way to understand a SWCNT band structure is to start by considering
an unrolled graphene sheet. Since a nanotube is ∼ 1 nm in diameter and long (nm cm) in length, it is like a truncated graphene nanoribbon. With its one-dimensional
geometry, it shows the typical high density of states peaked at a series of specific
energies (often referred to as Van Hove Singularities [39]).

BandStructure

ky

kx
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Nanotube
(c)

(b)
Energy
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K//
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ky

Figure 2.2: (a) Band structure of graphene in the first Brillouin zone including the
Ms S. Dresselhaus Vibrational Spectroscopy 45, p71 (2007)
M. Wilson, Phys. Today (janv. 2006, p. 21‐23)
lowest conduction band and highest valence
band calculated by the tight
binding model. (b) A zoomed-in figure near the K-point where the
graphene zero-band gap is. Given as an example, the band structure
of a metallic SWCNT derived from a set of discretized momenta, k⊥ ,
along the nanotube circumference (represented by solid lines). k⊥ and kk
are the electron momenta transverse and parallel to the nanotube axis
respectively. If the allowed k⊥ preserves the zero-band gap of graphene
at K-point, the SWCNT is metallic. Otherwise, the SWCNT is a direct
band gap semiconductor. (c) Density of state (DOS) of the SWCNT calculated by the band structure shown in (c). The Y-axis is the carrier
energy. The upper half of DOS represents the conduction bands (labeled
by (c)) and the lower half the valence bands (labeled by (v)). Figures are
adapted from reference [40] with copyright permissions.

Figure 2.2 shows the band structure of a large graphene sheet calculated by a
tight binding model [2]. For simplicity, only the lowest conduction band and the
highest valence band are shown here. The smooth 2D curves of the conduction and
valence bands are in fact represented by discrete values. Because the step size of these
discrete values are so small for a large scale graphene, they appear to be continuous.
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When the size of the material becomes small and comparable to the size of the lattice
spacing, the step size of the discrete values becomes significantly large. This is what
happens for the allowed momenta along the circumference of a SWCNT.
For a carbon nanoribbon, its band structure is obtained simply by applying the
discretized momenta to that of graphene. The small diameter of a SWCNT leads
to a large step size of electron momentum along the circumference of the SWCNT.
As shown in Figure 2.2 (b), a series of solid lines represents the allowed electron
momenta, k⊥ , along the SWCNT circumference. The orientation and the step size
of these lines are determined by the chiral angle and diameter of the SWCNT, all
of which can be defined by the chirality (n,m). Collective dispersion relations of the
SWCNT are thus obtained and described by these solid curves. Typical density of
states resulting from the derivatives of these dispersions are calculated and presented
in Figure 2.2 (c).
Due to the symmetry of graphene structures, in one third of SWCNTs the allowed
k⊥ preserves the zero-band gap of graphene at K-point. Similar to graphene, they
are zero-band gap semiconductors (or semi-metals). The remaining two thirds of
SWCNTs are open band gap semiconductors.
The SWCNT band structure derived from a tight binding model is very helpful for
understanding the basic properties of a SWCNT. However, it cannot explain more
sophisticated properties such as the spectra of the optical transitions, dependence
of the transition energies on the environment, and how the carriers transport and
interact in a SWCNT.
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Exciton effect

We know a lot more about three-dimensional (3D) and two-dimensional (2D) semiconductors than their one-dimensional (1D) counterparts. Thus, new knowledge about
1D semiconductors was formed based on what we knew about the higher dimensional
semiconductors. With two-dimensional spatial confinements down to the nm-scale in
a SWCNT, new constraints must be taken into account to describe the novel photophysics.
In a conventional three-dimensional semiconductor, a photon with energy higher
than the semiconductor’s band gap can excite an electron to the conduction band
and leaves a hole in the valence band. The electron and hole can move without
many constraints. They are eventually settled at the minimal potential energy that
is influenced by the electric-field screening. This is not the case in a semiconducting
SWCNT. The constraints on the movement of carries are dramatically different. First,
since the electrons and holes are spatially confined at the nm-scale along the SWCNT
circumference, the Coulomb interactions of these carriers become large. Second, the
electric-field screening in a SWCNT is significantly reduced because there are no
neighboring electrons outside the SWCNT to shield the excited carriers.
Strong Coulomb interactions lead to band gap renormalization and excitonic effects in a SWCNT. The band structure, the density of states, and the optical spectra
of a SWCNT are better described by an exciton picture than the free-carrier picture
(also referred to as the single-particle picture). These are detailed in Section 2.2.1.
A SWCNT, composed of a single layer of carbon atoms, has a large surface area
exposed to its environment. Thus, the screening effect accounts for the variation in the
band gaps of SWCNTs that are prepared and surrounded by different environments.
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Section 2.2.2 describes in detail how the band gaps and the spectra of SWCNTs are
influenced by their environments.

2.2.1

Coulomb interactions and exciton band structure

Theoretical calculations have predicted strong exciton effects and large binding energy in SWCNTs [41, 42]. Direct measurement of exciton binding energy (∼ 0.4 eV
for semiconducting SWCNTs with 0.8-nm diameter) was first achieved by Feng Wang
et al. [6] via two-photon excitation spectroscopy. Other experimental results using
Raman scattering [43] and Rayleigh scattering [44, 45] also revealed the excitonic
nature of the excited carriers in SWCNTs. Although the details of exciton fine structure, such as the energy splitting between the bright and the dark exciton states,
remain as open questions, the fundamentals of exciton band structure describing the
photophysics of SWCNTs are established and they are summarized in this section.
A defect-free SWCNT band structure calculated by the tight binding model shows
typical Van Hove singularities for a 1D system (as shown in Figure 2.2 (c)). Manybody effects including electron-electron Coulomb interactions are taken into account
by the Hartree-Fock approximation [46]. The electron-hole Coulomb interactions are
included by the Bethe-Salpeter equation [47]. Figure 2.3 (c) illustrates qualitatively
the essential features of the excitonic band structure compared to the single-particle
picture (Figure 2.3 (a)) of a semiconducting SWCNT.
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Excitonic

continuum
EXB

continuum
Dark
Bright

conduction band

Dark

11(SP)

E11(SP)

E(v)11(SP)

ke

E11(SP)

E11

E11

Q
valence band

Q

E11 = E11(sp) + EBGR - EXB

Figure 2.3: (a) Electronic band structure based on a single-particle (i.e., nearly free
electrons and holes) picture resulting from the tight binding model. ke denotes the momentum of excited electrons and E11(SP ) is the band gap. (b)
Simplified excitonic band structure taking into account the many-body
effects (i.e., electron-electron (e-e) and electron-hole (e-h) Coulomb interactions). Note that the useful momentum in the excitonic picture is the
exciton center-of-mass momentum, Q [15]. The repulsive e-e interaction
(also referred to as the electron-self energy) leads to band gap renormalization (BGR) and increases the energy of continuum state (i.e., the free
carrier state represented by dashed curve) by EBGR . The excitonic band
gap defined by E11 is lower than the continuum state by the binding energy, EXB because of the attractive e-h Coulomb interaction. The figure
is adapted from reference [48]. (c) A more sophisticated excitonic band
structure showing the lowest singlet excitonic bands. The blue and black
curves represent dark exciton states and the red curve represents the only
dipole-allowed (namely bright) excitonic state [13].
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Figure 2.3 (a) shows the lowest dipole allowed transition (for light polarization
(c)

parallel to the nanotube axis) between the lowest conduction band, E11(SP ) , and
(v)

highest valence band, E11(SP ) with the electronic band gap energy, E11(SP ) . In this
single-particle picture, the dispersion is described by the electron energy and momentum, ke . Figure 2.3 (b) shows what happens when many-body effects are taken into
account. The repulsive e-e interaction increases the bad gap corresponding to the
free-carrier band (labeled by “continuum”) by an energy shift of EBGR through band
gap renormalization [41, 48].
The band structure becomes more complicated when including the attractive e-h
interaction. An electron and a hole are paired and form an exciton. An excitonic state
describes an excited state of the e-h pair and is lowered from the continuum by an
attractive e-h binding energy, EXB . The simple equation E11 = E11(SP ) +EBGR −EXB
describes the energy relation of the exciton band gap, E11 , to the free-carrier band
gap, E11(SP ) [48–50]. These interaction strengths including EBGR and EXB depend on
detailed structure of SWCNT (i.e, chirality) and dielectric constant inside and outside
of the SWCNT (i.e, SWCNT environment) and they are discussed in Section 2.2.2.
Since the strong Coulomb interaction is related to the relative coordinates of an
electron and a hole, the center of mass motion of the electron-hole pair, Q, becomes the
useful quantum number in the exciton picture. An exciton wave function satisfying
the many-body Hamiltonian is a superposition of the wave functions of electron and
hole summed over various momenta. Electronic dispersion (Figure 2.3 (a)) is no
longer appropriate and replaced by the excitonic dispersion (Figure 2.3 (c)).
A tightly bound electron-hole pair is analogous to a hydrogen atom. There are
excited states associated with each fundamental exciton state (i.e., E11 , E22 ,...,etc) [6,
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47]. These excited states can be observed in SWCNT photoluminescence excitation
spectroscopy [9, 51].
Due to the highly symmetric structure of graphene, there is 16-fold degeneracy
associated with the band gap E11(SP ) in a single-particle model [52,53]. In many-body
excitonic model, these degenerate states result in the spin-singlet and spin triplet
excitonic states with even or odd parities. All these excitonic states are dipoleforbidden (thus called “dark”) except the one that is odd-parity and spin-singlet (i.e.,
dipole-allowed, bright) [15]. Figure 2.3 (c) shows the lowest four spin-singlet excitonic
bands including the bright state [13]. Note that in this thesis, most of the experiments
are conducted by optical excitation of a SWCNT at the second lowest bright exciton
state at E22 and observing the emission from the lowest bright exciton state associated
with E11 . Detailed exciton relaxation dynamics from E22 to E11 and from E11 to the
ground state will be discussed in Section 2.7.
Some literature has reported the energy separation of the bright exciton state
(red line in Figure 2.3 (c)) and the dark state (blue line) to be several meV [27, 54].
Thus, for temperatures above ∼ 60 K, both dark and bright states are populated
under thermal equilibrium. This is the case for the temperature range explored in
this thesis.

2.2.2

Environmental effect and dielectric screening

Strongly dependent on the dielectric screening of the SWCNT surroundings, the excitonic optical transition energies are studied theoretically [42,55,56] and experimentally [48]. Experimental results show that the band gaps of unprocessed SWCNTs
decrease monotonically with increasing dielectric environment (i.e., dry nitrogen →
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wet nitrogen → water) [48]. The redshift of the optical transition energy with higher
dielectric constant is explained by the scaling of the band gap renormalization energy and the exciton binding energy with the dielectric constant of the SWCNTs
environment. These are consistent with another independent experimental result
showing that the band gaps in processed SWCNTs that are wrapped with surfactant
molecules in D2 O solution are smaller than those from unprocessed SWCNTs in air,
vacuum, or a nitrogen-purged environment [57]. Detailed studies on the dependence
of exciton transition energies on the surrounding dielectric materials can be found in
references [56] and [55].
Some articles have shown that band gap redshift due to dielectric screening was
significant even in unprocessed SWCNTs in a dry nitrogen-purged environment [9].
The band gap of SWCNTs undergoes band gap shift transition (BST) that is an
abrupt transition to the “desorbed state” after the SWCNTs are heated above 450◦
under nitrogen purge. The abrupt blue shift of the band gap is explained by the
reduced Coulomb interaction due to less screening. The entire spectrum of excitonic
resonances blue shifts under the transition. On average, E11 energy shifts 23 ± 6 meV
and E22 energy shifted by 29 ± 3 meV.
We have observed similar BST on our SWCNTs after heating up the sample at
temperature above 450◦ C in dry nitrogen for over two hours. Similar to that reported
in reference [9], BST states only last for several days in dry nitrogen ambiance. Excitonic resonances of E11 and E22 shift back to that before heating. Experimental
details and discussion are include in Appendix A.
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Dark exciton state

In the literature, the dark exciton states near the bright exciton state were taken
into consideration in the discussion of experimental results regarding to photoluminescence excitation (PLE) spectroscopy, photoluminescence (PL) quantum efficiency
and exciton relaxation dynamics. A commonly accepted idea guided by the theoretical calculation is that the spin-singlet dark exciton state (shown as the blue curve in
Figure 2.3 (b)) is several meV below the bright exciton state [13]. The existence of
this dark state may cause a lower measured quantum efficiency, especially at temperatures below which exciton thermal energy is lower than the energy splitting between
the dark/bright states.
Theoretical calculation shows that the radiative lifetime increases with decreasing
temperature in a perfect SWCNT in which the dark exciton state does not couple to
the bright state due to the dipole selection rules [13]. That would mean the optical
quantum efficiency increases monotonically with decreasing temperature. However,
the phonon-assisted coupling between bright and dark states exists because a SWCNT
is easily perturbed by the extrinsic effects such as SWCNT structural defects or
environmental inhomogeneities that break the symmetry of an ideal SWCNT. As a
result the effective radiative lifetime is maximized at an intermediate temperature.
The dark exciton state can become bright by breaking the symmetry of the electronic structure. For example, it can be achieved by applying a strong magnetic
field (threading through SWCNT axis) [58] or introducing structural defects by high
power optical radiation [59]. The interpretation of the results remains under debate
including dark/bright energy splitting, coupling efficiency, and the influence of the
dark state on the optical quantum efficiency and exciton relaxation dynamics.

CHAPTER 2. BACKGROUND AND THEORY

16

Some literature has shown the temperature dependence of measured PL at E11
maximized at ∼ 10 - 40 K and found the splitting of bright and dark singlet exciton
states to be several meV [27, 54]. In this thesis, we did not include the dark exciton
state into our discussion because under the temperature range we have explored, the
exciton thermal energy exceeds the expected energy splitting of dark and bright states
so they are both populated and under thermal equilibrium.

2.3

Temperature dependence

Temperature is an important parameter in the exciton relaxation dynamics because
excitons interact efficiently with phonons and the temperature determines the phonon
population. In addition, once excitons reach thermal equilibrium with the lattice, the
momentum distribution of excitons follows the Boltzmann distribution determined
by the exciton energies and the temperature. Varying the SWCNT temperature
changes the exciton band gap, PL linewidth, PL intensity, PL quantum efficiency,
and exciton diffusivity. We discuss the temperature dependence of these properties
in the following subsections except the PL linewidth (see Section 2.6) and the exciton
diffusion (see Section 4.5).
In section 2.3.1, the temperature dependence of SWCNT band gap energies are
summarized. In section 2.3.2, the temperature dependence of the effective exciton
radiative lifetime is discussed. The radiative lifetime plays an important role in
determining the optical quantum efficiency. Thus, the PL intensity and PL quantum
efficiency are also temperature dependent.
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Exciton band gap energy

A reduction in band gap with increasing temperature is well known in semiconductors
and understood by the thermal expansion of the lattice. Similarly, the band gap would
be enlarged (or reduced) by applying a compressive (or tensile) stress to the material
that decreases (or increases) the lattice spacing.
With respect to the band gap at zero Kelvin, the band gap shift of SWCNTs
upon increasing the temperature was theoretically and experimentally studied. Theory shows the band gap shift at constant pressure can be attributed to two terms
separately that are determined by the electron-phonon coupling and lattice thermal
expansion [60]. As these are not the focus of this thesis, readers are directed to
references [50, 60, 61] for details.

2.3.2

Radiative decay

As mentioned in Section 2.2.1, among the 16-fold degeneracy associated with E11(SP ) ,
only one exciton state is a dipole-allowed bright exciton state [13,15]. Only the exciton
populated at this bright state has a finite probability to relax its energy by emitting
a photon (i.e., radiatively decays). The average probability determines the effective
exciton radiative decay rate at a given temperature and depends on the momentum
distribution of the exciton population [12, 13, 62].
Because only those bright excitons with near-zero momentum can radiatively decay (due to momentum conservation), the effective radiative decay rate is not determined by the lifetime of a specific excitonic state given by its oscillator strength,
but rather by an averaged decay rate over the distribution of exciton momentum and
excited states [13]. At high temperatures, the effective radiative lifetime is suppressed
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due to high exciton thermal energies, while at low temperature, it is also suppressed
due to the existence of the low-lying dark state. The radiative decay maximizes at
some intermediate temperature [13, 27, 54]. These are explained below.
In SWCNTs, due to strong exciton-phonon coupling, the optically generated excitons are rapidly scattered by phonons. Optically generated excitons are initially
nearly zero in momentum (given by the excitation photons), but rapidly gain large
momentum by scattering with phonons due to the momentum conservation rule.
Spataru et al. [12] calculated and showed that the exciton radiative decay rate strongly
depends on the exciton momentum.
Considering only the bright exciton state, the radiative decay rate, γ(Q), can be
calculated by Fermi’s Golden rule and it is a function of exciton momentum, Q. It is
only nonzero within the light cone (|Q| ≤ Q0 ) [12]:

γ(Q) ==



2

 2πe Ω(0)
~c2



0

µ2a Ω(Q)2 −c2 Q2
a
Ω(Q)2

if |Q| ≤ Q0

(2.1)

if |Q| ≥ Q0

where Q0 is the maximal momentum in the light cone defined by ~Ω(Q0 ) = ~cQ0 .
~Ω(Q0 ) and ~cQ0 represent the exciton energy and photon energy respectively.

µ2a
a

is the squared exciton transition dipole matrix element per unit tube length. µa is
the exciton transition dipole momentum and a is the size of the unit cell along the
→
−
SWCNT axis (i.e., | C | introduced in Section 2.1.1).
At thermal equilibrium, excitons are mostly populated between the bottom of
the band (momentum close to zero) and an energy maximum determined by the
temperature (i.e., kT) (see Figure 2.4). So the ratio of the maximal energy at the
boundary of the light cone (i.e., cQ0 = ∆) to the thermal energy kT , helps to estimate

CHAPTER 2. BACKGROUND AND THEORY

19

the effective radiative decay rate [12]:

γef f

4 1
≈ √
3 π

r

∆
γ(0)
kT

(2.2)

γef f is the effective radiative decay rate at temperature T; γ(0) is the exciton radiative
decay rate at zero momentum (defined in Equation 2.1). At room temperature, the
ratio of 4/kT ∼ 10−4 indicates that only a small portion of excitons are allowed
to emit photons. The effective radiative decay rate is thus small compared to γ(0).
At a lower temperature, the radiative decay rate becomes larger because of a higher
portion of excitons populated within the light cone. For example, the radiative decay
q
∆
∆
rate at 78 K is ∼ ( k×78
)/( k×290
) = 1.9 times faster than that at 290 K1 .

1

This approximation is used to explain the experimental results presented in Figure 5.22 (c) in
Section 5.5.2.

LightCone
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Figure 2.4: A schematic of the exciton dispersion of the bright exciton state and the
light cone that defines the momentum range within which an exciton can
relax by emitting a photon. Under thermal equilibrium at temperature T,
the exciton population follows the Boltzmann thermal distribution where
most populate a range defined by kT [12].

At thermal equilibrium, the exciton population follows the Boltzmann distribution [12, 13, 62]. The probability of an exciton at ν is proportional to the Boltzmann
factor: exp(−Eν /kT ). Eν is the exciton kinetic energy. The index ν = (q, j, σ, S)
may include exciton wavevector, q, angular momentum, j, spin index, σ, and exciton state S [13]. The effective radiative lifetime is determined by the radiative
decay rates averaged over the exciton momenta and involves bands according to the
thermal distribution of exciton at the given temperature. As a result, the effective
radiative decay rate increases with decreasing temperature. However, it reaches a
maximum and starts to decrease with temperature when the exciton thermal energy
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is comparable to the energy gap between the dark and bright exciton states. At lower
temperatures, more excitons are populated at the lower-energy dark state and these
dark excitons cannot populate the bright state due to their small thermal energies.
They remain dark for as long as the lifetime of the dark state [27, 54]. Thus, the
effective radiative decay rate decreases with temperature.
Nonradiative decay mechanisms are much more complicated than the radiative
decay because they are highly sensitive to any imperfection deviated from an ideal
SWCNT situated in a vacuum environment. In one of the few studies on the nonradiative exciton decay mechanisms, Perebeinos and Avouris [63] suggested that multiphonon decay of free excitons is too slow to account for the experimentally measured
PL lifetime but that of localized excitons in processed nanotubes [20, 25, 30] may account for a wide range of the experimental results. Localized excitons are expected
especially in processed SWCNTs.

2.4

Absorption and quantum efficiency

Reported optical absorptions and quantum efficiencies vary over a wide range and
the quantum efficiency is highly sensitive to the quality of SWCNTs and their environments. Intrinsic SWCNT optical absorption and quantum efficiency are still open
questions and how they can be engineered by introducing defects, dopants, temperature or environmental perturbations are of great interest and extensively studied.
At low optical excitation where nonlinear exciton-exciton interaction is negligible, PL emission increases linearly with excitation intensity; the slope of which is
determined by the PL action cross section (i.e., the product of SWCNT absorption
and quantum efficiency). Given a constant excitation intensity, brighter PL measured
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from an unprocessed SWCNT in the sample indicates a higher PL action cross section
of the SWCNT. This guides our selection for high quality SWCNTs in our samples.
Direct measurement of SWCNT quantum efficiency is often not possible, but the
PL action cross section is a measurable quantity and provides a useful constraint for
estimating the quantum efficiency .

2.4.1

SWCNT absorption

Estimations for the absorption of an individual SWCNT is very important because
it helps to derive the intrinsic optical quantum efficiency accurately. Knowing the
intrinsic optical quantum efficiency and how to enhance it benefit the nanotube applications of optoelectronic devices (e.g., optical sensor and solar cell). Direct measurement of absorption is achieved with SWCNT ensembles [16–19] but with a single
SWCNT is very challenging and so far it involves indirect estimations [20,21,64]. Previously reported SWCNT absorption cross sections range from ∼ 0.08 − 1.7 × 10−17
cm2 /atom (see Table 2.3 in reference [65], and [16–21]). Recently reported values from
improved-quality SWCNTs are higher (∼ 2 − 3 × 10−17 cm2 /atom): ∼ 5 times higher
than graphene (∼ 0.6 × 10−17 cm2 /atom) [66]. Higher absorption for 1D SWCNT
than 2D graphene is expected because the high DOS at Van Hove singularities of a
one-dimensional SWCNT (see section 2.1.2).
To the author’s knowledge, there are no reports on the temperature dependence
of optical absorption of SWCNTs so far. Only some articles reported the temperature
dependence of PL intensity without commenting on the temperature dependence of
optical absorption [27, 54, 67, 68].

CHAPTER 2. BACKGROUND AND THEORY

2.4.2

23

SWCNT quantum efficiency

SWCNT quantum efficiency is defined as the ratio of the average photon number
emitted to the average photon number absorbed. Given an initial exciton population, the average photon emitted is determined by the relative decay rate of radiative
pathways to the total relaxation decay rate (including both radiative and nonradiative pathways): QE =

ΓR
.
ΓR +ΓN R

Nonradiative decay pathways dominate the exciton

relaxation and vary significantly among SWCNT samples. Various structural defects
and nanotube environmental inhomogeneities due to different SWCNT synthesis and
preparation methods lead to a large range of reported quantum efficiencies, ∼ 0.01%
to less than 1% (e.g., [4,10,11,25]). Many of these results are based on processed SWCNTs. Recently discovered, the quantum efficiencies measured in processed SWCNTs
were very sensitive to the detailed processing of sample preparation (see Section 2.5).
The experimentally resolved quantum efficiencies reported recently have increased by
orders of magnitude (e.g., ∼ 1 to 8% [20]) approaching that of unprocessed SWCNTs
(∼ 7 to 20%) [69, 70] which is believed to be close to intrinsic.
The temperature dependence of intrinsic quantum efficiency relies on the intrinsic
radiative decay and phonon-assisted nonradiative decay rates. In Section 2.3.2, we
have discussed the temperature dependence of the exciton radiative and nonradiative
decay rates. In the temperature range where the average exciton thermal energy is
larger than dark/bright exciton energy splitting, the radiative decay rate increases
but nonradiative decay rate decreases with decreasing temperature and that leads to
an increase in quantum efficiency.
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Processed and unprocessed nanotubes
SWCNT synthesis and preparation

There are three common synthesis methods: arc discharge, laser ablation and chemical
vapor deposition (CVD) [1,14]. In these methods, the basic elements are a high energy
source (i.e., a direct current, laser, or furnace) and a source providing carbon atoms
(i.e, a graphite anode, a carbon-catalyst composite target, or carbon-rich gases). The
majority of the nanotube studies referenced in this thesis are based on nanotubes
grown by CVD including our nanotube samples.
In the CVD method, carbon nanotubes can be grown on a substrate deposited
with catalysts (cobalt, nickel or iron). Though the experimental conditions of the
temperature, pressure, and the mixture of the gas and catalysts can somewhat control
the diameter and the distribution of the resulting nanotubes, it is not trivial to grow
defect-free single-wall nanotubes that are far apart without bundling and/or catalyst
contamination. Some post processing may be required to remove significant catalyst
contamination and nanotube bundles.
Photoluminescence (PL) from a semiconducting SWCNT is quenched if the nanotube is bundled with one or more metallic nanotubes. Observable PL from SWCNTs
was only made possible in the last 10 years by removing SWCNT bundles and isolating them from contacting the substrates in a SWCNT sample. Two distinct methods
were developed to obtain such SWCNT samples. One was introduced by O’Connell
et al. [4] in 2002 that required post processing and the other by Lefebvre et al. [5] that
were unprocessed SWCNTs. Unprocessed SWCNTs are what we study and sample
preparation is described in Section 2.5.2. Since the majority of nanotube studies by
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optical excitation are based on the results from processed nanotubes, a summary of
past results provides useful background knowledge. These are summarized in Section 2.5.3 to 2.5.7.

2.5.2

Unprocessed SWCNTs

Our SWCNT samples are grown by CVD on a silicon (Si) substrate (thickness ∼ 500
µm) coated with silicon dioxide (SiO2 , ∼ 1 µm). The substrate is covered with a
very thin layer of evaporated cobalt (Co, ∼ 1 nm) by e-beam metal deposition and
patterned with trenches by photolithography [9,69,71] (see Figure 2.5 (a)). SWCNTs
are suspended across one or more ridges. The length of the SWCNTs varies from submicron to over 100 microns. Typical linewidths for excitation and emission measured
at room temperature are 8 - 13 meV and 36 - 44 meV, respectively. The narrow
linewidths are signatures of high quality SWCNTs having fewer structural defects
and less environmental perturbations.
To explore possible substrate effects, another nanotube substrate is also used in
this thesis and the experimental results are presented exclusively in Section 5.3. Suspended SWCNTs are transferred from a Si/SiO2 substrate to a metallic grid substrate
by contacting the latter to the former [72] (see Figure 2.5 (b)). All the SWCNT samples we used are prepared by the group at the Security and Disruptive Technologies
Portfolio, National Research Council Canada including Dr. P. Finnie and Dr. J.
Lefebvre.
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Our_Samples.pdf

(a)

(b)

Substrate: Si/SiO2

1 mm
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SiO2

Substrate: Metal Grid

Single SWCNT
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side view
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top view

Figure 2.5: These are SWCNT samples we have studied and presented in this thesis and both are grown by CVD. (a) SWCNTs suspended on substrate:
Si/SiO2 . Left: A cartoon illustrates how the SWCNTs might be suspended over the ridge(s) or landed on the trench at one end. Right: A
SEM image (∼ 1 × 2 µm2 ) shows some SWCNTs grown from the ridge
where the Cobalt nano-particles are deposited. (b) The other type of
SWCNT sample that we have mentioned in this thesis (in Section 5.3)
with a metallic mesh as the substrate similar to that used in reference [72].

2.5.3

Processed SWCNTs

Bachilo et al. first reported convincing results identifying more than 30 different
semiconducting SWCNT chiralities that were assigned by their photoluminescence
excitation (PLE) spectroscopy from SWCNT ensemble measurements [73]. This exciting result initiated considerable research of SWCNTs by photoluminescence spectroscopy. Such SWCNT samples are made by encapsulating grown SWCNTs with
surfactant molecules (e.g, sodium dodecyl sulfate micelle) soluble in water. Then,
they are treated by sonication to break nanotube bundles. Centrifugation is applied
afterward and the desired sample with ’mostly-isolated’ SWCNTs are obtained by
decanting the supernatant [4].
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The majority of the literature is based on the results of processed SWCNTs as they
are more easily prepared compared to unprocessed SWCNTs. They are often studied by ensemble measurements that produce sufficient PL intensity. Research based
on such processed SWCNTs have made great contributions to our understanding of
SWCNTs photophysics. However, the results reported from the processed SWCNTs
indicate that their optical responses are highly sensitive and perturbed by the post
processing. The measured results such as the spectral linewidth, optical quantum
efficiency, and PL lifetimes are highly influenced (if not dominated) by the extrinsic
factors introduced due to the post processing.

2.5.4

PL and PLE spectroscopy

For the processed SWCNT ensembles, their absorption and emission spectra are composed of overlapping resonant peaks from various SWCNT chiralities. Even with the
chirality-enriched nanotube samples (e.g., [20,74,75]), the spectral linewidths are still
larger than those observed in unprocessed SWCNTs. The inhomogeneous spectral
broadening of the processed SWCNTs is attributed to the remaining SWCNT aggregates, residual catalysts, defects and environmental perturbations [76].
In contrast, individual unprocessed SWCNTs typically show much narrower PL
linewidths (i.e., 9 - 15 meV at room temperature [51, 69, 77]). The measured narrow
PL linewidths are consistent with those measured in processed SWCNTs using nonlinear spectral hole burning [78] or four-wave mixing techniques [79]. Detailed PL
spectral broadening mechanisms are introduced in Section 2.6. Experimental results
and discussion of PL and PL spectra of unprocessed and processed SWCNTs are
presented in Section 5.1.
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Optical quantum efficiency

Intrinsic optical quantum efficiency is still an open question and is an essential parameter for the applications of optical absorption and emission devices (e.g., solar
cells, photo detectors, and single-photon emitters). Reported optical quantum efficiency varies over orders of magnitude (10−4 − 10−2 ) [4, 10, 11, 25] from the processed
SWCNTs and reported values have increased in recent years (> 0.1) [20, 22, 69, 70]
due to the improvements made in SWCNT synthesis and preparation methods.
According to their recent study, Hertel et al. [76] showed the importance of using
‘ultrasonication’ in order to remove nanotube bundles, residual catalysts, and other
contaminants. The PL spectra and optical quantum efficiencies of fourteen fractions
of nanotube solution after 12-hour ultracentrifugation were studied. As shown in
Figure 2.6 (a), the absorption and emission spectra are narrower and peak strength
higher as the fraction approaches the top of the solution (smaller in density). The
corresponding optical quantum efficiencies show the same trend in Figure 2.6 (b).

Hertel_QY.pdf
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Figure 2.6: (a) Absorption spectra (left) and emission spectra (right) from different
fractions of nanotube solution after ultracentrifugation. (b) PL quantum efficiency of each fraction and the sample average quantum efficiency
(dashed line). These figures are direct copies from reference [76] with
copyright permission.

Another more recently published article [78] also reported similar results of bright
PL with a larger sonication energy (see Figure 2.7 (b)). However, they found that
strong sonication introduces significant structural defects on SWCNTs that manifested on the increasing measured linewidth with the sonication energy (see Figure 2.7
(a)). The increasing measured linewidths with sonication energy are attributed to the
defect-induced broadening. In fact, they state clearly that “our measurements show
that any ultrasonic treatment generates defects in the nanotube and that the genuine optoelectronic properties of SWNTs are to be searched in the very few isolated
SWNTs of an unprocessed sample”. Unprocessed SWCNTs are what we study and
their preparation has been introduced in Section 2.5.2.

Nguyen_Sonication.pdf
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(b)

Figure 2.7: (a) Excitonic linewidths at 10 K as a function of the sonication energy
measured by nonlinear spectral-hole burning technique. (b) PL intensity
at 0.8 eV as a function of sonication energy measured by photoluminescence spectroscopy. These figures are direct copies from reference [78]
with copyright permission.

2.5.6

PL blinking

PL intermittency (or PL blinking) is not uncommon in low dimension systems such as
dye molecules and quantum dots. The blinking frequencies and mechanisms are different in each individual system. PL blinking has been observed in processed SWCNT
ensembles [80] within a time scale of ∼ 100 sec and is explained by a possible cycle of creation and annihilation of charges trapped at localized states owing to the
structural or chemical defects. Htoon et al. [81] has also observed PL blinking and
spectral wandering on individual processed SWCNTs at low temperatures. The blinking and spectral wandering are explained by SWCNTs interacting with fluctuating
environment.
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We have rarely observed such PL blinking on our SWCNTs under moderate excitation intensities and controlled environment. (Excitation intensity typically < 200
W/cm2 . SWCNTs are in vacuum or dry nitrogen purge environment.) This indicates
that under these experimental conditions, the environmental perturbations on the
unprocessed SWCNTs are much less significant on the measurements of PL. Selected
bright SWCNTs without PL blinking allow us to exclude the experimental results
that are influenced by strong extrinsic effects.

2.5.7

Exciton diffusion length

Supported by many reports on various SWCNT samples [30,34,35,37,82–84], optically
generated exciton transport at room temperature is modeled well by a diffusion-driven
process. However, the obtained diffusion length varies from 6 to 600 nm [30–34]. The
very recent studies on individual unprocessed SWCNTs suggest a longer diffusion
length of 600 nm [34] consistent with our studies on selected, high quality SWCNTs.
We derive the exciton diffusion length longer than a micron (see Section 5.2).
The large variation in the diffusion length was verified by Crochet et al. [85]. They
estimated the exciton diffusivity (or referred to as exciton diffusion constant) of 370
cm2 /s and intrinsic diffusion length of ≈ 1400 nm. However, their measured diffusion
length was much shorter (≈ 200 nm) which is attributed to the more frequent exciton
scatterings due to the disordered environment in their processed SWCNTs. The
disordered environment breaks the long translational symmetry into short segments.
This very important message supports our hypothesis that our experimental results (presented in Chapter 5) are near intrinsic and provide insight into the SWCNT
optical and exciton relaxation behaviour that are not obscured by the extrinsic effects.

CHAPTER 2. BACKGROUND AND THEORY

2.6

32

Exciton dephasing and PL spectra

PL linewidths from unprocessed pristine SWCNTs are much narrower compared to
those from processed SWCNT ensembles [77]. PL linewidths from processed SWCNT
ensembles are wide due to PL spectra overlap from various SWCNT chiralities. For
individual, single-peak processed SWCNTs, their PL linewidths are on average larger
than those of individual unprocessed SWCNTs [20]. A narrower spectral linewidth is
attributed to less collisional broadening due to fewer structural defects or environmental perturbations [78, 86]. Environmental inhomogeneities are induced by SWCNT
bundles, adsorbate molecules or non-uniform dielectric wrapping.

2.6.1

Origins for linewidth broadening

For an isolated two level system composed of a ground state and an excited state, the
optical transition between two states is governed only by spontaneous emission (also
referred to as radiative decay) due to vacuum fluctuations. In reality, an absolutely
isolated two-level system does not exist, and the linewidth for an optical transition
between two states is governed by various dephasing and depopulation mechanisms
for the excited state. Thus, the optical transition line shape reflects the carrier dephasing mechanisms at the excited state of a material. In a SWCNT, the scattering
of optically excited excitons with other excitons and phonons would lead to homogeneous broadening and a Lorentzian line shape. Exciton inhomogeneous scattering
with SWCNT defects or environmental perturbations would lead to inhomogeneous
broadening and a Gaussian line shape.
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Homogeneous broadening and exciton dephasing

For an ideal SWCNT without defects or environmental perturbations, its PL spectrum
near E11 would show a Lorentzian line shape. Its PL linewidth, Γh (T, N ) (unit:
eV), results from exciton-phonon scattering, Γex−ph , and exciton-exciton scattering,
Γex−ex [79, 87]:
Γh (T, N ) = Γ0 + Γex−ph (T ) + Γex−ex (N )

(2.3)

where exciton-phonon scattering is temperature (T) dependent and exciton-exciton
scattering is exciton density (N) dependent. Γ0 represents the finite linewidth at
zero temperature. At low excitation intensity (i.e., low exciton population), excitonexciton interactions are negligible, and PL linewidth broadening is dominated by
exciton-phonon scattering which could be elastic or inelastic. For inelastic scattering, excitons lose or gain energy by emitting or absorbing phonons. During elastic
scattering, an exciton does not lose energy but the exciton wave function changes by
losing the phase coherence among the component waves . (As mentioned earlier, an
exciton wave function is the superposition of the wave functions of an electron and
hole summed over various momenta.) Homogeneously broadened linewidth, Γh , is
proportional to total dephasing rate that includes both elastic and inelastic scatterings [79, 88–90]:
1
1
1
Γh
=
=
+ ∗
2~
T2
2T1 T2

(2.4)

where T2 , T1 , and T2∗ are total dephasing time, population lifetime and the pure
dephasing time, respectively.
To give quantitative examples for the optical transition linewidth related to the
dephasing rate, we consider the optical transitions for an isolated two-level system
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and the E11 optical transition in a SWCNT. For an isolated two-level system at low
population, the radiative decay rate is the only dephasing mechanism, and for a
radiative decay rate of 1 ns−1 , the resulting linewidth (FWHM) would be about 1.3
µeV. In our SWCNTs, a typical measured PL linewidth is 10 meV which corresponds
to a total dephasing rate of ∼ (88 fs)−1 . This is of the same order of magnitude
as the measured pure phasing time of 115 fs reported in reference [79]. Since the
E11 population lifetime (i.e., the exciton effective lifetime, see Section 4.2.1) is orders
of magnitude longer than 88 fs, the total dephasing time is dominated by the pure
dephasing time.

2.6.3

Temperature dependence of exciton dephasing

At low and negligible multi-exciton population, exciton dephasing is dominated by
scattering with phonons and the temperature dependence of the dephasing rate follows [78, 79, 91]:
Γh (T ) = Γ0 + aT +

b
exp(−E0 /kT ) − 1

(2.5)

Γ0 represents the finite homogeneous linewidth at T = 0 K. The coefficients a and
b are exciton-phonon coupling constants and E0 a phonon energy. The dephasing
rate increases monotonically with temperature due to more active phonon scattering
as expected. In the low temperature range, the exciton dephasing rate is linearly
dependent on the temperature due to low-energy acoustic phonons [79,91]. Only at a
higher temperature range (> 75 K [78] or > 180 K [79]), the contribution of the third
term in Equation 2.5 becomes important. It is attributed to the exciton dephasing
by high-energy optical phonons [79, 88] or radial breathing mode [78].
Reported values of a, b and E0 by fitting the formula in Equation 2.5 to the
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measured homogeneous linewidth varied. They are based on different experimental
techniques, conditions and nanotube samples. Our measured temperature dependence of PL linewidth appear to be linear in the range of 78 - 290 K with nonnegligible variation of Γ0 and a among nanotubes. They are presented and discussed in
Section 5.5.1.

2.7
2.7.1

Exciton interaction and relaxation dynamics
Overview

Different optical techniques have been applied to study exciton interaction and relaxation dynamics1 . These include time-resolved PL spectroscopy [10, 23, 67, 70, 96, 97]
and pump-probe spectroscopy measuring transient absorption [19, 24, 93, 98]. Most
of the work was done on nanotube ensembles with few exceptions of single SWCNTs [25, 70, 99]. Time-resolved PL from a single SWCNT is particularly challenging
because SWCNT PL emission is limited by the efficient exciton-exciton annihilation.
Exciton transport, interaction and relaxation dynamics reported are very different
between processed and unprocessed SWCNTs. In general, the effective PL lifetime
measured from processed SWCNTs are shorter (∼ 10 - 60 ps [10, 19, 23, 24, 26–28])
compared to that of unprocessed SWCNTs (e.g., ∼ 85 ± 20 ps [70]) with few exceptions [25,67,96]. Faster exciton effective lifetimes in processed SWCNTs are often due
to residual nanotube bundles, catalysts or other contaminants [76,78]. Introduced by
using strong sonication energy, structural defects change the local exciton and phonon
1

Fast dynamics such as exciton dephasing [79, 87, 91, 92], the intra- and inter-band transitions
were studied and reported in the literature [93–95]. They are beyond the scope of this thesis and
not studied in detail.
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band structures and their coupling efficiency. Exciton scattering is increased due to
SWCNT structural defects and environmental inhomogeneities [78, 85]. These extrinsic effects significantly influence the observed exciton transport, interaction and
relaxation dynamics.
To minimize the extrinsic effects and access the intrinsic exciton behaviour, high
quality unprocessed SWCNTs are selected and studied in this thesis. Nanotube samples are kept in air, vacuum, or dry nitrogen purged environment. The following
section describes in general the optically generated exciton behaviour in our unprocessed SWCNTs. In the latter chapters, the experimental results (Section 5.2 to 5.5)
are compared to the modeling results (Section 4.3 to 4.5).

2.7.2

Relaxation dynamics studied by PL spectroscopy

The reported PL lifetimes and exciton relaxation mechanisms vary largely in the
literature using different nanotube samples and experimental techniques. There is
not yet a universal model describing the exciton relaxation dynamics suitable in all
situations. In this thesis, we use PL spectroscopy to measure the exciton relaxation
dynamics in single SWCNTs by optical excitation resonant at E22 , followed by the
emission detected at E11 . Based on the literature, we summarize the possible exciton
relaxation dynamics in this specific experimental condition (see Figure 2.8).

Dynamics

Schematic exciton dynamics
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Figure 2.8: Schematic exciton dynamics for optically excited excitons. (a) A semiconducting SWCNT is excited with a 150 fs laser pulse, populating E22
excitons. (b) Fast phonon-assisted intraband and interband transitions
(within ∼ 130 fs [93, 95]) lead to a E11 population similar to the initial
E22 population. Fast exciton-exciton annihilation of E22 or E11 excitons
(within ∼ 1 ps) depopulates excitons efficiently. (c) Exciton density in the
SWCNT is low at this stage. Excitons are spatially far apart so that they
do not interact. E11 excitons follow the thermal distribution. Only those
excitons within the light cone relax by emitting photons with effective
radiative lifetime of ∼ 10 − 100 ns [10–12]. Others relax nonradiatively.
The sum of the exciton radiative and nonradiative decays determines the
measured E11 PL lifetime (ranging form several ps to several hundreds of
ps depending on the SWCNT samples [10, 19, 23, 24, 26–28, 70]).

Upon a short pulse excitation resonant at E22 , E22 excitons are populated typically
within ∼ 150 fs. Initially an E22 exciton has nearly zero momentum given by the
photon due to the momentum conservation rule (see Figure 2.8 (a)). The exciton
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is rapidly scattered by other excitons1 and phonons so its momentum becomes large
(see Figure 2.8 (b)). Such scatterings include intra-band and inter-band transitions
that lead to exciton dephasing and thermalization and they are generally reported
within one ps. For example, the E22 to E11 interband relaxation time is reported to
be 130 fs in reference [93] and 40 fs in reference [95].
At high exciton densities, an exciton can interact with another exciton and result
in exciton depopulation. The time and length scales of exciton-exciton interaction
depend on exciton transport in a SWCNT and remain under debate. These are
also the main subjects studied in this thesis. A commonly accepted exciton-exciton
interaction mechanism is Auger-like exciton-exciton annihilation (EEA) [23] in which
exciton A interacts with another exciton B by giving its energy to B. While exciton A
relaxes back to ground state, exciton B is excited to a higher virtual state and rapidly
relaxes back to the lowest E11 state by fast interband and intraband transitions. The
reported depopulation rate by EEA varies depending on the SWCNT sample types
and experimental methods and is ∼ 1 ps−1 or faster [23,83]. A simple model describing
exciton depopulation by EEA provides the basic idea of exciton nonlinear relaxation
(see Section 2.7.3, Equation 2.11).
Those excitons surviving EEA and populated at E11 relax either radiatively or
nonradiatively (see Figure 2.8 (c)). Detailed radiative and nonradiative decay rates
and mechanisms have been described earlier in Section 2.3.2. The sum of the radiative and nonradiative decays results in an effective lifetime of E11 exciton (see
Equation 2.9), and the ratio of these two rates determine the optical quantum efficiency (see Section 2.7.3, Equation 2.10).

1

Exciton-exciton scattering only happens at a higher exciton density.
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PL dynamics at low and high exciton density

Since the exciton (and PL) relaxation dynamics highly depends on the exciton density,
it is useful to describe the dynamics in low and high density regimes. In addition,
one of our experimental methods used to study the exciton dynamics is to measure
PL dependence on the excitation fluence (i.e, on low to high injected exciton density,
see Section 4.2.1). The following section provides the background knowledge for the
latter introduced experimental methods and modeling (in Chapter 4).

Low exciton density (linear regime)
At low exciton density, where an exciton does not interact with another during the
exciton effective lifetime, the exciton decay rate is determined by the effective exciton
relaxation rate, Γ (Equation 2.6). As a result, the exciton relaxation follows a exponential decay function, Equation 2.7, and the time integrated PL increases linearly
with initial exciton density, n0 (Equation 2.8). This is referred to as the linear regime
because the number of the emitted photons (or measured PL) is linearly proportional
to the number of injected excitons (or excitation fluence).
dn
= −Γ n
dt

(2.6)
−t

n(t) = n0 e−Γt = n0 e τ
Z
PL ∝

∞

n(t) dt =
0

n0
Γ

(2.7)
(2.8)

The E11 exciton effective decay rate, Γ, is the sum of the radiative and non-radiative
depopulation rates (Equation 2.9). τ = Γ−1 is PL lifetime (i.e., effective exciton relaxation lifetime). Non-radiative decay rate, ΓN R , is usually much faster than radiative
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decay rate, ΓR , thus Γ is dominated by ΓN R (i.e., Γ ≈ ΓN R ). The ratio of these two
depopulation rates determines the optical quantum efficiency (Equation 2.10). In
other words, the longer an exciton stays at E11 without non-radiative depopulation,
the more likely it is to decay by emitting a photon. This decay would result in a
higher optical quantum efficiency (QE).

Γ = ΓR + ΓN R
QE =

ΓR
ΓR
≈
Γ
ΓN R

(2.9)
(2.10)

The radiative decay rate, also known as the spontaneous emission rate, is intrinsic
to the material (see Section 2.3.2). Non-radiative relaxations include all the pathways
in which an exciton relaxes to ground state without emitting a photon. Intrinsic
non-radiative exciton relaxations are mediated by exciton-phonon scattering that is
determined by phonon dispersion and population. Assuming fast thermal equilibrium
between excitons and phonons, and the population of excitons follows a Boltzmann
distribution, intrinsic non-radiative decay can be calculated [13]. Aside from intrinsic
phonon scattering, there are extrinsic exciton scatterings by SWCNT defects and by
surface potential variations caused by nanotube environmental inhomogeneities. In
our SWCNTs, nonradiative decays include PL end quenching1 in short SWCNTs.
These extrinsic scatterings can speed up exciton non-radiative depopulation and lead
to a shorter exciton effective lifetime and a lower optical quantum efficiency.

1

A suspended SWCNT in our samples is attached to the substrate at its two ends; at these ends,
PL is quenched due to the fast nonradiative decay pathway.
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High exciton density (nonlinear regime)
At higher injected exciton densities, exciton relaxation strongly depends on the exciton density. Compared to the monoexponential exciton relaxation at the linear
regime, an additional nonlinear relaxation channel (i.e., exciton-exciton annihilation)
happens at a high exciton population and limits the total PL from a SWCNT. As a
result, PL is saturated at high exciton densities. The regime in which PL no longer increases linearly with the injected exciton is called the nonlinear regime. The transition
from linear to saturation regime depends on the efficiency of the nonlinear excitonexciton annihilation. A commonly used exciton relaxation rate equation shown below
provides a simple model for the exciton linear and nonlinear relaxations [29, 83, 100].
dn
= −Γ n − n (n − 1) ΓN L
dt

(2.11)

n, the average exciton number in the SWCNT, is a rational number and Γ is the
effective PL relaxation rate introduced earlier in Equation 2.6. ΓN L is the excitonexciton annihilation rate.
At very high exciton densities, there may exist nonlinear optical phenomena originated from many-body physics such as band-gap renormalization [101], phase space
filling [102, 103], exciton Mott transition [35, 75, 98, 103], and exciton Bose-Einstein
condensation [104]. However, none of them have been experimentally proven without ambiguities for SWCNTs. Most importantly, we are mainly interested in exciton
densities where these nonlinear effects are negligible. These high densities are beyond
the scope of this thesis and will not be discussed.
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The experimental methods and modeling used to analyze our experimental results for studying the exciton relaxation dynamics will be presented after Chapter 3.
Readers will obtain some basic knowledge of how a SWCNT is excited and its PL
detected in our experiments in Chapter 3. Having the knowledge, presented in Chapter 3, beforehand helps to comprehend why we adopt unconventional experimental
methods and how do they work (in Chapter 4).

Chapter 3
Experimental Setup and System
Functionality
To detect weak emission and study fast exciton relaxation dynamics of individual
nanostructures (for example, CNTs, quantum wires, or quantum dots), we set up a
versatile system with controls over photon energy, space, time, and temperature. In
this chapter, individual SWCNTs are investigated using this system.
The main structure of the system is microscopy. With 150-fs pulse excitation and
control of time delay between two pulse trains, we can study fast exciton dynamics
in the nanotubes. The excitation and emission wavelengths are determined by the
SWCNT species and limited by the excitation laser and the detector respectively.
The spatial resolution depends on the excitation beam size (variable from 2 - 50 µm).
Temperature control of the SWCNT samples is achieved by a cryogenic system that
can heat up (to 450 K) or cool down (to ∼ 4 K) the temperature of the sample holder
by liquid helium.
This chapter starts with an overall description of the system (Section 3.1) followed
43
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by detailed information on the essential components and instruments. Section 3.2
elaborates on the calibration for the instrumental profiles of the detection system to
obtain the effective PL spectra. Section 3.3 details how a single nanotube is detected
and located by a raster scan. Once a nanotube is located, Section 3.4 presents how the
2D PL mapping resulting from a step scan helps us to measure the excitation beam
size, the center position of the nanotube, the nanotube orientation and length, and the
PL spatial uniformity along its axis. Lastly, Section 3.5 demonstrates the temperature
control of SWCNT samples using a cryogenic system and the temperature calibration
using the well-established temperature dependence of the band gap emission from
gallium arsenide .

3.1

System basics

Optical excitation is non-invasive, energy-tunable, and allows access to fast dynamics
of excitons using short pulses. Nanostructures that emit weakly are challenging to
locate for the first time, especially if their emission wavelengths are not well known
in advance. However, after several attempts to search for the desired nanostructures
in a range of wavelengths, locating specific SWCNT species can become efficient.
To locate and investigate weakly fluorescent SWCNTs with various excitation and
emission wavelengths, we have built a versatile system. The essential components
include a Ti:Sapphire laser (wavelength tunable, produces short pulses or continuous
wave), a high precision stage (to move a nanotube sample in three dimensions),
a spectrometer, a lock-in amplifier (to enhance signal to noise ratio), a delay line
(to introduce time delays between two pulse trains), and LabVIEW programs (to
synchronize and acquire data). Figure 3.1 presents the schematic diagram for the
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overall system. The functions of these essential components are described in detail in
the following subsections.
Overall System
Lock‐in Amplifier

Spectrometer

Computer

Beam focus (for excitation) and
beam collection (for emission)

Spatial Filter

Delay Line

Laser

Details in Each Module

LN2-Cooled
InGaAs
Detector

Attenuator
Chopper
Dichroic
mirror

Spectrometer

Lens - Pin Hole - Lens

Aspheric
Lens
Sample
50% Beam Splitters
XYZ
Stage
Focusing Lens
Long Wave Pass Filter

Laser

Side view
delay line

Z
Y
X

Nanotube axis and laser
polarization are both
parallel to y-axis

Retroreflector

Figure 3.1: Top: Overall experimental setup. The lines with double arrows represent
the remote controls by the computer to the instruments. Bottom: Details
of each module. Bottom: detailed schematic in each module. Red line
indicates excitation beam path, and green line emission beam path. An
aspheric lens is used to focus excitation beam on a SWCNT and collect
emission from it. SWCNT samples are located in a cryostat.

3.1.1

SWCNT emission at near-infrared

Due to the synthesis and preparation method, SWCNTs on our samples are about
1 nm and larger in diameter. SWCNT PL emission at E11 from such diameters is
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in the near infrared (NIR) and a NIR detector is required to detect PL. In contrast
to the widely used silicon sensors for detecting light in the visible wavelength range,
the noise equivalent power for a NIR detectors is typically higher. To overcome this
negative feature, a NIR detector is cooled to reduce the thermal noise. Our NIR
detector is a single element, indium gallium arsenide (InGaAs, spectral range: 850
- 1550 nm) sensor cooled by liquid nitrogen to 77 K. The nanotube chiralities that
our system can excite and detect are limited by our laser source (for the excitation)
and by our detector (for the emission). Table 3.1 lists SWCNT chiralities we have
studied on our samples. (The available SWCNT chiralities are not limited by the list.)
Chiralites are assigned according to their E11 and E22 resonances and our measured
photon energies are very similar to those in the literature using similar SWCNTs
samples (see Figure 3.2).

CHAPTER 3. EXPERIMENTAL SETUP AND SYSTEM FUNCTIONALITY 47
ChirailtyTable

Chirality
(n,m)

Mod
(n‐m,3)

d
(nm)

E11
(eV)

E22
(eV)

E11
(nm)

E22
(nm)

(9,7)

2

1.10

0.95

1.57

1300

790

(10,6)

1

1.11

0.92

1.68

1350

740

(12,4)

2

1.15

0.95

1.47

1300

845

(9,8)

1

1.17

0.90

1.55

1385

800

(10,8)

2

1.24

0.86

1.44

1440

860

(10,9)

1

1.31

0.81

1.40

1535∗

885

Table 3.1: List of SWCNT chiralities explored in this thesis (in an oder of small to
large SWCNT diameter, d). ∗ Note that the E11 at 1535 nm for (10,9)
Note: (12,4) Data
at Oct25
SWCNTs
may
not2011
be as accurate as those of all the others because the
nonuniform optical response of InGaAs detector [105].
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Figure 3.2: Excitation and emission resonances assigned to six different chiralities
studied in this thesis (see Table 3.1) are compared to those reported in
reference [51].
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3.1.2

Ti:Sapphire laser

Our Ti:Sapphire laser (Coherent Inc., Mira 900-F) provides the optical excitation for
the nanotubes. It generates either continuous wave (CW) or short pulses (typically
150 fs in duration) at 76 MHz repetition rate. The laser polarization is parallel to the
optical table. The wavelength is tunable from 710 to 980 nm with laser output power
up to 1 W (or ∼ 13 nJ per pulse). Widely tunable wavelength permits access to
various nanotube chiralities. High power output allows versatile beam manipulations
in the optical path (e.g., adding beam splitters, delay line, spatial filter, or expanding
beam size). Even with these additional stages that often decrease power, the fluence
at a nanotube sample is sufficient.
Kerr lens mode-locking is the technique used in the Ti:Sapphire laser to produce
short laser pulses. When a very high intensity laser beam (typically a Gaussian beam)
travels through a material, the material acts like a lens because the Gaussian beam
experiences a higher refractive index at the center (where the intensity is higher) and
lower index at the edge. This leads to beam self-focusing. The laser cavity is designed
to be stably operated under mode-locking by introducing a slit in the optical path of
the laser cavity. The slit allows the passing of the center high-intensity laser beam
while blocking the edge of the beam. As a result, the slit prohibits the growth of any
other laser mode that can compete and replace the Gaussian mode. The formation
of short laser pulses using the optical Kerr effect can be understood in time domain.
Given an initial broad and maybe noisy laser “pulse”, only the high intensity part of
the “pulse” gets enhanced by the laser gain media due to the lensing effect. The lowintensity parts of the “pulse” without self-focusing are blocked by the slit. As a result,
the broad noisy pulse becomes narrower and cleaner after each round trip inside the
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laser cavity and ultimately reaches its shortest pulse duration that is limited by the
dispersion in the cavity.
The switch from CW to short pulse operation is accomplished by a vibrating
starter in the laser cavity that causes intensity fluctuations. Due to the optical Kerr
effect, a high-intensity spike is picked up and amplified in the laser cavity and forms
a short pulse with extremely high peak intensity. The vibrating starter stops once
the laser is stably mode-locked. The switch from pulse to CW operation is achieved
by first disabling the vibrating starter, and then giving a weak tap to the laser head.
The laser operation status is monitored by a spectrometer that shows a broad band
(typically 10 nm FWHM, pulse) or single peak ( 1 nm FWHN, CW) spectrum.
In this thesis, the laser beam size is mentioned multiple times, so it is useful to
clearly define what we mean by beam radius (w) and beam full width half maximum
(FWHM). The laser beam from the Ti:Sapphire is a Gaussian beam and its transverse
intensity profile can be described as [106]:

I(r) = I0 exp(−

2r2
)
w2

(3.1)

where I0 is the peak intensity and w is the beam radius. Another commonly used
beam width is FWHM which defines the diameter where the laser intensity is half
of the peak intensity (see Figure 3.3). The beam radius can be converted from the
FWHM by w =

FWHM
√
2 ln 2

and vice versa.

Gaussian.pdf

Normalized intensity, I(r)/I0
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Figure 3.3: Definitions of the beam radius (w) and full width half maximum (FWHM)
for a Gaussian beam

3.1.3

Lock-in amplifier

A lock-in amplifier (LIA) and an optical chopper system are used to enhance the
signal to noise ratio that is required to see very weak emission from a single SWCNT.
To give a quantitative example of the weak emission, the following estimation assumes
100% optical quantum efficiency of a (9,8) SWCNT that emits one photon per pulse
per nanotube. With the 76 MHz laser pulse repetition rate, this is equivalent to
about 16 pW. The overall PL collection efficiency (see Section 3.1.7) further reduces
this power by a factor of ∼ 100 (i.e., 160 fW). In the linear regime, PL emission
would be even lower (compared to the saturation regime) by another factor of ∼ 10
(i.e., 16 fW) determined by SWCNT effective quantum efficiency. Our experimental
results [70] show that due to extremely efficient exciton-exciton annihilation, PL
emission from a single SWCNT under pulse excitation is indeed limited and saturated
at approximately one photon per pulse per nanotube.
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To detect such weak signals, we equip our spectrometer (Jobin Yvon, iHR320)
with a single-element, liquid nitrogen-cooled InGaAs detector (Jobin Yvon, DSS√
IGA020L) that has a low noise equivalent power (NEP = 1 × 10−15 W/ Hz). We
also use an optical chopper (Thorlabs MC1F10) and a lock-in amplifier (Stanford
Research System SR830) to enhance the signal to noise ratio and enable measurements
of emission powers corresponding to the averaged photon per pulse less than one. The
optical chopper system provides the reference frequency for the LIA and modulates
the laser amplitude at the same frequency.
The time constant on the lock-in amplifier is chosen carefully to meet the needs
of a fast data acquisition speed and sufficient signal to noise ratio. A low pass filter
in the lock-in amplifier is used to attenuate noise at frequencies different than the
reference frequency. A longer time constant of the low pass filter gives a narrower
bandpass (i.e., a smaller cutoff frequency) that better attenuates the noise. However,
a shorter time constant allows faster data collection. Thus, there is a trade-off for
choosing the time constant. For our typical 70 Hz chopping frequency, we uses 300
ms as the time constant to timely respond to the input signal and output data with
a sufficient signal to noise ratio.
To present the SWCNT emission powers in an absolute unit, a calculation is
required to link the measured signals by the lock-in amplifier to the powers. Our
lock-in amplifier measures the input signal in root mean square (RMS) voltage at
the reference frequency defined by the optical chopper. For example, for an input
sine wave with 1V-amplitude (i.e., signal = 1 Vsin(wt)), the lock-in amplifier displays
√
voltage = amplitude/ 2 = 0.7 V. PL from a SWCNT is approximated by a square
wave because of the relatively small laser beam size compared to the width of the
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chopper blades. A 1V-amplitude square wave (i.e., 2V for peak to peak) can be
described by a Fourier series: Vsig (t) =

4 1
Σ
π n

sin(nwt). The amplitude associated

with the fundamental frequency is 4/π V= 1.273 V and the measured signal by the
√
lock-in amplifier is voltage = 1.273V/ 2 = 0.9 V. Figure 3.4 illustrates how the
final measurements by the lock-in amplifier are associated with the excitation powers
before the chopper. Note that the input amplitude of the lock-in amplifier is half
that of its peak to peak (i.e., amplitude = Vp−p ). The measurements by the lock-

LIA_measurement.pdf

in amplifier for both sine-wave and square-wave inputs are verified [107] by using a
function generator (Angilent 33220A).
Emission
power (or PL)
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Figure 3.4: Illustration of the measured voltages by the lock-in amplifier relating to
the nanotube emission powers. The detected signals, the nanotube emission powers and the laser excitation powers are all approximated by square
waves with the same fundamental frequency defined by the optical chopper.

3.1.4

Aspheric lens

A large diameter aspheric lens (Thorlabs AL1512-C) is used to focus the excitation
beam and to collimate the emission light. It has a large numerical aperture of 0.546,
comparable to an objective lens. In contrast to an objective lens that is composed
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of multiple lenses for minimal optical aberrations, a single aspheric lens is preferred
because it introduces less dispersion and the stretch of the laser pulse duration is
minimized under short pulse excitation.
Emission from a single SWCNT is assumed isotropic, thus its collection efficiency
is estimated by the solid angle covered by the clear aperture of the aspheric lens
(restricted by the lens holder):
π(φ/2)2
= 0.04 ± 20%
4πd2

(3.2)

where φ = 10 mm is the diameter of the lens mount and d = 12 ± 1 mm is the
measured distance from the SWCNT sample surface to the lens. The distance between
a SWCNT sample and the aspheric lens is optimized to achieve the best collection
efficiency (i.e., the best collimation) of emission.

3.1.5

Imaging system

A sharp image of a SWCNT at the entrance slit of spectrometer is desired for the
best PL collection and for future experiments that require spatial resolution along
a SWCNT. There are various ways to optimize the image system and they require
optimizations of the distances between a SWCNT sample to the aspheric lens and
between the focusing lens to the entrance of the spectrometer.
Optimization of the image system is achieved by using a collimated, single-modefiber-coupled superluminescent diode (INPHENIX SLD) centered at 1320 nm. Since
the aspheric lens is designed at a wavelength of 780 nm, it is not sure how well the
aspheric lens performs in collimating and imaging PL at 1300 - 1550 nm (i.e., the
typical PL wavelength range, see Table 3.1). Three sets of measurements are carried
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out to characterize its performance on (a) the focusing, (b) the collimating/imaging
and (c) the combination of both (see Fig 3.5). The laser beam radius is measured by
the knife-edge technique [108, 109]. (Note that the minimal scale of the micrometer
used to move the knife is 10 µm thus, the precision of measurement degrades when
the beam size approaches 10 µm. Nonetheless, this method is not used to measure
the excitation beam size and fluence on a SWCNT.)
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Figure 3.5: Three-step inspection for the aspheric lens and the relay image. (a) Measurements of input and focused beam radii before and after the aspheric
lens (AL1512-C) at NIR (LSD, centered at 1320 nm). The measured
beam waist radius (11 µm) is 1.5 times the transform limited beam radius (7.4 µm). (b) The inspection for the relay image using aspheric lens
(f1 , AL1512-C) and the spherical lens (f2 , LA1509-C). A telecentric objective (LSM02) is used to generate a small focal spot (measured radius
8.5 µm) for testing the relay image. Relayed focal spot radius 83 µm
is 1.1 times of the estimated radius (i.e., (100 mm/12 mm)×9 µm = 75
µm). (c) The inspection for the relay image that is similar to the experimental setup for SWCNT image. AL1512-C is used to both focus and
collimate laser beam reflected by a mirror. In the nanotube experiments,
a SWCNT sample is supposed to be at the same place with the reflective
mirror, and the beam waist after lens f 2 is optimized so that it is at the
entrance slit of the spectrometer (see the inset figure in Figure 3.6).
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Focusing (see Fig. 3.5 (a))
To measure the focusing performance of the aspheric lens at NIR, the beam waist is
measured and compared to the transform limited beam waist (see Fig 3.5(a)). The
transform limited beam radius is calculated by a thin-lens approximation

λf
πw

[106]

where λ = 1320 nm is the wavelength of SLD; w = 0.68 mm is the input beam
radius; and f = 12 mm is the effective focal length (at the designed wavelength of
780 nm). The beam waist radius is measured (11 µm) to be 150% of the transform
limited beam radius (7.4 µm).
The discrepancy between the measured and calculated results is attributed to the
uncertainty of the estimation, defective Gaussian beam, and imperfect optical alignment. The aspheric lens is made of S-LAH64 optical glass which is a low-dispersion
glass with high index of refraction for minimizing chromatic aberration. The refractive indexes at 780 nm (n = 1.777) and 1320 nm (n = 1.764) only differ by 1%. Thus,
the 12-mm effective focal length at 1320 nm is still a good approximation. Though
a high-index lens is ideal for making a thin lens, the thin-lens approximation does
not include aberration affects; thus, the calculated transform limited beam waist may
be over simplified. The laser beam used from the single mode fiber and the output coupler is close to but not a perfect Gaussian. The imperfect optical alignment
for the aspheric lens may also be accounted for the discrepancy between theory and
experiment.

Imaging (see Fig. 3.5 (b))
Since the aspheric lens is also used for collecting PL emission, the same set of lenses
used in nanotube experiments (i.e., the aspheric lens AL1512-C and a spherical lens
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with 100-mm effective focal length (Thorlabs plano-convex lens LA1509-C) are used
to image a small beam waist (measured radius 9 µm) generated by a telecentric lens
LSM02 (see Fig 3.5(b)). The relayed beam waist (measured radius 83 µm) is only 1.1
times the estimated radius: i.e., (100 mm/12 mm)× 9 µm = 75 µm.

Focusing and Imaging (see Fig. 3.5 (c))
The third step is to setup the system similar to that in the nanotube experiments
(see Fig 3.5(c)) except for the following three differences. First, a mirror is used as
the reflective surface. Second, the optical path is simplified between AL1512-C and
LA1509-C. Third, there is no optical window (which is part of the cryostat) between
AL1512-C and the reflective surface. Similar to the measurements in Fig 3.5(a), the
beam waist at the reflective mirror in Fig 3.5(c) is expected to be about 11 µm.
According to the measurement in Fig 3.5(b), the relayed beam radius measured after
LA1509-C is expected to be 1.1 ×

100 mm
×
12 mm

11 µm= 101 µm. The measured beam

radius, 80 µm, is smaller than the expected 101 µm, but it is larger than the estimated
beam radius 62 µm if calculated by the transform limited beam waist (i.e., 62 µm
=

100 mm
×
12 mm

7.4 µm). Since the experimental setup for Fig 3.5(c) is not identical

to Fig 3.5(a) and (b), some discrepancy is expected between the measured and the
estimated beam radius.

Characterization on nanotube setup (see Fig. 3.6 )
Finally, the inspection of the image system is applied to the real setup. To optimize
the image system on the real setup for the nanotube experiments, first, the reflective
mirror is put on top of the cryostat. A power detector is put right behind the entrance
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slit to measure the powers at various entrance slit widths. The 100-mm spherical lens
is put at about 100 mm away from the entrance slit of the spectrometer. The optimal
relayed image is achieved by optimizing the distance between the aspheric lens and
the reflective surface of the mirror for the maximal transmission power at a narrow
entrance slit width (< 0.5 mm).
Figure 3.6 shows the transmission of the laser power with respect to the entrance
slit width after the optimization. Theoretically, 99% of the total power of a Gaussian
beam profile is included in a circle with a diameter of 3w. Thus, the upper limit of
the laser beam radius can be roughly estimated by one third of the slit width that
is restricted only in one dimension. The 99% power transmission measured at the
entrance slit width is approximately 0.5 mm. Thus, the beam radius is expected
< 500 µm/3 = 170 µm which is consistent to the result in Figure 3.5 (c) despite the
very different techniques applied to measure the laser beam size.
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Figure 3.6: Normalized power transmission at various entrance slit widths for the
optimized image system using a reflective mirror on top of the cryostat.
A power detector is put right behind the entrance slit for measuring the
laser powers. The laser source is a collimated fiber-coupled CW laser
diode (INPHENIX SLD) with the center wavelength at 1320 nm. Inset:
The schematic for the experimental setup.
Next, a SWCNT sample replaces the reflective mirror surface at the same image
plane. This is done in the same way mentioned earlier, by maximizing the transmission power at a narrow entrance slit width (< 5 mm). Again, the power transmission
is calculated according to the power measured at 7 mm under the current setup. The
measured transmission at 1 mm slit width, for example, reduces to 0.86 (compared
to > 0.99 for the reflective mirror). This is mainly due to the degradation of laser
beam spatial coherence upon reflecting from a SWCNT substrate where the widths
of trenches and ridges are approximately 1 - 20 µm (see Figure 2.5, comparable to
the width of the laser beam. Lastly, a SWCNT sample is put inside the cryostat and
an optical window exists between the aspheric lens and SWCNT. After optimizing
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sample-aspheric distance, the transmission at 1 mm further reduces to 0.79.

Summary
By using a collimated, single-mode-fiber-coupled laser centered at 1320 nm, I have
characterized the focusing and imagining of the optical system at NIR. The measured
results are compared to the theoretical calculations using the thin-lens approximation
(see Table 3.2). The discrepancies in the first three experiments (i.e., 50, 20 , and
30%) are expected because the aspheric lens (AL1512-C) is designed for 780 nm and
the thin-lens approximation does not account for the effect on the beam propagation
passing through the complex surface profile. A perfect imaging is not the goal for
the current experiments, but the imaging characterization reported here provides a
procedure to best align the current optical system for maximal PL collection efficiency
and the measured transmission in the last experimental setup (Figure 3.6) can be a
useful reference.

Imaging
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Reflective
surface

Experimental
setup

Calculated
radius (um)

Measured
radius w (um)

Discrepancy
(%)

NA

Fig. 3.5 (a)

7.4

11a

50

Gold mirror

Fig. 3.5 (b)

71

83a

20

Gold mirror

Fig. 3.5 (c)

62

80a

30

Gold mirror

Fig. 3.6

62

< 170b

< 300

SWCNT substrate
(inside cryostat)

Fig. 3.6

Transmission = 0.79 at slit width = 1 mm

a. Measured by knife‐edge technique
b. Measured by a horizontal slit

Table 3.2: Summary of calculated and measured beam radii under experimental setup
described in Figure 3.5 and 3.6.

3.1.6

Polarization

Several concerns for polarization are taken into account for both excitation and emission. A nanotube is similar to an antenna that has strong oscillation strength along
the nanotube axis that leads to strong optical absorption. As a result, the maximal
emission of a nanotube occurs when the polarization of the optical excitation matches
the nanotube axis [51,52,77]. In that case, PL emission is also linearly polarized along
the nanotube axis. The experimentally measured, linearly polarized PL at E11 from
our SWCNTs can be seen in Section 3.2.4 in reference [65]. Since, several optical elements in the system are sensitive to the polarization and they are taken into account
during calibration. The details for the system calibration are in Section 3.1.7.
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3.1.7

System calibration

It is important to know the measured excitation and emission powers in practical
units. This section details the calibration at their corresponding wavelengths and
polarizations. Since the emission at E11 is linearly polarized along the nanotube axis,
the reflection and the transmission of the optics on the path are calibrated according
to the polarization. System setup is designed to maximize the collection efficiency.
Table 3.3 shows the collection efficiency of each optical component for the excitation (at E22 ) and the emission (at E11 ). The transmission and the reflection of the
specific optical elements (including mirrors, lenses, windows, and filters) can be easily
calibrated at the given wavelengths and the polarization. The generic uncertainties
are given ± 2% covering a range of photon energy of E11 and E22 . The reflection
due to the nanotube substrate at E11 and E22 are calculated according to the refractive index of the substrate materials (i.e., silicon (Si) and silicon oxide (SiO2 )). The
throughput of the spectrometer, 0.42, is calibrated by a laser source that has similar
center wavelength and bandwidth with PL emission from a (9,8) SWCNT. Details
are presented in reference [65]).
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Table_PPD_Cal.pdf
For excitation (E22)

For emission (E11)

Optics

Calibration

Uncertainty

1

reflection of dichroic mirror
(DMLP1180)

0.9

±2%

2

transmission of aspheric lens
(AL1512-C)

0.9

±2%

3

transmission of cryostat optical
window

0.96

±2%

4

reflection from substrate (Si/SiO2)

1.2

NA

Optics

Calibration

Uncertainty

1

reflection from substrate (Si/SiO2)

1.14

NA

2

transmission of cryostat optical window

0.96

±2%

3

transmission of aspheric lens (AL1512-C)

0.99

±2%

4 transmission of dichroic mirror (DMLP1180)

0.95

±2%

5

reflection of 1 gold mirror

0.95

±2%

6

transmission of focusing lens (LA1509-C)

0.99

±2%

7

transmission of LWP filter (NT86-064)

0.94

±2%

8

throughput of spectrometer

0.42

±2%

9

Gain coefficient of detector (V/W) for DC

1.68E9

±2%

5.43E8

±2%

0.92

±2%

10 Gain coefficient of detector (V/W) for 70Hz
11

InGaAs detector quantum efficiency

Table 3.3: System calibration for the excitation and the emission that both polarized
parallel to the optical table.

The gain coefficient of the detector is calibrated to be 1.68 × 109 V/W for DC
signal and it decreases with increasing chopping frequency. Though lower chopping
frequency provides higher gain, it requires longer lock-in amplifier integration time
(i.e., long data acquisition time). Due to the trade-off between data acquisition time
and detector gain efficiency, 70 Hz chopping frequency and 300 ms integration time
are often used to meet the experimental needs.

3.1.8

Computer controlled data acquisition

Remote control over instruments is done by LabVIEW programs. These include
rotating the grating in the spectrometer, driving two DC servo motors for the 2D
motion of the sample, obtaining signals from the detector for PL measurements, and
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driving the stepper motor on the delay line. These LabVIEW programs are mainly
developed by previous co-worker, Tam Nhan. Details can be found in Tam’s thesis
in reference [110]. The author’s contributions on the remote control include the
calibration of the accuracy for the delay line and the generation for the LabVIEW
programs for an upgraded stepper motor used in the delay line.

3.1.9

Delay line

To explore the exciton relaxation dynamics, we need the time-resolved measurements
that provide information for both fast and slow events. For the fast events, we have
the advantage of the short pulse excitation (typically 150 fs). For the slow events,
our maximal delay time of 2 ns allows access to slow events such as effective exciton
relaxation (typically in hundreds of ps).
The main challenge for the delay line is to maintain a similar excitation condition
on the nanotube while varying the delay line over the entire range. This includes
maintaining the laser power, the position and the beam size on the nanotube while
changing the delay time from 0 to 2 ns (i.e., a change of 60 cm in the total optical
path length).
For the time-resolved measurements, we use a pump-probe type of technique. Two
laser pulse trains (or two arms) are created by splitting a single pulse train into two
optical paths. When the two optical paths are equal in their travel distances, two
pulse trains on the two paths overlap in time. If the optical paths defer by a total
length of ∆l, then the pulse train that travels longer (called delay line) has a time
delay of δt = ∆l/c behind the other pulse train, where c is the speed of light. Thus
we can control the time delay between two pulses by changing the optical path of the
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delay line. The two pulses are recombined by a second beam splitter after which they
travel in the same path but can be varied in time.
The two beam splitters and the delay line are setup as shown in Fig 3.1. The first
beam splitter (50-50) is used to separate the laser beam into two with equal powers. A
stepper motor (CoolMuscle CM1-P-17S30) is used to control the time delay between
the two laser pulses. The smallest step size ( 1/60 ps ) and the total range of the
delay line (2 ns) are limited by the smallest step size and the physical length of the
stepper motor.
The zero time delay is calibrated and determined when the total power measured
depends on the linear interference from the two pulses. Under constructive interference, the power measured exceeds the sum of the powers from two pulses. The
uncertainty on determining the zero delay is approximated by the pulse duration
(i.e., ∼ 150 fs). The delay line system is not interferemetrically stable but we do
not require high precision on determining the zero delay. To avoid interferometric
power fluctuation playing a role in our measurements, time resolved PL is measured
typically at time delays longer than 0.2 ps (e.g., see Figure 5.9).
The main challenge for the delay line is to maintain the relative position of the
laser beam at the nanotube and the nanotube itself while moving the delay line from
0 to 2 ns. This is achieved by optimizing the parallelism between the translation stage
axis and the laser beam. A broadband hollow retroreflector (Newport UBBR1-2I) sits
on the stepper motor and helps to obtain this parallelism (< 2 arc second).
The excitation intensity on a SWCNT changes by less than 20 % from 0 - 2 ns
delay time. (Note that for a 2 ns delay time, the retroreflector moves by ∆l/2 = 30
cm.) A change of the excitation intensity is detected by PL from the SWCNT upon
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CW excitation at linear regime where PL is linearly proportional to the excitation
intensity. A slight change of the laser beam size at the nanotube is expected because
the laser beam at the delay line is not perfectly collimated but slightly diverging.
In addition, the beam size at the pin hole also changes slightly due to the same
reason, thus the transmission of the laser power through the pin hole also changes.
Despite the 20% change of the excitation intensity, the time-resolved measurements
are performed by pulse excitation in the PL saturation regime (details in section 5.2)
and they are not sensitive to the 20% change in the excitation intensity.

3.2

Effective PL spectra

A spectrometer analyzes the spectrum by rotating the grating inside the spectrometer
in steps and measure the signal at each step. Each rotary position of the grating
is calibrated to present a specific wavelength. The spectrometer is equipped with
entrance and exit slits and their variable slit widths determine the spectral resolution
in measuring a spectrum.
For a spectrum of a single-wavelength continuous-wave (CW) light source, a perfect spectrometer would measure a sharp line precisely at its wavelength. In reality,
the measured spectrum is generally broadened by the entrance and exit slit widths of
the spectrometer, the width of the grating and grating line density, the spatial resolution of the sensor and the system aberration. Our single element detector is designed
to measure all the light passing through the exit slit thus the wavelength range is not
restricted by the sensor size. Thus, for our spectrometer and detector, it is the slit
width (the entrance or the exit slit width whichever is larger) that determines the
broadening of the measured spectra.
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A measured spectrum using a single-wavelength CW light source is the “instrumental line profile” (or “instrumental bandpass”) of the spectrometer. A measured
spectrum of the PL emission from a nanotube is a result of the convolution of the
real PL spectrum and the instrumental bandpass. Unless the instrumental bandpass
is much narrower than the PL spectral width, a measured spectrum is broadened by
the instrumental bandpass and it requires deconvolution for obtaining the real PL
spectrum.
In most of our experiments, we use a wide bandpass to collect as much PL as
possible when the intensity of PL is preferred. In these experiments, in-depth PL
spectrum analysis are not required. When a detailed PL spectral analysis is necessary, we use a narrow instrumental bandpass that measures PL spectra without
deconvolution.
Section 3.2.1 presents the calibration of the instrumental bandpass by a mercuryargon gas lamp and Section 3.2.2 shows the deconvolution results of the typical PL
spectra from a single nanotube. Note that since the slit width affects the spectral
resolution, during a spectral scan, the step size in wavelength is adjusted to be comparable (typically half or one-third) to the bandpass associated with the slit width.

3.2.1

Instrumental bandpass

The instrumental bandpass of our spectrometer is calibrated using a single wavelength
light source focused at the entrance slit. Ideally, with a very narrow entrance slit,
the measured spectra at a given exit slit width would follow a top-hat function with
a linewidth (δλ2 ) proportional to the exit slit width. During the calibration, an
entrance slit width of 1 mm is used for a good signal to noise ratio. Thus, a measured
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spectrum at a given exit slit width is shaped like a trapezoid. The trapezoid is the
convoluted result by two top-hat line shapes of the entrance and the exit slits.
Figure 3.7(a) shows the measured instrumental bandpass at various slit widths
using grating-900 (900 groove/mm) equipped inside the spectrometer. These are
measured by previous co-worker Mark Wilson [111]. The light source is an isolated
mercury line at 1128 nm using a mercury-argon lamp. Note that a typical atomic
emission line is very narrow in the linewidth (0.01 nm or less). Figure 3.7(b) shows the
FWHMs of the bandpass obtained from Figure 3.7(a). These FWHMs are fitted to
a line (zero intercept) and we obtained the effective dispersion of 2.3 nm/mm. Since
the entrance slit is kept at 1 mm, this calibrated dispersion is due to the varying
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Figure 3.7: Linear dispersion calibrated by a narrow isolated line (at 1128 nm) from
a mercury-argon gas lamp using grating-900 (900 groove/mm). (a) Measured instrumental profiles at various exit slit width where the entrance
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3.2.2

Spectrum deconvolution

A PL spectrum on most occasions (e.g., to identify a SWCNT chirality) is used with
a wide bandpass for maximum PL collecting efficiency. On such occasions, an indepth PL spectrum analysis is not required. However, certain experiments require
accurate PL linewidths that are not necessarily the measured spectral widths. In
this section, PL spectra from a single SWCNT are measured with various widths
of bandpass (both the entrance and the exit slits). The measured PL spectra are
fitted to Gaussian profiles and then deconvoluted by the corresponding instrumental
bandpass (i.e., those shown on Figure 3.7 (b)).
FWHMs of measured (

) and deconvoluted results (4) are compared in Fig 3.8.

For comparison, deconvolution results (

) are also shown in the same figure using

Gaussian as the instrumental profiles with their FWHMs defined by the dispersion of
2.3 nm/mm. Note that at small slit widths (i.e., small instrumental widths compared
to a typical SWCNT PL linewidth of about 20 nm in FWHM at room temperature),
the deconvoluted PL linewidths agree with that calculated using either instrumental
profiles (

and 4). However, at large slit width, 7 mm, both deconvoluted FWHMs

are smaller than that at the small slits. It is presumably due to the asymmetric
instrumental profile measured at wider slit width at 7 mm. Thus, when the analysis
for the spectral shape and the linewidth are important, PL spectra are measured with
both slit widths set at 3 mm or smaller. Otherwise, the exit slit width is often kept
wide open to 7 mm for maximizing PL collection and the entrance slit width kept
narrow (1 mm or smaller) to exclude some stray background.
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Figure 3.8: PL linewidth in FWHM for the measured results (), deconvoluted results by Gaussian profiles ( ) and deconvoluted results by the measured
instrumental profiles (4) at given slit widths.

3.2.3

Spectral integral

Since the PL linewith narrows at lower temperatures (see Section 5.5.1), the ratio of
the measured PL (limited by the band pass of the spectrometer) to the total PL (i.e.,
PL integrated over the entire spectrum) changes. This factor is calibrated when the
comparison of PL intensities at various temperatures is important (see section 5.5.2).
Figure 3.9 (b) shows the dependence of the ratio of the measured PL to the total PL on
the measured PL FWHM. The single circle ( ) shows an example calculated by the
profiles presented in Figure 3.9 (a). The Lorentzian function, L(λ) ∝

F W HM/2
,
λ2 +(F W HM/2)2

with a FWHM = 16 nm represents the PL line profile. The dashed rectangular
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function with 16 nm FWHM represents the bandpass of the spectrometer (at slit
PL_Ratio
width 7 mm). The ratio calculated is the integral within the bandpass (enclosed by
the red line) to the total integral of the Lorentzian function.

𝐿 𝜆 =

(b)

1
𝐹𝑊𝐻𝑀 2
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Figure 3.9: (a) Profiles of a typical PL spectrum represented by a Lorentzian function
(black solid line) and the bandpass profile of spectrometer represented by
a rectangular function (black dashed line). 16-nm FWHM is the measured
FWHM for the slit width at 7 mm (see Figure 3.7). The overlap region of
the two profiles (red line) determines the amount of PL measured. The
ratio of the measured PL to the total PL is calculated and shown in (b)
(single circle). (b) The ratio of the integrated PL at a given PL linewidth
to the total PL integrated over its entire spectrum.

3.2.4

Spectral binning

Line shape and linewidth of a PL spectrum provide information of exciton scattering
rate and dephasing and relaxation mechanisms. It is convenient to analyze a PL
spectrum as a function of photon energy. Since a measured PL spectrum at each
wavelength is proportional to the spectral integral over a constant bandpass, ∆λ,
PL intensity presented by photon energy should be calibrated by a factor of 1/λ2 .
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Practically, with and without the calibration of the spectral binning, deconvoluted
PL spectra are hardly distinguishable over a typical spectral range of 30 nm and the
change in FWHM is smaller than the uncertainty estimated from the fit.

3.3

Locating single SWCNTs

To detect and locate nanotubes with a certain chirality on a SWCNT sample, a
specific excitation wavelength (set by the laser source) and emission wavelength (set
by the spectrometer) are chosen. A SWCNT sample is set on a 3D stage and is raster
scanned with respect to the fixed laser beam. A moderate-intensity CW excitation
(∼ 50 W/cm2 on a sample) is often used to excite a SWCNT and generate sufficient
light emission during a raster scan. Individual bright nanotubes are detected by a
coarse raster scan, and later precisely located by a step scan. Unless particularly
specified, nanotube raster scans and step scans are by CW excitation.
In order to efficiently scan a sample and search for the nanotubes, we optimize the
scanning speed according to the data requisition time (see Section 3.3.2) and the step
size according to the laser beam size and the field of view of the imaging system (see
Section 3.3.3). Figure 3.10 shows a schematic picture for the raster scan. The laser
beam is fixed in position, and the SWCNT sample is raster scanned by moving the
translational stage that carries the SWCNT sample. Figure 3.11 shows an example of
the resulting bright nanotube locations with five different chiralities from a SWCNT
sample. The locations of the nanotubes of each chirality result from a raster scan,
setting the laser and the spectrometer at the excitation and emission resonances of
that specific chirality.

RasterScan.pdf
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SWCNT sample

step size

excitation laser beam

Figure 3.10: Schematic picture for a sample raster scan to locate nanotubes with a
certain chirality on the sample. The excitation laser beam is fixed in
position and the SWCNT sample is raster scanned by moving the translational stage that carries the SWCNT sample. Note that the field of
view is larger than the excitation beam size (see Section 3.3.3). Typical laser beam diameter and step size are 15 µm in FWHM and 10 µm
respectively.
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Figure 3.11: (a) Located SWCNTs after raster scans in an area of 4.2 mm × 2 mm
on a SWCNT sample (identity: HF Vapor). One raster scan locates
nanotubes of one specific chirality. There are five chiralities: (10,8) ,
(9,8) , (9,7) 4, (10,9) F, and (10,6) +. (b) A zoomed in figure of (a)
showing no nanotubes overlap.

3.3.1

Large excitation beam size

In general, a large excitation beam is desired to generate quasi-uniform exciton density
over the nanotube (see also Section 5.2.1 for its importance on the experimental
results). The single element detector collects emission of a nanotube without spatial
selectivity. Uniform excitation simplifies emission analysis by avoiding the integral
over the spatial exciton distribution in the nanotube. A typical large beam size used
in the experiments is in the range of 15 - 25 µm, and it is adjustable from 8 to 50µm.

3.3.2

Scanning speed

A raster scan is achieved by continuously scanning across the nanotube axis (i.e.,
along the X-axis in Figure 3.1) at each step on the Y-axis. Although a fast raster
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scan is preferred, there is an upper limit for the scanning speed not restricted by the
speed of DC servo motors but by the chosen chopping frequency. The pre-amplifier
of our indium gallium arsenide detector has a higher gain at a lower frequency. To
achieve sufficient signal to noise ratio (SNR), a lower chopping frequency is desired.
Typically, a 70 Hz chopping frequency is used to satisfy the needs for a high scanning
speed and a sufficient signal to noise ratio. At this chopping frequency, the averaged
scanning speed can be set to 0.2 mm/s.

3.3.3

Scanning step size and field of view

For time efficiency, the step size (along nanotube axis, i.e., along the Y-axis in Figure 3.1) is set large enough to avoid scanning over a nanotube (typically 5 - 20 µm)
multiple times. Unless a nanotube is extremely long, the step size is determined by
the excitation beam size and field of view whichever is smaller. Bright SWCNTs
studied are typically 2 - 40 µm or longer in length. Since the field of view (FOV) is
estimated to be 430 µm (explained in the following paragraph and in Figure 3.12),
beam size (∼ 15 µm FWHM) determines the step size (typically 10 µm).
The spectrometer is designed to image from the entrance slit to the detector (with
magnification of 1.1) under the restriction of a F-number1 = 4.1 [112]. That means
the focusing lens used in front of the spectromener is required to have a F-number
> 4.1. Since the diameter of the PL collected by the aspheric lens is limited to be 10
mm (see Section 3.1.4), the focusing lens must have a focal length > 41 mm and its
clear aperture ≥ 10 mm. We have chosen a plano-convex spherical lens (LA1509-C)
with a focal length of 100 mm. For this arrangement, the F-number of the laser beam
1

F-number also called focal-ratio or f-ratio is of an optical system the ratio of the focal length
to the diameter of the entrance pupil.
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is ∼ 10, well above 4.1.
A field of view is the area on the sample that the detector could ‘see’. Since the
imaging from the entrance slit of the spectrometer to the detector has been well designed as long as the restriction of F-number > 4.1 is followed, to estimate the field
of view correctly, we only need to consider the imaging system used before the spectrometer (i.e., imaging from the SWCNT sample to the entrance of the spectrometer).
As shown in Fig 3.1, only two lenses are involved for the imaging system neglecting
the reflective mirrors. Figure 3.12 shows a cartoon picture for the imaging system
and how the field of view is limited by the clear aperture of Lens2. In the figure,
φ1 = 10 mm and φ2 = 22.5 mm are the clear apertures of Lens1 (AL1512-C) and
Lens2 (LA1509-C). x is defined as the radius of the field of view and x’ the maximal
radius that light within the field of view can reach the entrance slit of the spectrometer. f 1 = 100 mm and f 2 = 12 mm are the effective focal lengths of Lens1 and
Lens2. D = 350 mm is the measured distance between Lens1 and Lens2. For this
arrangement, the field of view is estimated to be 0.43 mm (as shown by the simple
calculations in the figure). Note that if φ2 or D are sufficiently large, it would be the
entrance slit width (7 mm) that limits the field of view. The two mirrors in between
the two lenses are sufficiently large so they do not limit the field of view. Our typical
SWCNTs are much shorter than the FOV of 0.43 mm, so PL is not clipped in the
imaging system.
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Figure 3.12: Illustration of the estimation for the field of view in our image system.
The dashed line indicates the boundary of the field of view by showing
the optical path limited by the clear aperture of Lens2. The effective
focal lengths of the two lenses (f1 and f2 ), the distances between the
lenses (D) and the image plane (i.e., the entrance of the spectrometer)
are indicated. At the top of the figure, simple calculations show the field
of view to be 0.43 mm according to this arrangement.

3.4

Step scan for 2D PL mapping

A rapid scan is used to coarsely locate bright SWCNTs within the scanning area.
Due to the relatively fast speed compared to the data acquisition speed, the actual
SWCNT location (along X axis) is found typically 40 - 80 µm away from the detected
position. After the raster scan, a step scan on both axes (X and Y) can be used to
precisely locate the center position of the nanotube. A 2D step scan results in a 2D
matrix by recording PL at each position. This 2D matrix can be presented by a 2D
contour plot and we call it 2D PL mapping of the nanotube.
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3.4.1

Precise SWCNT location

With appropriate excitation laser powers and data acquisition time, there are two
kinds of useful information resulting from a 2D step scan (or a 2D PL mapping). One
is to precisely locate the position of the nanotube with respect to the fixed-position
excitation laser beam. The other is that the 2D PL mapping is a measurement for the
excitation laser beam profile (and the beam size) at the nanotube (See Figure 3.14).
For precisely locating the nanotubes, the time interval of the adjacent data acquisition is set longer than the lock-in amplifier integration time. The time it takes for
the DC servo motors to move to the next position is taken into account. Thus, both
the SWCNT PL and position are not distorted. By CW lower power excitation in the
linear regime, the signal to noise ratio in a 2D scan of a bright SWCNT is typically
20 or larger.
For measuring the excitation beam profile by the 2D PL mapping, the step size
in the 2D step scan is chosen smaller than the laser beam size. The center peak in
a 2D PL mapping occurs when the centers of the nanotube and the excitation laser
beam overlap. Most importantly, the excitation power used is low (< 20 W/cm2 ) and
within the linear regime (see Section 4.2.1). If the excitation power is too high and
saturates the PL from the nanotube, the resulting PL mapping would be saturated
in the center region, and the resulting beam size would be overestimated.
A 2D PL mapping of a nanotube results from the convolution of the excitation
beam size and the nanotube profile. A nanotube with a ∼ 1 nm diameter is a much
smaller scale compared to a laser beam size (  1µm). Thus, the SWCNT is similar
to a one-dimensional delta function and it can map out the laser beam profile with
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high resolution across its axis1 . Excited by a low optical power where PL linearly
depends on excitation intensity, a PL step scan across the nanotube axis generates a
high-resolution intensity profile of the excitation laser beam.

3.4.2

Spatial filter

To achieve uniform excitation, a high quality beam profile is desired. Laser beam
quality degrades upon transmission and reflection by many optics due to the imperfections of surface quality. Small dust on the optical elements also add noise on the
beam profile. One way to improve laser beam quality is to apply a spatial filter in
the optical path. It is better to apply a spatial filter as close to the target as possible.
Our target here is the SWCNT sample.
As mentioned in Section 3.4.3, PL mapping of a single SWCNT across its axis
with a small spot size is a high resolution measurement of the laser beam profile.
In contrast to optical imaging, nanotube PL mapping is a better method because
it is a direct measurement of excitation beam profile on the SWCNT investigated.
Figure 3.13 shows laser beam profiles with and without the spatial filter using PL
mapping. As can be observed, the quality and symmetry of laser profile improves by
the spatial filter.

1

The nanotube is assumed straight over the length scale of the beam spot size. This is often the
case, verified by a high-resolution 2D PL mapping (see Section 3.4.3)
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Figure 3.13: A single nanotube 2D PL mapping without (a) and with (b) a spatial
filter.

We found the quality of the laser beam profile is not a crucial factor for our current
experiments when the laser beam is large compared to the nanotube length. However,
it may not be the case for future experiments under other conditions. It also helps to
create a tight beam waist after the aspheric lens when a high-resolution PL mapping
is required (see Section 3.4.3). In addition, it simplifies the simulation process by
validating the assumption of quasi-uniform excitation. Therefore, we have kept the
spatial filter in the optical path. The following paragraph briefly describes the design
for our spatial filter.
A spatial filter is composed of a pair of lenses and a pinhole at the focal plane of the
first lens [106]. For an effective spatial filter, the size of pinhole is chosen to pass the
laser beam and remove the aberrations and intensity modulations introduced by the
imperfections of the original laser sources and optics. Extremely tight beam focusing
is not desired because the focusing lens would introduce aberration into the beam.
An ideal pinhole diameter is 1.5 × beam spot diameter. An overly small pinhole
would generate undesired diffraction. With knowledge of the input beam size and
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the desired focal spot size, the appropriate focal length of the lens can be estimated
for beam focusing (see Gaussian beam shaping, Section 3.2 in reference [106]). Due
to the available pinhole sizes and lenses, a focal spot of diameter = 50 - 100 µm is
appropriate. As a result, a pair of spherical lenses, with both of their effective focal
lengths 35 mm, are used (similar to a beam telescope with magnification of one), and
a 75 µm-diameter pinhole (Thorlabs P75S) for the spatial filter (see Figure 3.14 (a)).
This experimental setup is for generating a large beam size at the sample plane. For
a high-resolution PL mapping, we need a small beam waist at the nanotube, and the
second lens of the spatial filter is replaced by another that has a longer effective focal
length (see Figure 3.14 (b)). Details are presented in the following section.
Figure 3.14 shows the 2D PL mapping for a (10,8) SWCNT resulting from two
step scans using a large excitation beam size (a) and a small beam size (b) on the
nanotube. Note that in experimental setup (a), the sample height is optimized for
best PL collection efficiency at E11 and it is not at the beam waist for the excitation
at E22 . On the other hand, in the setup (b), the sample height is adjusted to match
the nanotube to the beam waist of the excitation beam.
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Figure 3.14: PL mapping for a single (10,8) nanotube excited by a large beam (a) and
a small beam (b). The left two figures are the schematic for the beam
expander used each 2D mapping. The middle figures are their measured
2D PL mapping. The right figures are their line profiles across nanotube
axis and the profiles are the convoluted result of the laser beam and the
nanotube.

3.4.3

High resolution PL mapping

A high-resolution 2D PL mapping using a small laser beam width can be used to
measure nanotube length, check the nanotube orientation, and verify the spatial
uniformity of the nanotube. Once a nanotube is located (by a larger beam), the
excitation beam size can be manipulated so that a small beam waist is created on the
nanotube.
A collimated laser beam with its diameter matching the clear aperture of the
aspheric lens produces the most tightly focused beam waist. This is achieved by
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inserting a beam expander (i.e., a pair of lenses) in the optical path before the aspheric
lens. This is achieved by replacing the second lens of the spatial filter (effective focal
length 35 mm) with a lens with the effective focal length of 200 mm. This is equivalent
to a beam expander of the expansion ratio of 200 mm/ 35 mm = 5.7. A collimated
beam after this beam expander is generated with a beam diameter about 10 mm.
This results in a beam waist of ∼ 2 µm FWHM at the focal plane after the aspheric
lens.
Due to the inserted beam expander, the width and location of the excitation beam
waist after the aspheric lens change. The goal is to match the nanotube to the focal
plane so that the nanotube is excited by the beam waist. The following paragraphs
describes how it is achieved in practice.
Since the SWCNT is excited by a continuous wave at a low intensity (in the linear
regime), PL increases with excitation intensity. Given a laser power, changing the
sample height changes the beam size and the excitation intensity on the nanotube.
While the sample height is approaching the beam waist, PL emission rapidly increases.
Thus, the beam waist is eventually found by optimizing PL emission.
Although changing the sample height changes the PL collection efficiency and
therefore the PL emission, it is negligible compared to the drastic increase on PL due
to the reduced beam size [113]. Note that the PL collection efficiency is not optimized
at this sample height and the arrangement here is only for the purpose of obtaining
the high-resolution PL mapping.
Typically, a ∼ 2 µm FWHM beam waist can be achieved. The corresponding
Rayleigh range (at 800 nm) is only ∼ 10 µm. Thus, when the sample height is
approaching the focal plane, a fine tuning for the sample height is necessary to find
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the beam waist. The fine tuning requires comparing the PL line profiles (across the
nanotube axis) taken at several sample heights varied by a step of 5 µm or smaller.
Figure 3.15 shows an example of a segmented nanotube that can only been observed with a high-resolution PL mapping (see (c)). Note that the excitation intensity
remains low in the linear regime (< 20 W/cm2 ) for the PL mapping. In contrast,
2um_Bad
the 2D PL mapping using a larger beam size cannot measure theCrape
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Figure 3.15: PL 2D mapping for a (10,8) nanotube using a large to small ((a) - (c))
excitation beam size. The beam size is indicated in each figure. Note
that the sample height and the step size in each figure are different.
40

50
FWHM ~ 20 μm

FWHM ~ 2 μm

3.4.4

30

Thermal contraction and expansion

20
10

30
20

PL (a.u.)

PL (a.u.)

30

PL (a.u.)

40
FWHM ~ 10 μm

40

20
10

10

When
cooling the temperature of 0 a SWCNT sample, a shift of0 the SWCNT position
0
-30

-20

-10

0

10

X Position (μm)

20

30

-30

-20

-10

0

10

X Position (μm)

20

30

-30

-20

-10

0

10

X Position (μm)

20

30

is expected due to thermal contraction. The largest measured shift (in transverse) is
less than 100 µm from room temperature to 78 K using a SWCNT sample with the
size about 12 mm × 10 mm. This thermal shift is not an issue in our experiments
because we are usually able to find the center of the SWCNT at a given temperature
within a short period of time. Both the rapid scan and step scan can be used to find
the SWCNT center position at a given temperature when necessary.

CHAPTER 3. EXPERIMENTAL SETUP AND SYSTEM FUNCTIONALITY 85

3.5

Cryogenic system

3.5.1

Components and functionality

Microscopy cryostat
In order to control the temperature of SWCNTs, especially to study them at low
temperatures, a microscopy cryostat (Janis ST-500, see Figure 3.16) is integrated in
the system. SWCNT samples are kept inside its vacuum chamber. Liquid nitrogen
(LN2) or liquid helium (LHe) flows through the cryostat and cools down the cold
finger where a sample is set. A heater and a temperature sensor are built in the cold
finger allowing control over temperature from 4K to 475 K. A desired temperature is
achieved by controlling the power of the heater.
Water condensation (at the outside surface of the optical window) happens easily
at low cryogenic temperatures and high humidity outside the chamber. Thus, it is
necessary to keep the vacuum shroud of the cryostat below 10−4 mbar (i.e., 10−7 of the
atmosphere) during the operation to prevent water condensation. The gap between
the inside surface of the optical window and the top surface of the sample is kept
greater than 1 mm for the same reason. For best results, the cryostat is continuously
pumped.

ST500
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to pumping station

from liquid tank

Figure 3.16: A schematic of the microscopy cryostat (Janis ST-500). The two legs are
for the liquid transfer line. The arrows indicate the liquid flow direction.
The vertical tube and the valve on top of the shorter leg is not connected
to the liquid transfer line, but an isolated system for the vacuum shroud
connected to the cryostat chamber.

Pumping station
Our vacuum pump (VARIAN TPS-Compact V81M) is a pumping system composed
of a scroll backing pump and a turbo pump that are combined as a compact pumping
station. The scroll pump is an oil-free dry pump that is chosen to avoid oil contamination to our SWCNT samples. The scroll pump initiates the first-stage pumping
that reaches a pressure approximately 10−1 − 10−2 mbar in less than one minute, then
the turbo pump starts ramping up to its full speed and reaches a pressure below 10−4
mbar within two minutes. The pressure is measured by a vacuum gauge attached
to the outlet of the pumping station. Typically, the vacuum shroud of the cryostat
remains ∼ 10−6 ∼ −10−7 mbar during experiments that continue for several days to
a week without a vacuum break.
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Liquid transfer line
Pressurized LHe (or LN2) flows through the cryostat due to the inner pressure naturally built up in the storage tank by slow heating. Generally, if the inner pressure
starts from zero, it takes about 10 to 15 minutes for the liquid to reach the cold finger
and start to cool down the sample holder. To speed up the process of cooling, one
can increase the liquid flow rate by opening the regulator of the delivery line and by
raising the inner pressure of the liquid tank. The latter is much more efficient for an
initial cool-down and it can be done by applying a high-pressure gas tank (nitrogen
gas for LN2; helium gas for LHe) to pressurize the liquid tank. Once the temperature
reaches the setting temperature, liquid is kept at a minimal flow rate just enough to
maintain the desired temperature. Inner pressure of the liquid tank at this point is
often kept at 2 - 4 pound per square inch (psi).
The vacuum shroud for the liquid transfer line is pumped below 10−4 mbar prior
to the experiments. It is suggested to do so weekly or prior to the experiments when it
has not been done so over a week. Such good vacuum condition is required to reduce
the vaporization of LN2 or LHe during the transportation from the liquid tank to the
cryostat.

3.5.2

Temperature calibration

Since the temperature sensor for the cryostat is embedded under the sample holder, it
is unclear if the temperature on a SWCNT sample actually reaches the same temperature as indicated by the sensor. One way to calibrate the temperature on a SWCNT
sample is to use a direct band gap semiconductor (with similar size to a SWCNT
sample) that emits light upon optical excitation.
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At lower temperatures, the atomic vibrations in a semiconductor decrease due to
their lower thermal energies and result in a smaller interatomic spacing. Thus the
electrons in the semiconductor experience a higher potential energy and the band gap
of the semiconductor increases as temperature decreases.
I used gallium arsenide (GaAs), a direct band gap semiconductor, to calibrate the
temperature by its band gap emission. The temperature dependence of the band gap
energy (Eg ) of GaAs has been well studied and can be presented by the following
expression [114]:

Eg (T ) = 1.519 [eV] −

5.41 × 10−4 [eV/K] T 2
T + 204 [K]

(3.3)

where 1.519 eV is the energy gap at 0 K.
A piece of undoped GaAs wafer, having similar thickness to our Si/SiO2 nanotube
substrate (see Section 2.5.2), is cut into a small piece similar to the size of a SWCNT
sample. To maximize its thermal conduction, the piece is soldered by a thin layer of
indium to the sample holder1 . GaAs is optically excited at a photon energy (1.7 eV)
that is higher than its band gap energy. A long wave pass filter (Thorlabs FEL0750) is
used in front of the spectrometer for attenuating the strong signal originating from the
excitation light. Fig 3.17 shows the measured PL peak energy from GaAs at various
temperatures using liquid nitrogen (

) and liquid helium (4). The measured results

are compared to those reported in the literature (Ref.a: [114] and Ref.b: [115]).
1

A very thin layer of solid indium is put in between a sample and the sample holder. (The
sample is a small piece of GaAs wafer or a SWCNT sample in the experiments.) The soldering is
accomplished by the following steps. First, the sample holder is heated up to a temperature slightly
higher than the melting temperature of indium (430 K). Second, when the indium becomes liquid,
the sample is pushed down lightly at its corners using a tweezer. Third, the heating is turned off to
cool down the temperature. After several minutes, the result is checked by a very gentle push using
a tweezer. The sample should not move when pushed on lightly with a tweezer.
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Figure 3.17: Temperature dependence of GaAs PL peak energy measured from 300
to 5 K using LN2 ( ) and LHe (4). They are compared to the results calculated from Equation 3.3 (line) obtained from Ref.a [114] and
measured results from Ref.b [115]. GaAs detailed information: undoped, semi-insulating, 500 µm in thickness, (100) degree, Ingot Number: WV16044/Un, Wafer number 58.

The measured PL spectra at higher temperatures (> 100 K) is dominated by
the band gap emission but at very low temperatures (e.g., 2 K), the peak in PL
originates from the excitonic state that is below the band gap [115]. Thus, the GaAs
band gap energies (solid line) in Figure 3.17 are shown above 100 K. However, the
results from Ref.b [115] are the measured PL peaks from GaAs PL spectra using
similar experimental method. Thus, our results can be directly compared to those
for the entire temperature range.
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Since the PL peak energy below 50 K becomes weakly depending on the temperature, it requires high resolution PL spectrum (as shown in Ref.b [115]) to see the
exciton fine structure that is sensitive to the temperature at this range. Thus, the
results shown in Figure 3.17 suggest in the range above 50 K, the temperature of
GaAs agrees with the temperature controlled and measured by the sensor embedded
in the sample holder. The SWCNT experiments presented in this thesis are above
78 K. The SWCNT substrate is mainly made by silicon that has higher thermal conductivity than GaAs. Thus presumably the SWCNT samples would reach the same
temperatures as the GaAs. It is worth mentioning that without any thermal paste
or indium between the sample and the holder, the measured GaAs PL peak energy
remained constant below about 250 K. Thus, good thermal conduct of the sample
to the holder is essential. Temperature calibration below 50 K would require high
resolution GaAs PL spectra (e.g., using 0.3 meV spectral band pass [115]).

Chapter 4
Experimental Methods and
Modeling
4.1

Introduction

In a previous section (Section 2.7), we have introduced the basic knowledge of exciton (and PL) relaxation dynamics under specific experimental conditions: optically
excite a SWCNT at E22 and observe emission at E11 . Moreover, we have shown how
to locate and select high quality SWCNTs by using PL spectroscopy in Chapter 3.
In this chapter, we present two specific methods that allow us to extract interesting
results. The first method is PL dependence on excitation fluence (i.e., power-resolved
PL) which provides insights into the SWCNT linear optical properties and nonlinear exciton-exciton interaction efficiency. The second method is time-resolved PL
accomplished by an unconventional pump-probe PL spectroscopy, by which PL (and
exciton) relaxation lifetime can be measured. These two experimental methods applied together allow us to have a more complete description of the exciton behaviour
91
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than each single method can achieve by itself. The two experimental methods are
detailed in Section 4.2.
Although power-resolved PL was studied on different SWCNT samples [25, 35,
83, 116] and mostly on nanotube ensembles, we are one of the few groups reporting
the experimental results from single SWCNTs with calibrated axes (as opposed to
normalized) [20, 70]. The calibrated excitation and emission axes of PL from a single
SWCNT allow us to extract the optical absorption and quantum efficiency of the
SWCNT. Combined with the results measured by the pump-probe PL spectroscopy,
we obtain the exciton effective lifetime and estimate the fast exciton-exciton annihilation rate.
The experimental results and the initial analysis by the exciton quantization model
were presented in my Master’s thesis [65]. Further efforts were made during my
PhD studies to improve the modeling and understanding of the experimental results;
this work resulted in two published papers [70, 117]. This model is summarized in
Section 4.3 and the analysis on the experimental results is included in Chapter 5. This
exciton quantization model also helped to provide a base for more recent modeling
(see Section 4.4).

4.2
4.2.1

Experimental Methods
Power-resolved PL

The first experimental method is to measure the PL from a SWCNT as a function
of excitation fluence under short pulse excitation. At low fluence (i.e., low exciton
density), PL increases linearly and at high fluence (i.e., high exciton density), PL
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saturates (see Section 2.7.2). PL saturation is a phenomena that at high exciton population, where exciton-exciton annihilation (EEA) dominates exciton depopulation,
the total PL is limited by the remaining excitons in the SWCNT surviving EEA. The
transition of PL from the linearly dependent low exciton density regime to the high

Ch4PPDdensity regime provides rich information for the optically excited exciton dephasing,
thermalization, transport, and depopulation in a SWCNT. Figure 4.1 shows typical
power-resolved PL for a single (9,8) SWCNT. PL increases linearly at low excitation
fluence and saturates above Fluence = 1 × 1012 photon cm−2 pulse−1 .
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Figure 4.1: (a) PL as a function of excitation fluence for a single (9,8) SWCNT, 98A,
presented in a log scale. PL increases linearly below Fluence = 0.2 × 1012
photon cm−2 pulse−1 and saturates above Fluence = 1×1012 photon cm−2
pulse−1 . (b) The zoomed in figure of (a) presented in a linear scale. These
figures will be presented and discussed in detail in Chapter 5.Figures are
adapted from reference [70].

We applied the power-resolved method to investigate the time and length scale of
EEA in our selected SWCNTs under various experimental conditions, such as SWCNTs supported by different substrates, excitons excited at different excited states,
and SWCNTs cooled to low temperatures (see Chapter 5).
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Time-resolved PL

Though the power-resolved method provides the relative magnitude of linear to nonlinear exciton relaxation rates, we still don’t know the effective exciton relaxation
lifetime. Thus, the time-resolved PL spectroscopy is required to determine this lifetime.
Since the total PL from a single SWCNT is weak for time-resolved experiments, it
is challenging to implement conventional time-resolved pump-probe PL spectroscopy
techniques. Instead, we utilize PL saturation and perform a correlation measurement
similar to a pump-probe technique to measure the PL relaxation dynamics. This technique, population mixing, was first introduced in 1998 for measuring the decay time of
the photo-generated carriers in p-type gallium arsenide [118]. It has been successfully
applied to the study of other systems including tunneling dynamics, recombination
lifetimes of excitons, and hot carriers [119]. Depending on the laser pulse duration, this technique is also referred to as femtosecond-excitation correlation (FEC)
or picosecond-excitation correlation (PEC). In 2006, H. Hirori et al. first applied
FEC spectroscopy to measure photo-excited exciton relaxation lifetime in SWCNT
ensembles, but they used a different approach that effectively lost information [97].
In our FEC experiments, a SWCNT is optically excited by two similar intensity
laser pulse trains separated by a controllable time delay (as described in Section 3.1.9).
During each laser repetition, PL is saturated by each pulse, and the total PL resulting
from the two pulses is measured at each delay time (see Figure 4.2 (a)). When the
two pulses nearly overlap (i.e., zero delay), the total PL from the two pulses is the
same as that excited by only one pulse. The measured total PL increases with the
time delay and reaches a maximal value when the two pules are sufficiently far apart
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that the excited excitons from the first pulse completely relax before the second pulse
Ch4FEC
arrives (see Figure 4.2 (b)). The maximal PL at this point doubles that of the PL
excited by each individual pules.
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Figure 4.2: (a) and (b) present a schematic of FEC method. (a) A PL time profile resulting from two-pulse excitation given a certain time delay. PL
decreases due to exciton relaxation after the first-pulse excitation and increases upon the second-pulse excitation. The maximal PL from the first
and second-pulse excitation are similar and limited by PL saturation (see
Figure 4.1). (b) FEC as a function of time delay. At zero delay, the total
PL of two-pulse excitation equals to that from a single pulse excitation
due to PL saturation. At sufficiently long delay, the total PL from the
two-pulse excitation doubles that at the zero delay time. (c) Experimental results measured by FEC spectroscopy for a (9,8) SWCNT, 98A, at
excitation Fluence = 1 × 1012 photon cm−2 pulse−1 for each single pulse
(indicated by the arrow in the inset figure). Measured PL is normalized to
that at time delay at 1.3 ns. (Inset): PL saturation for the same SWCNT.
This inset figure is the same as Figure 4.1. These figures will be discussed
in detail in Chapter 5. The figure of FEC is adapted from reference [70].

Figure 4.2 shows a typical result of measured PL as a function of delay time. The
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measured PL is normalized to that measured at time delay of 1.3 ns. The excitation
fluence used of each pulse is indicated by the arrow in the inset figure (Fluence
= 1 × 1012 photon cm−2 pulse−1 ). The inset figure showing PL saturation for the
same SWCNT, 98A, is the same as Figure 4.1 (b).

4.3

Quantization model

As discussed in [65], the unusual hard PL saturation at moderate excitation fluences can be attributed to exciton-exciton interactions. To understand why this can
happen at surprisingly low fluences (i.e., ∼ 2 − 6 excitons in a SWCNTs with the
length ranging from 2 - 5 µm [70]), we use an exciton quantization model to simulate
our measured power-resolved PL (see Section 4.3.1). Consequently, we can extract
SWCNT’s optical absorption, quantum efficiency, and the ratio of linear to nonlinear relaxation rates. The same model is used to simulate the time-resolved FEC to
extract exciton effective lifetime (see Section 4.3.2).

4.3.1

PL saturation at low exciton density

Since we are interested in low to medium exciton populations (i.e., 0 - 10 per SWCNT),
the “quantization” model adapted from reference [120] is found necessary for describing the sharp PL saturation we observed [70]. The widely used exciton relaxation rate
equation described by Equation 2.11 using an “average” exciton number, n, cannot
explain our experimental result of PL saturation [70]. This important message was
discussed in detail in my Master’s thesis [65].
In the quantization model, the ratio of

Γ
ΓN L

was found to play an essential role to
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the observed PL nonlinearity and saturation. Note that in this model, the exciton
nonlinear decay rate is an effective result of exciton transport (e.g., in an exciton
diffusion model, the time it takes for an exciton to diffuse before EEA could happen)
and exciton-exciton annihilation rate.
The initial exciton population follows a Poissonian distribution (see Equation 4.1)
with a mean value of exciton, n̄0 . The number of excitons at a given moment, n̄(t),
is an average result over all probability, ρn (t), from zero to infinity (Equation 4.4),
where ρn (t) is the probability having n excitons in the SWCNT and follows the rate
Equation 4.2.
n̄n0
exp(−n̄0 )
n! 



1
1
dρn
= − Γ + ΓN L (n − 1) n ρn + Γ + ΓN L n (n + 1) ρn+1
dt
2
2


Γ
Γ
1
1
= −ΓN L [
+ (n − 1)] n ρn + [
+ n] (n + 1) ρn+1
ΓN L
2
ΓN L
2
n=∞
X
n̄(t) =
nρn (t)

ρn (0) =

(4.1)
(4.2)
(4.3)
(4.4)

n=0

n̄0 = n̄(0) is the initial mean exciton population. The first and second terms in
Equation 4.2 represent the rates of depopulation and population in the SWCNT
having n excitons. Note that in contrast to the average exciton number used in
Equation 2.11, the exciton number, n, in Equation 4.1 to 4.4 is an integer. Exciton
depopulation by EEA is turned off when n = 1 and 0. This model will be applied to
analyze and extract SWCNT parameters of optical absorption, quantum efficiency,
and

Γ
ΓN L

in Section 5.2.4.
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Extraction of PL lifetime by time-resolved PL

Given a specific exciton number initially injected in a SWCNT, n̄0 , the exciton relaxation dynamics, n̄(t), can be calculated according to Equation 4.4. Following the
FEC method described in Section 4.2.2, measured PL using FEC is linearly proportional to the total integrated PL resulting from the two-pulse excitation (see Section
4.2.1 in [65] and reference [117]):
Z

td

F EC(td ) ≈

Z

−t
τ

∞

−t

[n̄(td ) + n̄0 ]e τ dt
n̄0 e dt +
0
0
Z ∞
Z td
−t
−t
e τ dt
∝
e τ dt +

(4.6)

0

0

= τ [1 − e

(4.5)

−td
τ

]+τ

(4.7)
−t

where td is the time delay between the two excitation pulses, and n̄(t) ≈ e τ (see
Equation 2.7) approximates PL relaxation dynamics from each single-pulse excitation.
The detailed modeling results are calculated and discussed in my Master’s thesis [65].

4.4

Diffusion model

Based on the results obtained by applying the quantization model, we realize the
significance of PL end quenching on the effective PL lifetime in a SWCNT of micronlong or shorter SWCNTs. To answer the question of “How do excitons interact so
efficiently at a low exciton density”, and take into account the PL end quenching, a
diffusion-limited EEA and PL end quenching model were implemented by co-worker,
Mitchell Anderson, in collaboration with the author [66]. The modeling details are
summarized in Section 4.4 and results discussed in Section 5.2.5.
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The diffusion model presented here calculates the exciton relaxation dynamics
based on diffusive excitons (treated as a localized particles) that random walk along
the SWCNT axis. During their effective lifetimes (i.e., before they relax radiatively
or nonradiatively), they can also decay due to PL end quenching and exciton-exciton
annihilation. The probabilities of EEA and end quenching depend on the initial
density of injected excitons and the diffusivity of excitons. This diffusion model is
accomplished by co-worker, Mitchell Anderson, with the author’s participation in the
discussion and supporting experimental evidences.
Compared to the previous quantization model, this diffusion model separates the
exciton decay due to end quenching from the previous “total effective exciton relaxation” (i.e., the linear decay rate , Γ). Thus, in the diffusion model, Γ represents the
intrinsic exciton effective decay rate that does not depend on the SWCNT length. In
the current model, the intrinsic exciton diffusion length is determined by its intrinsic
lifetime and exciton diffusivity.
Monte Carlo simulation is applied to include PL end quenching based on exciton
diffusion. In addition, the exciton depopulation dynamics are simulated by a timesaving analytic model. Calculation results from the analytic model and Monte Carlo
simulation are consistent within the proper range of fitting parameters and exciton
densities. These models are implemented by co-worker, Mitchell Anderson, and the
detailed theory can be found in reference [66].
Optically excited excitons are depopulated by three mechanisms: linear decay,
exciton-exciton annihilation, and end quenching. During the effective lifetime of an
exciton, it travels an average distance by diffusion. If the exciton encounters another
exciton within its lifetime, annihilation occurs. If the exciton diffuses to either end
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where the SWCNT contacts the substrate, the exciton relaxes nonradiatively (i.e.,
PL quenching). The first two depopulation mechanisms have been introduced in the
previous section. End quenching is significant in short SWCNTs and negligible in
infinitely long SWCNTs. Equation 4.8 to 4.10 describe the exciton survival probabilities due to these three depopulation mechanisms as determined by co-worker,
Mitchell Anderson [66]:
PΓ (t) = e−Γt

(4.8)

PEN D (τD , t) =

r 
r 


r  2 r
τD
τD
32t
1
τD
τD
− 8t
√ erf
erf
−
− erf
e
2t
πτD
4t
8t
2

(4.9)

PEEA (τD , t) =
r

 



1
N0 3 N0
N0 − 1 τD
τD
1
×F
,1 , 1 +
, +
1+
,−
N0
N0 + 1 2πt
2
2 2
2
8t
where F (n, d, z) is the generalized hypergeometric function and erf (z) =

√2
π

(4.10)
Rz
0

2

e−y dy

is the error function. τD = L2 /Dx and Dx are diffusional time and diffusivity. Given
the total exciton survival probability, PT OT , and initial injected exciton number, N0 ,
exciton dynamics N (t) can be calculated by:

N (t) = N0 PT OT

(4.11)

PT OT (τD , t) = PΓ PEN D PEEA

(4.12)
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The modeling results compared to the experimental results yield the SWCNT optical absorption, intrinsic exciton diffusivity, intrinsic effective lifetime, and exciton
diffusion length. They will be presented and discussed in Section 5.2.5.

4.5

Temperature dependence of exciton diffusion

Exciton optical responses (including exciton relaxation dynamics and SWCNT absorption and emission spectra) are significantly influenced by phonons (see Section 2.3
and 2.6). Nanotube temperature (lattice temperature) determines the phonon population that may play a role on these optical responses. Thus, the experimental results
obtained from various temperatures provide further insight into exciton-phonon scattering and coupling, unveiling more details about the exciton relaxation mechanism.
The experimental methods and modeling introduced in the previous sections can be
done at any temperature, and Section 3.5 explains how we control the temperature
of SWCNT samples.
The initial exciton generated by absorbing a photon is delocalized in space (as
an extended wave function). Within less than 1 ps, the exciton wave function becomes spatially localized due to random scattering by phonons with a wide range
of momentum (as described in Section 2.7.2). Random exciton-phonon scattering is
believed to happen on a time scale much faster than the exciton effective lifetime.
Thus, during their lifetime, excitons are treated like classical particles and they can
randomly diffuse along a nanotube axis. The reported exciton size (∼ 2 nm) is a
calculation of the separation of the center of mass of electron and hole according to
their binding energy (∼ 0.5 eV or larger depending on the SWCNT chirality [6–9]).
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We have explained earlier in this chapter the power-resolved PL provides information regarding the fast nonlinear EEA. Analyzing the measured PL saturation, we
can estimate the upper limit of Γ/ΓN L ratio. At low temperatures, despite reduced
phonon scattering, phonons may still be active and lead to localized excitons. In
this case, the exciton diffusivity and diffusion length are likely to change with the
temperature. Experimentally measured power-resolved PL will change accordingly.
In the following section and Figure 4.3, we show qualitatively how the power-resolved
PL would change when exciton diffusion length varies at different temperatures.

4.5.1

Qualitative Analysis

Figure 4.3 shows a diagram of PL saturation for two cases in which the exciton
diffusion length is much shorter than the SWCNT length ((a) LD  L) and the
two lengths are comparable ((b) LD ∼ L). For simplicity, a PL saturation curve
is represented by two lines, with one showing the linear regime and the other the
saturation regime. The two curves from these two cases are normalized at their
linear regimes, so we can focus on the PL saturation caused by the nonlinear excitonexciton annihilation. Note that the experimentally measured optical excitation and
nanotube emission are scaled with the axes presented in Figure 4.3 by the absorption
cross section (for X-axis) and optical quantum efficiency (for Y-axis). These can be
done and will be discussed in Section 5.2.4. When LD  L, which is usually the case
for surfactant processed SWCNTs, PL saturates at higher injected exciton. When
LD ∼ L, PL saturates at one photon. When LD  L, nanotube end quenching
becomes significant and PL becomes weak.
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This simple diagram provides a qualitative picture for understanding the correlations between PL saturation, the relative scale of the diffusion length, and the nanotube length. Thus, given a nanotube, we can access the temperature dependence
of the diffusion length by its power-resolved PL at room to low temperatures. If the
diffusion length is the same regardless of the temperature, we expect to see the same
PL saturation at all temperatures. If the diffusion length changes with temperature,
PPD_Cartoon.pdf

we can determine whether it increases or decreases according to Figure 4.3.

Normalized PL

(a) LD << L

(b) LD ~ L

Exciton density
Figure 4.3: A diagram for PL saturation based on exciton diffusion model at two
extremes: (a) the diffusion length, LD , much shorter than the nanotube
length, L, (b) LD comparable to L. To clearly illustrate the PL nonlinearity caused by exciton-exciton annihilation, the two curves are normalized
so they have the same PL action cross sections and PL nonlinearity and
PL saturation are simplified and represented by horizontal lines.

4.5.2

Quantitative Analysis

Intuitively, the average exciton diffusion length is expected to be shorter at lower
temperatures due to smaller exciton kinetic energy thus smaller diffusivity. However,
the exciton effective lifetime may be longer at lower temperatures due to reduced
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phonon scattering1 . Unlike exciton diffusivity, the exciton effective lifetime can be
measured directly. Thus, we exclude the effective lifetime for the current analysis and
focus only on the temperature dependence of the diffusivity.
Assuming excitons are in thermal equilibrium with the lattice, the exciton diffusivity, D, is determined by its effective mass, m∗ , temperature, T , and dephasing
time T2 . Temperature dependence of diffusivity calculated by quantum mechanics is
not straightforward, but it can be simplified by approximating excitons as classical
particles [85]. For particle-like excitons, we expect their diffusivity to be:

D=

kT
T2
m∗

(4.13)

To give an example, the total dephasing time is calculated to be 115 fs for a homogeneous linewidth of 13 meV. At room temperature, for an exciton effective mass of
0.2me , the diffusivity is calculated to be 370 cm2 /s.
Based on this analytic formula, a quantitative analysis can be made for the temperature dependence of the exciton diffusion length. The diffusion length is proportional
to the square root of the diffusivity that has temperature dependence as shown below:
√
LD (T ) ∝ D =
=

r

kT
T
∗ 2
sm

2~k T
m∗ Γh (T )

(4.14)
(4.15)

Γh , a measurable quantity, is the homogeneous linewidth at low exciton population
1

This is assumed in an ideal SWCNT, the total nonradiative decay rate is dominated by the
intrinsic phonon-assisted nonradiative relaxation and assumed the effective exciton relaxation is
dominated by the nonradiative decays. The latter assumption is valid because the optical quantum
efficiency is low (i.e., 10 % or lower).
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(see Equation 2.4).
Since the experimentally measured Γh linearly depends on the temperature when
the nanotube temperature is sufficiently low [78, 79] (see Section 2.6.3), the temperature dependence of the diffusion length becomes:
r
LD (T ) ∝

2~k
T
m∗ Γ0 + aT

(4.16)

where
Γh (T ) = Γ0 + aT

(4.17)

Equation 4.17 is the approximate linewidth derived from Equation 2.5 at low temperatures, where the exciton dephasing rate linearly increases with temperature due
to low-energy acoustic phonons [87, 91].
Using a measured temperature dependence of linewidth, we can calculate the temperature dependence of the diffusion length. This is implemented in the experimental
results and discussed in Section 5.5, but it is useful to demonstrate two extreme cases
here (see Figure 4.4) to provide some perspectives.
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Figure 4.4: (a) Temperature dependence of the homogeneous linewidths of E11 under
two extremes: no dependence on the temperature (solid) and steep dependence on the temperature (dotted). Note that they are normalized at
300 K for comparison and the absolute linewidth at 300 K is chosen to be
10 meV (a typical linewidth for our measured SWCNTs at room temperature). (b) Temperature dependence of the normalized exciton diffusion
length according to the two extremes shown in (a). INSET: Figure (b)
presented in a semi-log scale. The extra horizontal line is a guide to the
eye for the diffusion length shortened by half at lower temperatures.
To clearly illustrate the temperature dependence of the exciton diffusion length,
q
the normalized diffusion length LD ∝ ΓhT(T ) shown in Figure 4.4 (b) is calculated
based on the homogeneous linewidth, Γh (T ) shown in Figure 4.4 (a). An absolute
linewidth of 10 meV at 300 K is chosen; this linewidth is typical of our selected
SWCNTs at room temperature.
We present two extremes with the least (solid line) and most (dotted line) temperature dependence on the homogeneous linewidths. We use Γh (0)=1 µeV to calculate
the dotted line as an approximation for the linewidth broadening caused by intrinsic exciton radiative lifetime. To one extreme when the temperature dependence of
Γh (T ) is the sharpest, Γ0 is negligible compared to the phonon broadening term, aT ,
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thus,

q

T
Γh

∼

q

T
aT
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becomes a constant. Thus the diffusion length is expected to have

no temperature dependence (shown as the dotted line in Figure 4.4(b)). To the other
extreme when the homogeneous linewidth, Γh (T ), is temperature independent (see
the solid line in Figure 4.4(a) ), Γ0 is the dominant term in Equation 4.17. Thus,
the diffusion length linearly increases with the square root of the temperature (i.e.,
q
q
T
T
∼
, where Γ0 is a constant). This is shown as a solid line in Figure 4.4(b).
Γh
Γ0
These two extremes define the two boundaries of the diffusion length dependence on
the temperature due to the diffusivity.
Figure 4.4 (b) is also presented in a semi-log scale (i.e., the inset figure) to better
compare four orders of magnitude. The exciton diffusion length decreases at lower
temperatures in both cases, and the temperatures required to observe normalized LD
decreased by half are below 0.01 K and ∼ 78 K (solid line) respectively.

Chapter 5
Results and Discussion
Optically excited exciton interaction, relaxation, and dephasing mechanisms are the
key knowledge for applications such as CNT-based photonic devices. These mechanisms remain under debate because experimental results vary among nanotubes and
samples due to SWCNTs’ high sensitivity to the extrinsic perturbations. The extrinsic perturbations include the scattering of excitons due to defects and surface
potential variations induced by the environment around SWCNTs. These external perturbations often obscure and inhibit our understanding of intrinsic exciton
behaviour. Literature has shown SWCNT quality and their environment influence
linear optical properties (linewidth, lifetime, absorption, and quantum efficiency) and
nonlinear properties (exciton-exciton interaction). We select high quality SWCNTs
on our samples according to the following criteria: bright and stable PL, narrow and
single-peaked PL spectra, and spatially uniform emission.
By measuring the SWCNTs PL spectra (Section 5.1), power-resolved PL, and
time-resolved PL (Section 5.2) all together, we can analyze and discuss the exciton
interaction and relaxation dynamics from selected SWCNTs with minimal external
108
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perturbations. In Section 5.1, a wide range PLE map and typical PL and PLE spectra are shown and compared to typical PLE maps from commonly used processed
SWCNT ensembles. In section 5.2, the experimental results are analyzed by comparing them to the simulation results from two models and important parameters
are extracted. These parameters include the optical absorption cross section and
quantum efficiency, the effective exciton relaxation rate, the effective exciton-exciton
interaction range and rate, and the exciton diffusivity and diffusion length. The first
model, quantization model, is used to explain the sharp transition from linear to PL
saturation at extremely low exciton densities. The results from the first model calls
for the consideration of PL end quenching and a more detailed understanding for
exciton transport. These are taken into account in the second model and we extract
the exciton diffusivity and diffusion length. We found the exciton diffusivity in a
pristine SWCNT is high. The high diffusivity explains the measured low quantum
efficiency in a short SWCNT due to efficient PL end quenching. A measured quantum
efficiency would decrease rapidly with SWCNT quality and SWCNT length. Detailed
mechanisms and modeling are described earlier in Section 4.3 and 4.4.

5.1

PL and PLE spectra

Wide range PLE map
The measured single peak on a 2D PLE spectrum of a SWCNT determines the chirality of the SWCNT. A 2D PLE spectrum can be obtained by taking PL spectra
at various excitation photon energies. Although PL emission is low from a single
SWCNT, it allows us to analyze the experimental results and determine the intrinsic
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SWCNT properties.
In this subsection, the focus is on the large scale spectral characteristics of the PLE
maps of two distinct types of SWCNT sample (i.e, an unprocessed single SWCNT vs
a processed SWCNT ensemble ). The detailed linewidths and line shapes of PL and
PLE spectra are discussed in the coming subsections and shown in Figure 5.2 and
Figure 5.3.
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Figure 5.1: (a) A wide range PLE spectroscopy of a (10,9) SWCNT showing a single resonance at (λ22 , λ11 ) = (885 nm, 1525 nm) (or (E22 , E11 ) =(1.40
eV, 0.81 eV)). The (10,9) SWCNT is excited in the linear regime where
exciton-exciton annihilation is negligible. A much weaker peak at around
765 nm (indicated by the arrow) is at the photon energy of 1.62 eV.
Approximately 220 meV above E22 , it is assigned to the E22 G-phonon
assisted side band according to reference [51]. (b) PL excitation spectrum at 1525 nm in (a). (c) PLE maps from commonly used processed
SWCNT samples with two different synthesis processes: CoMoCAT for
the top and HiPco for the bottom. Both synthesis processes are by chemical vapor deposition. Details can be found in reference [121]. Figure (c)
is reproduced from reference [121] with copyright permission.
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Figure 5.1 (a) represents the measured result of a single unprocessed SWCNT with
a single resonance peak that has both narrow excitation and emission linewidths1 . The
excitation wavelength range is limited by the Ti:Sapphire laser (see Section 3.1.2) and
the emission range by the InGaAs detector [105]. Note that only one SWCNT was
excited here. (Generally, PL spatial mapping used to locate SWCNTs with a specific
chiralty indicates a low SWCNT density (∼ 2 SWCNTs per mm2 ).)
For comparison, a wide range PLE map of a typical individual unprocessed SWCNT
(see Figure 5.1 (a)) is presented alongside two typical PLE maps obtained from the
commonly used processed SWCNT samples (see Figure 5.1 (c)). In these processed
SWCNT samples, suspension of individual and bundled SWCNTs are contained in
an aqueous solution and the excitation volume includes multiple individual and bundled SWCNTs [121]. In contrast to the PLE map of a unprocessed SWCNT, there
are multiple resonant peaks shown in Figure 5.1 (c) resulting from different SWCNT
chiralities that are similar in their diameters. Each peak is wide in their spectral
linewidths and their spectra overlap.
Comparison of processed and unprocessed SWCNTs in general has been detailed
in Section 2.5. Here we show that we are able to select individual, high quality,
isolated SWCNTs by their PL spectra. Being able to investigate one SWCNT at
a time and revisit the exact same SWCNT at a later time are great advantages of
studying their intrinsic properties. These abilities are not possible in the studies
of ensemble processed SWCNTs in which their relatively large spectral features are
contributed from SWCNTs with different chiralities and qualities due to the structural
and environmental inhomogeneities .
1

The emission spectra of this (10,9) SWCNT are slightly asymmetric with a sharp fall at the
high-energy side due to the falling optical response of the detector. This is not typical and (10,9)
SWCNTs are avoided in this thesis except here and being identified on our SWCNT samples.
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Typical PL & PLE spectrum
Based on the experimental results of more than 30 SWCNTs, including five different
chiralities (listed in Table 3.1), over 80% of the SWCNT PL linewidths range from 8
- 13 meV in FWHM at room temperature. Measured PLE spectral linewidths range
from 36 meV - 46 meV in FWHM based on the experimental results of three SWCNTs
with chiralities (10,9), (9,7) and (9,8). Single-peak, narrow PL linewidth has been
the norm for selecting pristine SWCNTs on our samples. Fig 5.2 (a) shows, at low
excitation power, a typical 2D PLE of a (9,7) SWCNT with excitation and emission

PLE at E = 1.57 eV and E = 0.95 eV. The measured PL and PLE spectra
resonances
22
11
are fitted to Lorentzian functions and the resulting linewidths are 13 meV and 36
meV, respectively (see Figure 5.2 (b)).
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Figure 5.2: (a) A 2D PLE map of a (9,7) SWCNT. (b) Normalized PL () and
PLE ( ) spectral profiles across the peak at (E22 =1.57 eV, E11 = 0.95
eV). The spectral profiles are fitted to Lorentzian functions and their
linewidths in FWHM are 13 meV and 36 meV.
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PL spectral profile
Narrow PL linewidths are used for selecting pristine SWCNTs in our samples, but
detailed PL line shapes are not the main subject of this thesis. Here we show that
our typical SWCNT PL spectra are well fitted by Lorentzian or Gaussian functions.
Figure 5.3 (a) shows a measured (10,8) SWCNT PL spectrum at low power excitation.
The spectral bandpass of the spectrometer is kept particularly narrow (∼ 1 nm) to

Feb06 2012 Tube 108A 0.5 mm

explore the PL line shape in which the measured results required no devonvolution.

108A_Lorentz.pdf

The measured PL spectrum is fitted by Lorentzian and Gaussian functions. The
resulting residuals (shown in Figure 5.3 (b)) are similar in their amplitudes and the
PL linewidths are similar with negligible difference.
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Figure 5.3: (a) A typical PL spectrum for a (10,8) SWCNT fitted by a Lorentzian
(solid line) and a Gaussian (dash line) function. (b) Residuals from the
fitting result.
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Power-resolved and time-resolved PL

In this section, the experimental results are reported from selected bright SWCNTs
with narrow PL spectra. As introduced in Chapter 4, we measured their PL using
power-resolved method (Section 4.2.1) and FEC method (Section 4.2.2) by short pulse
excitation. The measured PL action cross sections (i.e., the product of absorption
cross section and quantum efficiency) and PL lifetimes are among the highest reported
in the literature [70]. High PL action cross sections and long effective PL lifetimes are
related to high optical quantum efficiencies which are the signatures of high quality
SWCNTs with fewer defects and environmental inhomogeneities. Thus, we believe
the measured physical parameters are close to the intrinsic properties of SWCNTs.
In these pristine SWCNTs we also found PL saturates at extremely low excitation
fluences. These fluences correspond to low exciton densities in the order of µm−1 [70].
PL saturation observed at extremely low exciton density cannot be explained by assuming typical absorption coefficients and a diffusion model with an exciton diffusion
length of 6 - 90 nm [30, 31], lengths that describe the exciton behaviour in processed
SWCNTs [35,84]. Thus we have adapted a “quantization model” that can explain well
such efficient PL saturation at low exciton density (see Section 5.2.4). The analysis
based on the quantization model shows fast and efficient exciton depopulation from
an initial number of several excitons to on average one exciton in ∼ 1 ps in severalmicron long SWCNTs. Such results suggest the importance of PL end quenching.
Thus we further improve our analysis by implementing a diffusion model that includes the end quenching effect, and extract values of the intrinsic exciton diffusivity
and diffusion length (see Section 5.2.5).
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Quasi-uniform excitation

Quasi-uniform excitation is one essential experimental condition for successfully extracting the intrinsic exciton properties. Without this step, analysis based on the
power-resolved PL would be complicated and lead to overestimations of the exciton densities corresponding to the PL nonlinearity and saturation [117]. In addition,
quasi-uniform excitation simplifies the simulation by achieving a quasi-uniform initial
exciton population throughout the nanotube. In the following paragraph, the experimental results from two SWCNTs are compared under the experimental conditions
with and without quasi-uniform excitation.
When a long SWCNT is excited by a small laser beam, PL keeps increasing with
excitation fluence because the tail of the laser beam excites a larger and larger portion
of the SWCNT. As a result, PL does not saturate1 . As shown in Figure 5.4 (b), PL
linearly increases with fluence under the experimental condition with an excitation
beam diameter much smaller than the SWCNT length (see Figure 5.4 (c)). In sharp
contrast, under quasi-uniform excitation (see Figure 5.4 (a)), PL saturates above ∼ 10
W/cm2 .

1

The detected PL is constrained by the field of view which is larger than the SWCNT length
and excitation beam diameter in the present example. The effect of field of view on the measured
PL is published and described in [65, 117].
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Figure 5.4: Typical PL saturation for a nanotube with its length much smaller than
beam size ( ) and no PL saturation for a nanotube with length much
larger than excitation beam size (). Experimental results of the 40-µm
long nanotube are adapted from reference [117]. Cartoons at each side
are the visual representations of each case.

A similar problem would occur for the ensemble studies unless the field of view is
restricted to a small region that is quasi-uniformly excited (e.g., as for confocal light
collection). For our long SWCNTs (> 10µm), an alternative is applied to achieve
quasi-uniform excitation by restricting PL collection to a small area at the center of
the beam (see Figure 5.5). This condition is experimentally achieved by restricting
the horizontal slit width at the entrance of the spectrometer.

Restricted.pdf
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restricted PL imaging

nanotube

Figure 5.5: For a long SWCNT excited with a beam size smaller than nanotube
length, quasi-uniform excitation can still be achieved by restricting the
field of view.

The effect of the inhomogeneous excitation on the detected PL has been neglected
especially in the studies of ensemble measurements. For example, Murakami and
Kono [35] report PL saturation at fluence 1014 /cm2 and developed their diffusionlimited exciton-exciton annihilation model based on these fluences. As described in
their paper, nanotubes are in solution contained in a 1-mm-thick quartz cuvette.
In such experimental condition, ensemble measurements of PL are averaged over
SWCNTs that are randomly orientated in three dimensions. PL emission of each
SWCNT is polarized parallel to its axis and the optical absorption strongly depends
on the degree of parallelism between the nanotube axis and the polarization of the
excitation laser. Such optical absorption and PL emission inhomogeneities strongly
influencing the detected PL, were not discussed or described in the paper. In addition,
the uncertainties on the estimations of the initial exciton populations per SWCNT
would be large in the ensemble measurements if the distribution of the SWCNT
lengths is not determined.
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Typical PL saturation from a SWCNT

Figure 5.6 shows a typical PL saturation for a pristine (9,8) SWCNT. The nanotube
length is 4.5 µm and quasi-uniformly excited with a large beam size (FWHM 13 µm).
Figure 5.6 is presented in a log scale to highlight the linear regime (< 0.2 × 1012 cm−2
pulse−1 ) and the saturation regime over a decade (> 1 × 1012 cm−2 pulse−1 ). There
are four data sets resulting from repeatedly increasing and decreasing the excitation
fluence. The distribution of the data sets suggests neither hysteresis nor nanotube
damage. The inset is its PLE spectra showing a singe narrow peak resonant at (E11 ,
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Figure 5.6: (a) A typical PL dependence on excitation fluence (i.e., power-resolved
PL) in a log scale for a (9,8) single SWCNT (nanotube identity: 98A). The
excitation is at E22 resonance, 1.55 eV, and emission is at E11 resonance,
0.90 eV. The inset is its PLE spectroscopy. Figures are adapted from
reference [70].
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High PL action cross section

Estimation for the optical absorption and quantum efficiency from a single SWCNT
are often indirect. However, their product can be directly measured if both the excitation and emission axes are well calibrated and presented by well defined units. This
measurable product is commonly known as PL action cross section (PLAC). There
are few papers reporting the measurements of PL action cross section [20], especially
on individual SWCNTs. Tsyboulski et al. [20] reported their measured PL action
cross sections, from the high quality processed SWCNT ensemble, of 1.7 − 4.5 × 10−19
cm2 /atom using circularly polarized light. Our measured PL action cross sections
(∼ 0.5−3.5×10−18 cm2 /atom) resulting from nine individual SWCNTs using linearly
polarized light were among the highest reported [70]. In part, our higher SWCNT
absorption estimate results from the optimized absorption of SWCNTs achieved by
aligning the light polarization parallel to the SWCNTs axes [65]. However, this only
accounts for a factor of two in difference compared to the circularly polarized light
used in a random-orientated SWCNT ensemble [20]. High PL action cross sections
suggest that high quality SWCNTs are selected in our experiments.
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Figure 5.7: PL saturation for seven (9,8) and two (10,8) SWCNTs. Note that xaxis, F luence × Nc , is linearly proportional to the total initial exciton
population (see Equation 5.1) and is necessary for comparison among
nanotubes. The figure is adapted from reference [70].

5.2.4

Results analyzed by quantization model

As introduced in Chapter 2, PL at E11 from a SWCNT is a result of photon emission
of excitons populated at the E11 bright state. Thus, PL intensity is proportional to
the average E11 exciton number in the optically excited SWCNT. At low power excitation, PL linearly increases with the average number injected excitons. At this linear
regime, the ratio of the photons emitted to the photons absorbed in the SWCNT is
determined by the PL action cross section (i.e., the product of SWCNT absorption
and quantum efficiency). Beyond the linear regime at higher excitation powers, efficient exciton-exciton annihilation (EEA) limits the total PL a SWCNT can emit.

CHAPTER 5. RESULTS AND DISCUSSION

122

The understanding of the intrinsic exciton linear and nonlinear behaviour requires
correct estimations of exciton density at a given excitation condition. Despite the
challenges, such as the indirect measurement of SWCNT optical absorption, and the
weak emission of a single micron-long SWCNT, we are able to extract individual
SWCNT optical absorption and quantum efficiency by analyzing the experimental
results using a quantization model.
Although PL saturation provides information on the relative relaxation rates of
exciton-exciton annihilation and exciton effective decay, time-resolved experiments
are required to measure the nonlinear and linear exciton relaxation lifetimes. Due
to the limitations of the current experimental setup and the detector, time-resolved
exciton dynamics measuring transient absorption from a single SWCNT is not possible. The alternative is by time-resolved fluorescence spectroscopy, such as optical
Kerr gating [10, 23] and time-correlated single photon counting [25, 67, 96]. All of
them were SWCNT ensemble measurements except those in reference [25]. The challenge results from the weak total PL of a single SWCNT, which is limited by very
efficient EEA. Thus, femtosecond excitation correlation (FEC) is implemented when
measuring the time dynamics of the integrated PL between two excitation pulses.

Power-resolved PL
In our experiments, both axes in a typical PL saturation figure were calibrated and
presented in well defined units. This enabled the comparison of the simulation and
experimental results by two fitting parameters: the ratio of nonlinear to linear relaxation rates,

ΓL
ΓN L

(see Section 4.3), and the SWCNT optical absorption (σab ). The

best fitting results were determined by the minimal reduced chi-square [65].
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PL dependence on the injected number of excitons can

be calculated according to Equation 4.1 to 4.4. The theoretical calculation compared
to the experimental results was achieved by calculating the average injected exciton
number, n̄0 , according to Equation 5.1.

n̄0 =



photon
F luence
cm2 pulse



 

cm2
(Nc [atom]) σab
atom

(5.1)

The only fitting parameter on this excitation axis is SWCNT atomic absorption cross
section, σab . The excitation fluence, F luence, is the measured result from the excitation beam intensity. The total number of carbon atoms ,Nc , is calculated according
to the measured SWCNT length, L, diameter, dT , and the carbon surface density,
σc = 37 atoms/nm2 (i.e., Nc = πdT Lσc ).
PL per pulse per SWCNT at any given fluence is then calculated according to
Equation 5.2.
Z
P L = ηcoll

∞


n̄(t)dt (αηQE )

(5.2)

0

ηcoll is PL collection efficiency that can be experimentally calibrated (see section 3.1.7).
αηQE is the experimentally measured quantum efficiency, with α ≤ 1 indicating the
imperfection of a SWCNT, and ηQE is the intrinsic quantum efficiency. The measured
PLAC is equal to σab × (αηQE ) at low excitation fluences in the linear regime.
Figure 5.8 shows typical fitting results using Equation 5.1 and 5.2. This figure is a
zoomed in figure of Figure 5.6 in a linear scale to show more details at the region of low
excitation fluences. Note that PL decreases at the highest three excitation fluences in
Figure 5.6 which may be caused by higher order nonlinear effects not included in the
current model. Thus they are excluded in the process of fitting. The simulation of PL
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saturation
is found consistent with experimental results with
PPD_PRL98A_b

Γ
ΓN L

≤ 0.01 according

to the minimal reduced chi-squares (see p68 -72 of reference [65]).
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Figure 5.8: A typical power-resolved PL for a single (9,8) SWCNT and the fitting
results using quantization model (using Equation 5.1 and 5.2). This is a
zoomed in figure of Figure 5.6 in a linear scale shows linear PL dependence at low fluences (< 0.2 × 1012 cm−2 pulse−1 ), nonlinear dependence
at moderate fluences and saturation at high fluneces (> 1 × 1012 cm−2
pulse−1 ). Dots are measured results and lines are fitting results from a
quantization model. Four different fittings are applied with various Γ/ΓN L
ratios and the best fit is determined by the minimal reduced chi-square,
χr . Both axes are in real units, thus only one fitting parameter σab is required for each fitting and we obtain the absorption of the SWCNT and
the corresponding exciton density at any given excitation fluence. Figure
is adapted from reference [70].

Similar analysis is applied to a number of SWCNTs, shown in Figure 5.7, with
two different chiralities and various nanotube lengths (2.0 - 5.4 µm). Since exciton
dynamics is influenced by exciton density, to compare PL saturation results from
nanotube to nanotube with different lengths, excitation fluences are multiplied by
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the total carbon atoms, Nc . For each nanotube, F luence × Nc is linearly proportional
to the initial exciton population by SWCNT absorption (Equation 5.1). We report
absorption σab = 0.6 − 1.8 cm2 /atom and quantum efficiency αηQE = 7 − 20% that
are among the highest in the literature [70].

Time-resolved PL
Figure 5.9 (a) shows the time-resolved PL using FEC method (see Section 4.2.2) at
three different initial exciton populations (determined by F luence × Nc ) and their
fitting results. Measured FEC are normalized to the measurement taken at the longest
time delay, 1.3 ns, for comparison. PL saturation for the same SWCNT is also
shown in an inset figure in which the three arrows indicate three exciton populations
used for each pulse. The results from these three initial states are consistent within
uncertainties, thus the data are well fitted by a monoexponential function with an
effective lifetime of ∼ 90 ps. Figure 5.9 (b) further shows the results from four
different (9,8) SWCNTs and we obtain an effective PL lifetime of 85±20 ps [70]. Such
SWCNT PL lifetime is among the highest reported [10, 19, 23–28] and explained by
fewer structural defects and environmental inhomogeneities in high quality SWCNTs.
These extrinsic effects increase the overall exciton nonradiative decay rate and thus
shorten the exciton effective lifetime.
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Figure 5.9: (a) Experimental results measured by FEC spectroscopy for a (9,8)
SWCNT, 98A, at three different initial exciton populations in the PL
saturation regime. (Inset): PL saturation for the same SWCNT. Three
arrows indicate F luence × Nc used in FEC. (b) Results from four different (9,8) SWCNTs, each at three different exciton populations in the PL
saturation regime. They are all normalized to the measurement taken at
the longest delay time at 1.3 ns. Figures are adapted from reference [70].

A monoexponential function is commonly used to fit the time-resolved PL relaxation in SWCNTs. This function provides a quick estimation of the exciton effective
lifetime. Despite this advantage, it is not an ideal fitting function according to the
residuals of fitted results. There is an obvious trend to the residuals of the fitted
results, as observed in several plots shown in Figure 5.10 (e) -(h). For these four
SWCNTs, residuals are consistently negative at short and long time delay (< 10 ps
and > 100 ps) and typically positive at moderate time delay (10 - 100 ps).

τ = 710 ± 30 ps

FEC_Res.pdf
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Figure 5.10: (a)-(d) Normalized FEC for four pristine (9,8) SWCNTs and their fitting results by monoexponential functions (lines). (e)-(h) Nonuniform
residual resulting from the monoexponential fitting for each nanotube.

Such a pattern suggests that exciton dynamics is not determined by a single linear
relaxation rate. There may exist additional exciton relaxation mechanisms that occur
at distinctly different time scales. Possible mechanisms included EEA, but it was
proven that FEC lacks sufficient sensitivity to detect the exciton relaxation dynamics
resulting from EEA [65, 117]. Despite this limitation, as presented in the following
section, we show that this additional exciton relaxation mechanism can be explained
by PL end quenching.

5.2.5

Long diffusion length and high diffusivity

PL dynamics analyzed by the diffusion model
The exciton diffusion model including PL end quenching, introduced in Section 4.4,
is applied to simulate the FEC experimental results by the author. As shown in
Figure 5.11 as a typical example, the new model yields superior results with no

128

obvious trend in the residuals. Note that the experimental results in this figure are
the same as those presented in Figure 5.10(a). In the fitting process, only two fitting
parameters are used (i.e., the exciton diffusivity, D, and the exciton intrinsic lifetime,
τ ). The best fit for the simulation to the experimental results of FEC is determined
by the minimal reduced chi-square. From the fitting results, we obtained the exciton
diffusivity, D = 240 cm2 /s, intrinsic lifetime τ = 710 ± 30 ps, and intrinsic exciton
√
diffusion length, LD = Dτ = 4.4 µm.
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Figure 5.11: FEC experimental results for a (9,8) SWCNT, 98A, fitted by the exciton diffusion model that includes PL end quenching. The experimental
results are the same as those presented in Figure 5.10(a).
In the previous quantization model, the effective lifetime Γ−1 = 85 ± 20 ps was
an average result of all the possible exciton relaxation pathways including PL end
quenching [70]. In the diffusion model, PL end quenching (which is shown to be significant even in micron-long SWCNTs) is separated from the overall exciton effective
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relaxation. As we expect, the obtained intrinsic exciton lifetime of 350 − 750 ps is
longer than the effective lifetime [66].

PL saturation analyzed by the diffusion model
The exciton diffusion model including PL end quenching is also applied by the author
to simulate the power-resolved PL. Figure 5.12 shows a typical example of the model
fitted to experimental results from a single (9,8) SWCNT. Theoretical results (• in
Figure 5.12) are calculated according to the analytic formulas created by co-worker,
Mitchell Anderson, presented in Section 4.4 (see Equations 4.8 to 4.12). Note that
the experimental results in Figure 5.12, collected by the author, are the same as
those presented in Figure 5.8. The absorption cross section obtained from the fitting
results is 1.52 ± 0.01 × 10−17 cm2 /atom in contrast to 0.73 × 10−17 cm2 /atom from
the previous quantization model without PL end quenching (explained below). The
measured optical quantum efficiency is determined to be ∼ 7%.
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Figure 5.12: Measured PL saturation and calculated results for a (9,8) SWCNT using
exciton diffusion model described in Sec 4.4 that is created by co-worker,
Mitchell Anderson, in collaboration with the author. The experimental results, collected by the author, are the same as those presented in
Fig 5.8.

The higher optical absorption resulting from the diffusion model compared to the
quantization model is expected. The difference originates from the PL end quenching
previously not included in the quantization model. The exciton densities corresponding to the experimentally measured PLAC are higher when an additional exciton
depopulation mechanism (i.e., end quenching) is included. This requires a higher optical absorption cross section. In addition, since the PL end quenching plays a role in
the exciton depopulation, the “intrinsic” optical quantum efficiency is expected to be
higher than the experimentally resolved optical quantum efficiency (αηQE = 8%). A
detailed analysis of the intrinsic optical quantum efficiency depending on the SWCNT
length is beyond the scope of this thesis. Readers are directed to reference [66] for
further discussion on this subject.
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Similar to the quantization model, the diffusion model also suggests efficient EEA,
as a result of highly diffusive excitons and fast exciton annihilation rate. The reported
diffusivities (130 - 350 cm2 /s [66]) from our selected SWCNTs are among the highest
in the literature (i.e., 0.1 - 200 cm2 /s at room temperature [36, 37]). The calculated
micron-long exciton diffusion length resulting from long exciton intrinsic lifetime and
high diffusivity agrees with a recent published work [85]. They estimated an intrinsic
exciton diffusivity of ∼ 370 cm2 /s and intrinsic diffusion length of ∼ 1.4 µm while
reporting that their experimentally resolved exciton diffusivity (7.5 ± 2.3 cm2 /s) and
diffusion length (203 ± 60 nm) are limited by the nanotube environmental disorder.

5.3

Verification of PL saturation

In our selected SWCNTs, we observed PL saturation at very low excitation fluences that were orders of magnitude lower [70] than those reported in the literature [25, 35, 83]. Since these contrasting results were obtained with different sample
environments1 , it is useful to verify if the PL saturation at such low fluences is observable with different substrates and not particular to our SWCNT substrate (i.e.,
Si on SiO2 as shown in Figure 2.5 (a)). With a band gap of 1.1 eV, silicon absorbs
the optical excitation at E22 strongly. What needs to be determined is whether these
excited electrons in silicon (which contacts with the SWCNTs at their two ends) play
a role in the experimental results.
To investigate the effect of Si/SiO2 substrate, we did similar experiments on a
1

For example, the SWCNT sample used in reference [35] is nanotube ensemble with various
chiralities. SWCNTs are randomly oriented in three dimensions. Distribution of nanotubes lengths
is undetermined, and on average, the nanotube lengths are shorter (∼ 600 nm) than our SWCNTs
(microns).
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metallic substrate and compared their results. In this sample, SWCNTs contact at
their two ends to the metallic copper grid (see Figure 2.5 (b)). Unlike the Si/SiO2
substrate, the concern of additional excited electrons in the substrate is eliminated.
Single (9,8) SWCNTs with similar nanotube lengths were studied on each substrate. In both experiments, quasi-uniform excitation was achieved by exciting with a
large beam size. The laser polarization was parallel to the SWCNTs axes. Excitation
and emission resonances are similar to those reported in Table 3.1 within 5 meV.
Figure 5.13 (a) shows the experimentally measured power-resolved PL for the
two individual (9,8) SWCNTs on these two completely different substrates. The
power-resolved PL from both samples show similar PL saturation. Note that the
absolute values on PL emission depend on the nanotube length and the effective
optical quantum efficiency, αQE which varied from nanotube to nanotube. Thus PL
emission data sets are normalized to each set’s maximal PL, to enable a comparison.
As mention earlier, PL decreases at higher fluences possibly due to higher order
nonlinear effects. These effects are not the focus of this thesis and they are excluded
in the analysis and discussion.

SubstrateEffect
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Figure 5.13: (a) Power-resolved PL for two individual (9,8) SWCNTs, each from two
distinct types of nanotube samples: Si/SiO2 () and metal grid ( ).
Measured PL of each nanotube is normalized to their maximal value for
comparison. (b) and (c): The experimental results from the nanotube
on Si/SiO2 and metal grid substrate are fitted to a simple formula, A ∗
[1 − exp(X/XSAT )], representing PL saturation (see the text for details).

Size: 70 %
For the purpose of quantitative comparison,
experimental
are fitted to
Si/SiO2: the
X_SAT
= 0.15827results
+‐ 0.01311

Metal
grid: X_SAT
0.11157
+‐ 0.00762 )].
a simple formula that represents the PL
saturation:
PL == A
∗ [1 − exp(−X/X
SAT
X represents F luence as the variable on the X-axis. A and XSAT are the two fitting
parameters. The fitting results are shown in Figure 5.13 (b) and (c). Since the fitted
amplitudes, A, are not important in the normalized data sets, we only care about
the fitted results of XSAT . They are proportional to the injected exciton densities
at which exciton-exciton annihilation becomes significant and manifest themselves on
the PL nonlinearity.
Similar to the analysis made in Figure 5.8(b), in Figure 5.13 (b), the experimental
results at the highest three fluences are excluded in the fitting process. Power-resolved
PL on both samples show similar XSAT . The fitted results for the nanotubes on the
Si/SiO2 and the metal grid substrates are XSAT = (0.16 ± 0.01) × 1012 [photon
cm−2 pulse−1 ] in Figure 5.13(b), and (0.11 ± 0.01) × 1012 [photon cm−2 pulse−1 ] in
Figure 5.13(c). These two values are well within the range of XSAT = (0.06 - 0.3) ×1012
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[photon cm−2 pulse−1 ] resulting from the nine SWCNTs presented in Figure 5.7 using
the same fitting method. Thus, we confirm that the nonlinearity and PL saturation
originate from nonlinear exciton-exciton annihilation and the experimental results are
not obscured by substrate induced extrinsic environmental effects.

5.4

E11 excited state

Although it was experimentally measured in ensemble SWCNTs [93, 95], the fast
relaxation from E22 to E11 in single pristine unprocessed SWCNT was not experimentally observed. Studies of E11 exciton relaxation by directly exciting a SWCNT
at E11 are desired but very challenging using PL spectroscopy. Very weak PL emission limited by efficient EEA from a single SWCNT is covered by the much stronger
scattering light from the excitation.
Previous analysis on the PL saturation assumed that the specific exciton injection
pathway was not relevant, and that the nonlinearity occurred through interactions of
E11 excitons. To verify this, we inject excitons through a different pathway that is
independent of E22 to see if similar results are obtained.
In Figure 5.14(a), a wide range PLE spectroscopy for a (9,7) SWNT shows a weak
side band at 1.38 eV which is assigned to an exciton excited state, E∗11 , according
to reference [9, 51]. Upon a low excitation power (in the linear regime), PL emission
resulting from the excitation at E∗11 is ∼ 5.5 times lower than when excited at E22 .
This means that PL action cross section is 5.5 lower for the excitation at E∗11 . The 5.5
times in PL action cross section could be due to a weaker absorption cross section at
E∗11 or a less efficient transition from E∗11 to E11 than from E22 to E11 . In the following
paragraphs, we show that the factor of 5.5 difference in their measured PL action

PPD_Sideband
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cross sections is more likely due to their different absorption strengths.
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Figure 5.14: (a) Measured PLE spectroscopy of a (9,7) SWNT (nanotube identity:
97A) in air at room temperature. Inset: Normalized PL spectra excited
at E22 ( ) and E∗11 (). (b) Power-resolved PL for 97A excited at E22
File:
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Note that the standard unit for the optical excitation we have been using is “Fluence (photons/cm2 )” because the number of the injected excitons is proportional to
the number or incident photons. Thus the factor of 5.5 difference in the incident
powers at two different excitation photon energies (i.e., E∗11 /E22 =1.38 eV/ 1.57 eV =
0.88) is calculated to be a factor of 5.5 × 0.88 = 4.8 difference in the incident photon
number.
Assuming the absorption cross section at E∗11 is 4.8 smaller than that at E∗22 , to
generate the same amount of initial exciton population, the SWCNT requires ∼ 4.8
times higher excitation fluence at E∗11 . If this is the case, the onset of PL saturation
should happen at 4.8 times higher incident fluence.
As shown in Figure 5.14 (b), PL emission is compared at similar initial exciton
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population by scaling the excitation fluence at E∗11 by a factor of 4.8. The measured
PL emission at these two distinct excitation energies overlap within uncertainties.
The consistency between two distinct excitation pathways after merely scaling their
X-axes suggest the following.
First, under similar numbers of injected excitons, their similar PL intensities in
their nonlinear and saturation regimes suggest that the population of “bright” E11
excitons (i.e., within the light cone) are similar from these two very different excitation
pathways. This means the exciton depopulation from E22 to E11 and from E∗11 to E11
are indistinguishable in terms of the resulting E11 exciton population and momentum
distributions.
Second, their similar transition from PL linear to saturation regimes suggest the
nonlinear exciton-exciton annihilation are similarly efficient (whether the EEA happens at E22 , E∗11 , or E11 ). It is interesting that similar results on PL saturation were
also observed in single SWCNTs excited at a E11 phonon side band ∼ 70 meV above
the peak emission energy [116]. Since the SWCNT exciton radiative lifetime is the
same in the same SWCNT, measured similar PL intensities are consistent with similar
exciton effective lifetimes. The latter is indeed what we measured (see Figure 5.15).
Time resolved experiments for two SWCNTs excited at E22 and E∗11 are also compared (Figure 5.15). The resulting effective lifetime by fitting to a monoexponential
function are 44 ± 8 ps (for E22 excitation) and 40 ± 5 ps (for E∗11 excitation). The
similar results at two distinct excitation energies suggest there are negligible differences between relaxations from E22 to E11 and from E∗11 to E11 . It is likely both
relaxation rates are greater than (100 fs)−1 . Similar PL spectra (shown in the inset
of Figure 5.14 (a)) resulting from excitation at these two resonances (both in the
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FEC_Sideband.pdf
linear regime) strengthen this speculation. The measured effective lifetimes for this
SWCNT, 97B2, are shorter than those of (9,8) SWCNTs presented in Figure 5.9
and 5.10 due to some variations in their experimental conditions1 .
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Figure 5.15: Time-resolved measurements using FEC for a (9,7) nanotube (nanotube
identity: 97B2) excited at E22 () and E∗11 ( ).

5.5

Temperature dependence

At lower temperature, PL band gap is expected to be blue-shifted due to the reduced
atom spacing and PL linewidth is expected to be narrower due the reduced exciton
dephasing rate. Experimental results from our nanotubes are presented and discussed
in Section 5.5.1.
Literature has reported that in the linear regime, PL intensity increased from
300 K to approximately 50 K. The results were attributed to either a decreasing
1

97B2 is relatively short (i.e., ∼ 3 µm) and a different chirality SWCNT compared to those (9,8)
SWCNTs. It was also on a different nanotube sample prepared over a year later than the sample of
the (9,8) SWCNTs.
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nonradiative decay rate [25, 27] or a increasing radiative decay rate [12, 13] with
temperature. Our experimental results suggest the latter and the detailed discussion
is presented in Section 5.5.2.
In section 5.5.2, we also discuss how the exciton diffusion and exciton-exciton
interaction changes at lower temperatures. The carrier transport in some nanostructures may be neither ballistic nor diffusive, but in between these two extremes [122].
Nonetheless, in section 5.2.5, we have argued that a diffusion-limited EEA and end
quenching model explains the exciton relaxation dynamics by exciton-exciton annihilation and end quenching based on a random walk at room temperature.
In a diffusion model, exciton scattering is reduced at lower temperatures due to
the low thermal energies of excitons and phonons. If the diffusion model is still
valid at lower temperatures, we expect to see the diffusivity and diffusion length
decrease with temperature. As a result, exciton-exciton interaction would be less
efficient at lower temperatures for a given injected exciton density. In other words,
PL nonlinearity happens at a higher excitation fluence compared to that at room
temperature. However, in the case that the diffusion model breaks down, we expect to
see more efficient exciton-exciton annihilation at lower temperatures. Possible exciton
transport mechanisms include ballistic motion due to high-momentum excitons or
long-lived delocalized excitons due to longer coherence time [123].

5.5.1

PL spectra at lower temperatures

Narrower PL linewidth
In section 2.6, it has been explained that the measured linewidth of PL is determined
by the temperature and the exciton density. In this section, we present PL and PLE
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spectra from 290 to 78 K under low power excitation. Thus linewidth broadening
from exciton-exciton scattering is negligible.
In general, measured PL linewidths increase with temperature (thermal broadening) and appear to be linearly dependent from 290 -78 K (see Section 2.6). The
linear dependence is what we would expect since the excitation fluence is kept low
in the linear regime, and the PL linewidths are dominated by low-energy acoustic
phonon scattering events. The absolute linewidth and its temperature dependence
vary among nanotubes and are attributed to their various environmental perturbations. That means the measured PL linewidth may not be purely intrinsic but have
some linewidth broadening component due to environmental perturbations. This may
also explain why the PL line shape fits somewhere between a Lorentzian and a Gaussian function (see Figure 5.3). The contribution of PL linewidth broadening due to
environmental perturbations is much lower in our selected bright SWCNTs compared
to processed nanotubes. However, the measured homogeneous linewidths (not the
much broader PL linewiths) of processed nanotubes using nonlinear spectral hole
burning [78] or four-wave mixing [79] techniques are similar or larger to our measured
linewidths.
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Figure 5.16: PL linewidth in FWHM of four (10,8) ((a), (b)) and four (9,8) nanotubes ((c), (d)) from 290 K to 78 K. Nanotube 108 H (b) shows that
the measurements at a different time during the investigation could have
a scatter larger than the standard error associate to each single measurement. Nanotube 98K (d) shows reproducible results in the linear regime
with excitation fluences varying an order of magnitude.
Figure 5.16 shows the temperature dependence of PL linewidths in FWHM of
four (10,8) and four (9,8) SWCNTs from 290 K to 78 K. These nanotubes all have
narrow linewidths at room temperature (i.e., 8.5 - 14 meV) and thus are selected. In
contrast, at 78 K, the linewidths vary from 5 - 10 meV. Since the vacuum environment
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for the SWCNTs was not perfect (pressure between 10−8 - 10−5 mbar), adsorbate
molecules could adhere to the SWCNTs upon cooling. For example, Figure 5.16 (b)
shows the PL linewidths measured at the beginning of the nanotube investigation (,
cooling) and those during the investigation at low temperatures starting from 78 K
(

, heating). In general, PL FWHMs measured after being cooled down to 78 K are

slightly broader than those at the beginning.
A narrower PL linewidth indicates a more pristine nanotube. Those SWCNTs
with smaller linewidths (e.g, Nanotube 108H, 98A, and 98D) are believed to be more
pristine than others. Thus, for future experiments that require even higher quality
nanotubes, it is more efficient to select them by their narrow PL linewidths at low
temperature rather than at room temperature.
A narrower linewidth often means a cleaner SWCNT, and such results from a
SWCNT better represent intrinsic exciton behaviour. Despite this, we should be very
careful to note that very sharp linewidths at cold temperatures do not necessarily
imply a pristine SWCNT. Presumably, an exciton with low thermal energy could
be locally trapped at a site that confines it like a quantum dot, perhaps due to a
structural defect or external perturbation. This extrinsic effect could be identified by
checking the spatial uniformity of PL linewidths along the SWCNT axis assuming
that the defects are farther apart than the excitation beam size.

Lack of PL band gap shift
Figure 5.17 shows the PL center energy of four (10,8) and four (9,8) SWCNTs. Measured PL center energies from these eight SWCNTs in general show no significant
correlation with temperature except nanotube 108H in Figure 5.17 (b). Although
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the PL emission energy is expected to blue shift at lower temperatures [50, 60], as
commonly seen in semiconductors [124] (for example, see Figure 3.17), band gap energy is influenced not only by lattice temperature but also by the dielectric constant
and thermal expansion of the nanotube environment [61]. These two environmental
factors, for which we currently have no methods to measure, may have changed with
temperature. For example, at lower temperatures, water molecules are more likely
to stick to the SWCNT and increase the environmental dielectric constant of the
SWCNT. This would reduce the band gap and diminish the blue-shift.
Figure 5.17 (b) shows a case of PL center energy changing significantly after cooled
down to 78 K from 290 K. The measurements of PL spectra were taken in the order
of cooling (290 K to 78 K) followed by heating (78 K to 290 K). The overall measured
PL center energies appear lower after the SWCNT was cooled down to 78 K possibly
due to an increase of environmental dielectric constant by water molecules. These
additional molecules may not strongly bond to the SWCNT thus, at the end of 290 K
upon heating, the PL center energy approached that at the beginning. Note that this
SWCNT and those behave similarly are excluded in the analysis of power-resolved
and time-resolved experiments.
Both band gap red-shift [91] and blue-shift [50,125] were experimentally observed
in unprocessed nanotubes. The band gap shift due to the strain on a suspended
SWCNT at different temperatures is complicated and depends on the thermal expansion of both the nanotube and the substrate.
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Figure 5.17: Temperature dependence of the center photon energy of PL (at E11 ) for
four (10,8) and four (9,8) SWCNTs. The standard error resulting from
the fitting by a Lorentzian function to each measurement is smaller than
the size of the symbols. Figure (b) shows a special case of PL center energy changing significantly after cooled down to 78 K (nanotube: 108H).
See detailed comments on this SWCNT in the text.

Detailed studies on the temperature dependence of PL spectra are not the focus
of our studies here. However, the measurements of PL spectra at each temperature
are necessary for our studies of temperature dependence on exciton relaxation and
interaction dynamics. Specifically, the measurements of band gaps allow us to record
PL at the center of the emission wavelengths and the measurements of linewidths
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provide information for selecting pristine nanotubes as well as for the calibration of
total PL emission for comparison (see section 3.2.3).

PLE linewidth
Figure 5.18 shows PLE spectra from a single (10,9) SWCNT at 290 K and 78 K.
PLE linewidths obtained by fitting a Lorentzian function to each PL spectrum are
37 ± 1 meV for 290 K and 32 ± 2 meV for 78 K, respectively. The narrower PLE
linewidth at 78 K compared to that at 290 K (discrepancy < 15%) suggests a slightly
higher optical absorption coefficient at E22 . Since the temperature dependence on
SWCNT optical absorption is much weaker than the temperature dependence shown
in Figure 5.22 (c) and (d) thus, the absorption coefficient is assumed a constant during
the analysis in Section 5.5.2.
Nanotube: 109D
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78 K
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Figure 5.18: Normalized PLE spectra of a (10,9) SWCNT at 290 K and 78 K. The
range of the excitation photon energy is limited by the Ti:Sapphire laser
(see Section 3.1.2).
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Temperature dependence of EEA and exciton lifetime

The experimental results on the temperature dependence of PL spectra, PL saturation, and time-resolved PL from a single (10,8) SWCNT are presented and analyzed
in this section. So far, we are not able to make quantitative conclusions based on
these preliminary results, but we can summarize the overall trend and provide a possible explanation. The analysis presented in this section provides a useful reference
for future work on the studies of the temperature effects on exciton behaviour.
It is important to point out that the SWCNT studied in this section is not uniformly bright for the entire tube length according to its high resolution PL mapping
(see Figure 5.19). It is a long nanotube (∼ 50 µm) and the excitation beam used
(FWHM ∼ 40 µm) is smaller than the nanotube length. Thus, the PL saturation
experiments are conducted by collecting PL from the center region of a nanotube to
avoid geometric effects and to achieve quasi-uniform excitation (see Section 5.2.1).
This SWCNT is selected due to its narrow linewidth, stable and bright PL, and
reproducible results.
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Diffusion length, LD , is determined by the diffusivity, D, and the exciton effective
√
lifetime, τ by LD = Dτ . Since the measured exciton effective lifetimes are similar
p
√
from 300 to 140 K (see Figure 5.21), we have used LD ∝ D ∝ T /Γh (T ) (see
Equation 4.16 and 4.17) to calculate the temperature dependence of diffusion length.
(Model details are presented in Section 4.5.) In Figure 5.20 (b), the calculated exciton
diffusion length is normalized at 300 K. The short dashed line at 0.5 indicates that
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the diffusion length decreases by a factor of two at ∼ 60 K compared to that at 300
K. If the experimental results follow this prediction, we would expect to see, at 60 K,
similar PL nonlinearity occurring at the excitation fluences double that at 300 K.
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Figure 5.20: (a) Measured linewidths of E11 at various temperature for a (10,8) nanotube. (nanotube identity: 108C ). The experimental results are fitted
to a linear function and its temperature dependence (indicated in the
figure) is used to calculate the temperature dependence of the exciton
diffusion length. (b) Calculated temperature dependence of exciton diffusion length, LD (solid line). The short dashed line at 0.5 is a guide
to the eye that indicates the temperature (∼ 60 K) when the diffusion
length is 50% of the value at room temperature.

Temperature-independent effective lifetime
Figure 5.21 (a) plots the time-resolved measurements for the same SWCNT presented
in Figure 5.20 using FEC at various temperatures. There are two measurements at
each temperature showing the range of uncertainties between measurements. These
results are fitted to a monoexponential function to obtain the PL effective lifetime.
(Similar to the analysis presented in Figure 5.9.) In Figure 5.21 (b), we see the

FEC_T_108C.pdf
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effective lifetime has no obvious temperature dependence, within uncertainties.
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Figure 5.21: (a) Normalized FEC at various temperatures. The experimental results
are measured in the same day in the order of 78 K, 140 K, 200 K, and 290
K. (b) Fitted by a monoexponential function, the corresponding exciton
effective lifetime at each temperature is obtained. The error bars are
the standard errors calculated by the square root of the mean residual
variance (i.e., the deviation of the monoexponential function).

Because the SWCNT has segments where PL is quenched by contacting the substrate, the exciton nonradiative decay includes the PL quenching pathway. In the
scope of diffusion-limited end quenching model, if the exciton diffusion length decreases with temperatures, a reduced PL quenching rate is expected at lower temperatures. If the end quenching dominates (or plays a significant role) in exciton relaxation, PL action cross section (PLAC) and exciton effective lifetime are expected to
increase at lower temperatures. Our experimental results show although PLAC indeed increases at lower temperature (see Figure 5.22 (c) which to be discussed later),
measured effective lifetime does not change over this temperature range.
Literature has reported an exciton radiative lifetime ranging from 10 ns to 100
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ns [10–12], which is much longer than the measured PL lifetime. It is commonly
understood that the effective lifetime is dominated and approximated by the nonradiative decay rate. The lack of temperature dependence in the measured effective
lifetimes (see Figure 5.21 (b)) suggests the following. If the exciton nonradiative decay rate is dominated (or at least influenced) by diffusion-limited end quenching that
only depends on the exciton diffusion length, the exciton diffusion length must have
not changed in the temperature range (290 - 78 K). Otherwise, the measured effective
lifetime in this temperature range is either determined by other nonradiative decay
pathways or the end quenching is not diffusion-limited (which will be discussed in
more details toward the end of this chapter).
The experimental results from FEC are expected to help us determine the relative
√
diffusion length with temperature through the relation LD = Dτ . No temperature
dependence on the effective exciton lifetimes, τ , from 290 - 78 K suggests LD ∝
√
D in this temperature range (see Figure 5.20 (b)). Further investigation on PL
saturation at these temperatures (presented below) provides more insight into the
exciton interaction and relaxation behaviour.

Temperature dependence on PL saturation
Figure 5.22 (a) shows measurements of PL saturation at various temperatures. These
measurements were performed on the same SWCNT as in Figure 5.21. The figure
is plotted in a log-log scale to show the dependence at both low and high fluences.
The measured PL is without scaling or normalization. In the linear regime, PL is
higher (i.e., larger PL action cross section, PLAC) at lower temperatures. The figure
is also presented in a semi-log scale in (b) to clearly indicate the saturation regime
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(i.e., Fluence > 1 × 1012 cm2 /s), a larger PLAC saturates at a similar or higher PL
value.
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Figure 5.22: (a) Measured PL saturation at 290 K, 200 K, 140 K, and 78 K for
a (10,8) SWCNT, 108C. (b) The same experimental results presented
in a semi-log plot to show that a larger PLAC saturates at a similar
or higher PL value. One fitting result (line) by the function of PL =
A ∗ [1 − exp(−X/XSAT )] is shown as an example. (c) Fitting results of
PL action cross section (PLAC). Note that at a lower temperature, a
narrower PL linewidth led to a higher PL collection efficiency. This was
taken into account by the measured linewidths in Figure 5.20 and the
calculated results in Fig 3.9. (d) Plot of XSAT parameters taken from
fitting results.
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To quantitatively analyze their PL action cross sections and the onset of PL saturation at each temperature, we use the simple model (i.e., PL = A∗[1−exp(−X/XSAT )])
to fit the experimental results where X represents the excitation fluence. Since we are
comparing the results of the same nanotube, it is not necessary to use F luence × Nc
as before for comparison among nanotubes. Excitation fluence alone represents the
relative injected exciton density at each temperature. In this simple model, PL linearly increases with X following PL =

A
XSAT

X at low fluences, thus,

A
XSAT

represents

the PL action cross section. At high fluences, PL saturates at PL = A.

Larger PLAC at lower temperatures
A shown in Figure 5.22 (c), the fitting results of PLAC increases monotonically with
decreasing temperature. PL is brightened by a factor of two at 78 K compared
to measurements at 290 K. PL brightening at low temperatures is well known and
reported in literature using different SWCNT samples. They were attributed to either
a reduced nonradiative decay rate [25,27] or an enhanced radiative decay rate [12,13]
at lower temperatures.
For the SWCNT investigated here, since the measured FEC shows no temperature
dependence for the effective lifetime but a factor of two enhancement of PL intensity
from 290 K to 78 K, it appears that the exciton effective lifetime is dominated by a
constant nonradiative decay, and the radiative decay rate increases by a factor of two.
(As explained earlier (in Section 2.7.2) when ΓN R  ΓR , exciton effective decay rate
Γ ∼ ΓN R and quantum efficiency =

ΓR
ΓN R +ΓR

∼

ΓR
ΓN R

(see Equation 2.10).) The factor of

two enhancement in the radiative decay rate is in good agreement with the theoretical
calculation reported in reference [12]. According to the theory (see Equation 2.2),
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p

290/78 = 1.9.

The discussion above is based on the assumption of constant optical absorption.
Thus, the temperature dependence of PLAC represents that of the effective quantum
efficiency. The similarity of the PLE linewidths at 290 K and 78 K (see Figure 5.18)
is consistent with the assumption of similar optical absorption strength from room
temperature to 78 K. To the author’s knowledge, no literature has reported on the
temperature dependence of nanotube optical absorption. Few papers have reported
the temperature dependence of PL intensity, but whether the SWCNT absorption
had changed with temperature was not commented or discussed [27,54]. Presumably,
a constant SWCNT absorption was assumed in these reports.

More efficient EEA at lower temperatures
Figure 5.22 (d) shows that the fitting results of XSAT decreases with temperature.
This suggests that the onset of PL saturation at a lower temperature corresponds to a
lower exciton density. According to the diffusion-limited exciton-exciton annihilation
model, a nanotube requires a longer diffusion length at lower temperatures to see
such temperature dependence.
Since the diffusivity decreases with temperature, one possibility to see an increase
in diffusion length is a longer exciton lifetime at lower temperatures. Based on FEC
measurements of a constant lifetime from 290 to 78 K (see Figure 5.21), this possibility
is ruled out. Thus, the temperature dependence of XSAT requires another explanation
beyond the scope of the diffusion-limited exciton-exciton annihilation model. The
following paragraphs explore possible explanations for more efficient exciton-exciton
annihilation with decreasing temperatures.
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An optically excited exciton is initially delocalized with nearly zero momentum
(i.e., the momentum of the excitation photon). Due to strong exciton-phonon coupling [126], exciton-phonon scattering is fast compared to the time scale of the exciton lifetime. After these fast exciton-phonon scattering, excitons become localized
and diffusive. Since these events are fast (> 1 ps−1 ) and FEC is insensitive to fast
dynamics, we have assumed their contributions to the total detected PL are negligible [65, 117]. However, the temperature dependence studies presented here cannot be
explained by the diffusion-limited EEA and end quenching model and suggest that
at lower temperatures, delocalized or hot exciton transport must be considered.
Before excitons become localized and diffusive, excitons can remain delocalized
or hot (i.e, high momentum) due to active intraband and interband transitions (see
Figure 2.8). A high-momentum exciton can travel a long distance before it reaches
thermal equilibrium with the lattice temperature. It may seem counterintuitive, but
a lower lattice temperature leads to a longer existence of hot excitons. The existence of the hot excitons becomes more important at lower temperatures, and can
be explained by the reduced inelastic phonon scattering at lower temperatures [127].
Even at exciton-phonon thermal equilibrium, those excitons outside the light cone
(high momentum excitons) are expected to stay at their higher momentum states for
a longer period of time due to the same reason (i.e., they relax toward the light cone
(small momentum) at a slower rate).
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The importance of the short-lived delocalized excitons on EEA has been addressed
by Graham et al [123] using very different methods, SWCNT samples, and very
high incident powers1 . They have observed at lower temperatures, an acceleration of
exciton decay, which is attributed to an increasing rate of EEA [123]. The results are
explained by longer-lived delocalized excitons due to less efficient phonon scattering
at lower temperatures.
We have come to a similar conclusion from our temperature studies of PL saturation to those reported in reference [123]. In their studies using ultrafast transient
absorption spectroscopy, direct measurements of exciton depopulation of E11 excitons
are achieved by short pulse (45 fs) excitation. The exciton linear decay (τ −1 ) was not
the interest in their study, and they measured exciton ultrafast decay rate with high
initial exciton populations (as high as ∼ 50 excitons per SWCNT, average nanotube
length, 600 nm). They reported that the ultrafast decay, attributed to exciton-exciton
annihilation, increased three fold from room temperature to 80 K. In contrast, our
PL saturation with a short pulse excitation provides indirect access to fast excitonexciton annihilation that is sensitive to an initial exciton population between 0.5 - 5
excitons per nanotube (average nanotube length, several microns). While they have
directly populated E11 excitons in their work, our initial exciton population is at E22 .
Regardless of the very different experimental techniques and conditions, we reach a
similar conclusion with reference [123]. That is, at room temperature, the experimental results agree with a diffusion-limited EEA model. At lower temperatures, EEA
becomes more efficient and is not limited by exciton diffusion.
In summary, temperature dependence on PL spectra, time-resolved FEC, and PL
1

Their experimental methods are femtosecond two-pulse photon echo and pump-probe absorption spectroscopy. Samples are aqueous suspensions of SWCNTs at room temperature and SWCNT
ensembles embedded in polymers or gelatin.
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saturation on a single nanotube provide various perspectives on the exciton interaction and relaxation behaviour. By analyzing the experimental results collectively,
we are able to reduce the number of possible explanations and suggest that at low
temperatures, exciton transport and interaction mechanisms may no longer be governed and dominated by diffusion. Due to the reduced phonon scatterings at lower
temperatures, two plausible pictures of excitons become more important. One is
wave-like excitons delocalized over microns with a longer coherent time. The other is
high-momentum excitons traveling in a way that appears more ballistic than diffusive.
A long coherence time is of great interest to many applications such as quantum
information. Ballistic electron transport was proven in unprocessed single SWCNT
field effect transistors. Our experimental results presented here are relevant to the
field and the experimental methods used will provide further insight into the intrinsic
photo-excited exciton transport, interaction, and relaxation mechanisms. Future work
with additional SWCNTs is required to establish a convincing model.

Chapter 6
Conclusion and Future work
Despite abundant studies on excitons in nanoscale systems, the exciton behaviour in
a single SWCNT is not fully understood. Measured SWCNTs’ optical properties are
determined by exciton relaxation mechanism and extremely sensitive to the extrinsic
effects due to structural defects and environmental inhomogeneities. Experimental
results of processed and unprocessed SWCNTs on their optical absorption, quantum
efficiency, PL lifetime, exciton interaction length vary orders of magnitude among
different nanotube samples. To understand the fundamental science and reveal the
intrinsic properties, we select high quality unprocessed SWCNTs with minimal environmental perturbations to study. As a result, we found long-range exciton interaction
(1.3 - 4.7 µm) mediated by high exciton diffusivity (130 - 350 cm2 /s) in single SWCNTs at room temperature [66]. The measured exciton diffusivity, optical absorption
cross section (2 - 4×10−17 cm2 /atom), PL quantum efficiency (3 - 10%), and intrinsic
PL lifetime (350 -750 ps) are among the highest in the literature [66]; some of these
values are orders of magnitudes higher than those from processed nanotubes. Preliminary results obtained from a cold SWCNT (down to 78 K) suggest more efficient
156
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exciton-exciton annihilation (EEA) at lower temperatures. The particle-like exciton
diffusion model is no longer sufficient in explaining the low-temperature results. Possible exciton relaxation mechanisms include efficient EEA due to delocalized excitons
and/or high-momentum excitons that travel long distances.

Previous work on processed SWCNTs
Considerable research on photo-excited excitons studies processed SWCNT. It has
been reported that processed SWCNTs contain defected SWCNTS (resulting from
the post processing), residual nanotube bundles, catalysts, and other contaminants.
Optical properties and exciton behaviour derived from processed SWCNT ensembles are often obscured by these extrinsic effects. Compared to high quality single
unprocessed SWCNT, their PL and PLE linewidths are generally broader due to inhomogeneous broadening; their optical absorptions, quantum efficiencies, and exciton
effective lifetimes are one to two orders of magnitude lower.

Main contribution of this thesis: selected unprocessed SWCNT dynamics
Unprocessed single SWCNTs are closer to ideal SWCNTs with less extrinsic effects.
Selected by their narrow PL spectra, high quality unprocessed SWCNTs are studied
in this thesis by two major experimental methods to extract the intrinsic optical
properties and study the microscopic exciton relaxation dynamics. The first method is
to study PL dependence on the excitation fluence (i.e., power-resolved PL). A typical
power-resolved PL of a SWCNT at room temperature shows high PL action cross
section in the linear regime and efficient PL saturation at a moderate fluence. Powerresolved PL are analyzed by a exciton-quantization model and a diffusion model
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including linear exciton relaxation and nonlinear exciton-exciton annihilation, EEA,
(negligible only at very low exciton density). As a result, the measured high PL action
cross sections (∼ 1 × 10−18 cm2 /atom) yield high optical absorption and quantum
efficacies. The sharp transition of PL linearity at low fluences to PL saturation at
moderate fluences suggests highly efficient EEA mediated by long exciton diffusion
length (on the order of 1.3 - 4.7 µm).
The second method is time-resolved PL using an unconventional pump-probe PL
spectroscopy. This method, femtosecond excitation correlation (FEC), uses the PL
saturation of a SWCNT from two excitation pulses to measure the PL relaxation
dynamics. The FEC results are analyzed by the same exciton-quantization model
and diffusion model. As a result, we obtain high exciton diffusivity (130 - 350 cm2 /s)
and long exciton intrinsic lifetime (∼ 350 - 750 ps). High exciton diffusivity is among
the highest reported in the literature (0.1 - 200 cm2 /s) [36,37] and consistent with the
intrinsic diffusivity of 370 cm2 /s estimated in a very recent article [85]. In addition,
we show that PL end quenching significantly shortens the intrinsic exciton lifetime
(i.e., the measured effective lifetime ∼ 80 - 100 ps) and PL quantum efficiency in
our micron-long SWCNTS. Processed SWCNTs typically are sub-micron long thus,
PL end quenching is expected to be more profound that partly explains their shorter
exciton effective lifetimes and lower optical quantum efficiencies.

Suggestions for future work
SWCNTs studied at low temperatures provide further insight into exciton transport,
relaxation and interaction mechanisms. Preliminary results from one SWCNT are
based on a long SWCNT that has segments on its 2D PL mapping. A segmented
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SWCNT complicates the analysis and such complication can be avoided in the future
by further sample growth optimization to achieve uniformly bright SWCNTs. This
requires a SWCNT sample that contains typically 2 - 20 µm long SWCNTs that are
suspended over trenches without contacting the substrate except their two ends.
When a nanotube sample is cooled down to 78 K, adsorbates may attach to the
SWCNTs and change the SWCNTs’ exciton effective lifetimes, PL linewidths, and
band gap energies (as shown in Figure 5.16 (b) and 5.17 (b)). The extrinsic effects
resulting from the adsorbates may obscure the studies of temperature dependence of
exciton behaviour. This can be avoided by replacing the current cryostat with an
ultra-high vacuum system or a liquid-helium bath cryostat.
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Appendix A
Band gap shift transition
Literature reported unprocessed SWCNTs undergo band gap shift transition (BST)
when a nanotube sample is heated at a high temperature (450◦ C) under nitrogen
purge. On average, E11 blue shifts 23 ± 6 meV and E22 shifts 29 ± 3 meV were
reported in reference [9]. BST is explained by the change in dielectric screening of
SWCNT surrounding ambient [42,47,55]. At high temperatures, adsorbate molecules
are thermalized and likely to be detached from SWCNTs. As a result, band gap blue
shifts due to the reduced dielectric screening (or increased Coulomb interaction).
Similar PL blue shift (∼ 20 meV above E11 resonance) is also observed under high
intensity (∼ 10 MW/cm2 ) laser radiation [128]. (10 MW/cm2 is much higher than
the average intensities used in this thesis.) BST state of a SWCNT dose not last
long. SWCNT band gap returns to its original energy after several hours exposed in
air [9]. A typical experiment on a single SWCNT requires several days to complete
thus, reproducibility for a SWCNT in its BST state is challenging.
Since there are fewer adsorbate molecules adhered to a SWCNT when it is in a
BST state, the SWCNT is considered to be more pristine than its standard state in
180
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air. It is important to compare the experimental results from SWCNTs with and
without the adsorbates. Thus, PL linewidth, power-resolved PL and time-resolved
PL using FEC are measured in a band gap shifted SWCNT and compared to the
results from the same SWCNT without BST.

A.1

Design of heating system

According to reference [9], the desired heating environment for a SWCNT sample is
at high temperature (above 450 ◦ C) and clean nitrogen purge. Clean nitrogen purge
is essential to prevent burning of SWCNTs by minimizing interactions with oxygen.
The following describes the detail of how a nanotube sample is heated in a home-built
system.
A hot plate (Corning PC-400D) has operational temperature up to 500◦ C but in
practice, the temperature on the surface only reaches about 370◦ C due to significant
heat loss into the surrounding environment. In order to reach surface temperature
above 450◦ C, I have made two boxes covering the hotplate for better heat insulation.
The inner box is made of vacuum formed ceramic board1 that has negligible outgassing and sustains high temperatures (up to 2100◦ F). This inner box sits on top
of the hot plate and covers the SWCNT samples. The outside box is made of stainless steel with a dimension of 40 × 40 × 40 cm3 . It is used for the secondary heat
isolation. Both boxes are chosen for negligible out-gassing at high temperatures to
avoid SWCNTs contamination. A tube delivering dry nitrogen is inserted into the
secondary box to purge the interior for about two hours prior to ramping up the
1

product number: 2100 from Morgan Thermalceramics; Technical data sheet No:514-701; MSDS
No:RP200
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temperature to above 450◦ C. Nitrogen flow rate is set at approximately 4000 ml/min.
SWCNT samples were heated at temperature above 450◦ C for about 50 min. After
the heating process is finished and the temperature is cooled down below 100◦ C, the
SWCNT samples are transported from the hot plate to the cryostat chamber. Once
the SWCNT samples are transferred, the cryostat chamber is kept in a dry nitrogen
purge environment with a flow rate of ∼ 700 ml/min.
BST of SWCNTs is confirmed by searching for SWCNTs’ blue-shifted PLE spectra
at various chiralities. Three different chiralites, (9,7), (9,8), (10,8), are found blue
shifted to the expected resonances (see Table A.1 below).
Table A.1: Blue shifted E11 and E22 resonances
Chirality

E11 (eV)

E22 (eV)

BST ∆E11 (meV)

BST ∆E22 (meV)

(9,7)

0.98

1.61

30

41

(9,8)

0.92

1.57

24

20

(10,8)

0.88

1.47

21

31

About three days after BST was identified, SWCNTs were found red shifted back
to the original resonances (as shown in Table 3.1.) Several attempts to heat up the
nanotube sample in the cryostat (up to 180◦ C, limited by the cryostat heater) to
reach BST state again did not succeed. Although the chamber undergoes constant
dry nitrogen purge, adsorbate molecules could leak into the chamber over time, adhere
to SWCNTs, and cause band gap red shift.
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Results from BST SWCNTs

Figure A.1 (a) shows the normalized PL spectra for the same SWCNT immediately
after the “above 450◦ C” heating process () and after the naotube sample has been in
a dry-nitrogen purge environment for three days ( ). The measured PL FWHMs are
similar withing uncertainties (i.e., 7.9±0.5 meV and 8.3±0.5 meV). The corresponding
PL lifetimes measured by FEC are shown in Figure A.1 (b). The measured lifetimes
of 290 ± 50 ps and 250 ± 30 ps also overlap within their uncertainties. In addition,
using the simple model: PL = A ∗ [1 − exp(X/XSAT )]1 to fit the PL saturation results
under these two conditions yield XSAT = (6 ± 1) × 1016 [photon cm−2 pulse−1 atom]
and XSAT = (9±4)×1016 [photon cm−2 pulse−1 atom] , respectively. The consistency
of the experimental results of PL spectra, time-resolved PL, and PL saturation with
and without BST suggest though the adsorbate molecules change the center photon
energy, they do not change the underlying exciton dynamics.

1

This is the same model used in Section 5.4 and 5.5.2 where X represents F luence × Nc as the
variable on the X-axis.
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Figure A.1: (a) Normalized PL spectra for a single (10,8) SWCNT (identity:
BST108A) right after the heating method described in Section A.1 ()
and three days later ( ). The nanotube sample were kept in a dry
nitrogen purged environment after the heating. (b) The corresponding
time-resolved PL using FEC for the same SWCNT. The lifetimes are the
fitting results using a monoexponential function. The normalized FEC
is offset and scaled.

Reducing adsorbate molecules has always been desired, especially at lower temperatures when molecules are more likely to stick to cooled SWCNTs. We inserted
extruded carbon inside the cryostat as molecule trappers. They were put in a place
where the temperature is the coldest in the vacuum chamber (i.e., 78 K if running
LN2 and 4 K if running LHe). However, no noticeable change occurred in the experimental results and the fine powder slowly accumulated in the turbo pump and
caused overheating of the pumping station. Thus they are not recommended to be
used in the vacuum chamber.

