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Abstract

Semiconducting single-walled carbon nanotubes (S-SWCNTs) have direct band gaps

with a range of 0.5 to 2 eV depending on the SWCNT chirality. The photolumines-

cence (PL) quantum efficiency and the carriers’ radiative lifetime have been previously

studied but neither of them have been confirmed due to the large variation resulting

from ensemble averaging, environmental effects, SWCNT defects, and SWCNT bun-

dles. For example, quantum efficiency was estimated to be 0.01% to 7% and radiative

lifetime was estimated or calculated to be 10 to 100 ns. In this thesis, we study ab-

sorption cross section, PL quantum efficiency and exciton relaxation dynamics from

single air-suspended S-SWCNTs and extract “intrinsic” S-SWCNT properties.

The photo-excited carriers are electron-hole pairs (called excitons) in a SWCNT

due to the strong Coulomb interactions in the nm-scale system. We selected relatively

bright and less defected S-SWCNTs on our samples for investigation. For each S-

SWCNT, the tube length, orientation, absorption and emission spectra were recorded.

Experimentally, we observed that PL from a single S-SWCNT increases linearly at

low excitation intensity (linear regime) and saturates at higher intensity (saturation

regime). We also studied the exciton relaxation dynamics on each S-SWCNT by

femtosecond excitation correlation (FEC) spectroscopy and resolved two relaxation

time constants which were independent of the excitation intensity. We compare the

simulation results based on a stochastic model to the experimental data and extract
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essential parameters including S-SWCNT unitless absorption coefficient (typically

0.02 to 0.06), PL quantum efficiency (typically 7 to 20 %) and exciton relaxation

time constants. We observed very fast nonlinear exciton-exciton annihilation rate (>

(2 ps)−1) in a typical 5 µm-long S-SWCNTs. The exciton dynamics were consistent

from 4 different S-SWCNTs in the saturation regime and the average total exciton

number per pulse per tube in this saturation regime ranges from 2 to 12.

Compared to past work, the results (PL saturation curves and FEC data) be-

tween S-SWCNTs are very consistent which supports our belief that we are studying

“intrinsic properties”. We found a higher absorption coefficient, and higher PL quan-

tum efficiency of S-SWCNTs compared to previous work. We also observe very fast

nonlinear exciton-exciton annihilation in a relatively longer S-SWCNT and at lower

exciton numbers.
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Chapter 1

Introduction

1.1 Introduction

Single-walled carbon nanotubes (SWCNTs) are special materials in many aspects.

First of all, a SWCNT is a naturally grown quasi-1D system with several nanometers

in diameter but up to several microns in length. Compared to other 1D quantum

rods, it has highly symmetric structures which make it much easier to theoretically

explore its properties. Also a SWCNT can be metallic or semiconducting with a wide

range of direct band gaps of 0.5 to 2 eV. It is an intriguing material for exploring

light-matter interactions on quantum scales. A SWCNT is formed by a graphite sheet

which possesses high electrical and thermal conductivities and very stable chemical

properties. Due to its physical structure, it is extremely light, extremely strong and

has enormous surface to volume ratio. It is a potential material in applications such

as nanoelectronics, field emission devices, nanoscale transistors, chemical sensors,

biochemical sensors, composite, hydrogen storage, and saturable absorber, etc.

Carbon nanotubes were first discovered in 1991 by Sumio Iijima [1] when synthe-

sizing carbon fullerenes using arc-discharge evaporation. Electron microscopy showed

a new type of carbon structure formed by coaxial graphite sheets with diameters

ranging from 2 to 50 nm. Since then, several methods were developed in growing
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carbon nanotubes, such as arc-discharge evaporation; laser ablation, and chemical va-

por deposition(CVD). Different methods result in different types of carbon nanotube

samples in terms of the number of layers (single-walled or multi-walled), the align-

ment (vertically aligned or dispersed with random orientations), bundled/unbundled,

metallic/semiconducting; and the range of tube diameters or tube lengths.

To characterize grown SWCNTs, electron microscopy (EM) is usually used. Scan-

ning electron microscope (SEM) with resolution of 2 to 5 nm is useful in imaging

multi-walled carbon nanotubes (MWCNTs), bundled tubes, or impurities such as

carbon-coated catalysts. As for analyzing the structure or defects of a SWCNT as

well as measuring SWCNT’s diameter, higher resolution transmission electron mi-

croscopy (TEM) is required. Though TEM is a very powerful tool characterizing a

CNTs sample, it changes the CNTs’ structures due to its high electron energy.

Most optoelectronic research of SWCNTs is concerned about the band structures

and the electronic density of state (DOS). Among this research, resonant Raman

spectroscopy which sensitive to the electronic structure of a material is extensively

used to characterize SWCNTs [2]. A spectrofluorimetric method [3], on the other

hand, provides another way of identifying chiralities (see Section 2.2) of isolated SW-

CNTs [4]. Both resonant Raman and spectrofluorimetric methods are non-contacting,

easily-performed, and low cost optical methods to characterize SWCNTs’ chiralities

in a SWCNT sample and have good agreement [3].

We are mainly interested in carrier dynamics in a photo-excited semiconduct-

ing SWCNT (S-SWCNT). We adapted the spectrofluorimetric method to study the

dynamics using a femtosecond laser system. Photo-excited carrier dynamics from

different types of SWCNT samples result in a wide range of SWCNT PL quantum

efficiencies, radiative lifetimes, and relaxation time constants (Section 2.4). The ob-

jective of this thesis is to study the intrinsic carrier dynamics and measure those
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essential parameters of absorption coefficient, quantum efficiency and exciton relax-

ation lifetime. By studying single air-suspended SWCNTs, we minimize the extrinsic

effects arizing from the SWCNTs environment and the inhomogeneity of the SWCNTs

ensemble.

1.2 Thesis contribution

The overall research program studying SWCNTs was done by a group of three grad-

uate students, Tam Q. Nhan, Mark W.B. Wilson and myself. The initial optical

setup was done as a group with the help of our supervisor, James Fraser. The major

elements of the research are:

1. Optical setup

2. Interface between equipments and the computers

(including data acquisition and system automation)

3. Calibration of the laser source and the detection system

4. Numerical simulation of exciton dynamics

My main contributions include:

• Optical excitation calibration

Calibrate on the excitation laser spot size; the laser polarization; temporal and

spatial overlapping of two pulses; the alignment of the delay line.

• Detection system calibration

Calibrate on the spectrometer throughput; gain coefficients of the preamplifier;

linearity of the lock-in amplifier.

• Tube identification
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Identification of peaks and line shapes of the photoluminescence (PL) and pho-

toluminescence excitation (PLE) spectra of single S-SWCNTs; identification of

the locations of relative bright S-SWCNTs on a sample; optimization of the PL

collection efficiency; measurement of the S-SWCNTs’ polarization, orientation,

and the length identification.

• Exciton dynamics simulation

Experiments: determination of the PL dependence on the excitation intensity;

measurement of PL dynamics by femtosecond excitation correlation (FEC).

Theories: application of a stochastic model to simulate the PL dependence

and the PL dynamics; comparison with the experiments to extract essential

parameters, such as absorption cross section, quantum efficiency, and relaxation

time constants; identification of likely mechanisms of exciton relaxation.

The interface between the equipment and the computers was developed by Tam

Nhan [5]. Mark Wilson explored the SWCNTs’ aging phenomena and the PL spectral

shape [6]. All three students were involved in data collection for various experiments.

1.3 Thesis organization

In Chapter 2, the growth method of the SWCNT samples used in the thesis is intro-

duced (Section 2.1). The structure-defined optoelectronic properties of SWCNTs are

detailed. The band structure and density of states of a SWCNT are adapted from

the band structure of a graphite sheet. A brief history of the transition from pho-

ton excited carriers in a SWCNT being nearly free electrons to excitons is reviewed.

Exciton dynamics which is strongly correlated to the radiative lifetime and quantum

efficiency remains controversial due to the inhomogeneity of the SWCNT samples.

We point out the necessity of studying single air-suspended SWCNTs. In section 2.5,
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a stochastic model to simulate the exciton relaxation dynamics in a semiconducting

SWCNT is adapted from Reference [7]. The model is later used in Chapter 4 to

simulate the PL saturation and PL dynamics we observed from several SWCNTs.

Chapter 3 details the experimental setup and the detection systems for measuring

PL from a S-SWCNT. The excitation laser sources are calibrated in terms of the

excitation wavelength, power, beam size, pulse duration, and polarization, etc. The

detection system including the spectrometer, the photo sensor, the preamplifier, and

the lock-in amplifier are also calibrated. Basic information of a S-SWCNT are demon-

strated by observing PL from a single S-SWCNT: its location, orientation, length,

chirality, PL and PLE spectra, PL uniformity, PL polarization, etc. Bright, long, and

uniform fluorescent S-SWCNTs are selected for further investigation.

In Chapter 4, PL saturation (at higher input power) and the time-resolved PL

dynamics from selected S-SWCNTs are studied and simulated based on the stochas-

tic model introduced in Section 2.5. From the PL saturation study, we estimate

the values of the absorption coefficient and the quantum efficiency. The nonlinear

dependence of PL on input intensity also provides information of the ratio between

the linear and nonlinear exciton relaxation rates. Based on the estimated absorption

coefficient, the total exciton number in a SWCNT can be calculated and imposed

into the simulation of PL dynamics. Simulated PL dynamics are thoroughly explored

with various fitting parameters of exciton number, linear and nonlinear relaxation

rates. The experimental PL dynamics are compared to those simulation results and

we conclude the exciton-exciton relaxation rate less than ∼ (2 ps)−1. By gathering

together all the information studied on each specific single S-SWCNT, we are able to

constrain the coupled fitting parameters tightly and provide convincing results with

less uncertainty than previous works.
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The final chapter summarizes the achievement of our work on the single air-

suspended S-SWCNTs. We suggest a few interesting and important studies to be

carried on in the future.



Chapter 2

Background

In this chapter, the physical structures of single-walled carbon nanotubes (SWCNTs)

are described as well as their corresponding electronic structures. Two models are in-

troduced to understand the electronic structure of SWCNTs. The nearly free electron

tight binding model (Section 2.2) is sufficient to understand why one-third of SW-

CNTs are metallic while two-thirds of them are semiconducting with different band

gaps [8, 9]. The more sophisticated model [10] includes Coulomb force between an

electron and a hole leading to the formation of an exciton, and explains experimen-

tal results, such as two-photon excitation spectroscopy [11] and ratio-problem [12]

(Section 2.3). In Section 2.4, the author briefly reviews some of the important re-

search studying photo-excited exciton dynamics in SWCNTs. The exciton dynamics

remain controversial due to the inhomogeneity of the SWCNTs samples. Therefore,

we devoted ourselves to the study in single air-suspended SWCNTs (Section 2.1). We

avoid the inhomogeneity caused by ensemble averaging and minimize the ambigui-

ties resulting from bundles, defects, and environmental effects in estimating SWCNT

absorption coefficient, quantum efficiency and exciton relaxation rates. Thus, we

are able to apply a stochastic model (Section 2.5) which matches our experimental

7
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conditions to study the photoexcited exciton dynamics (Chapter 4).

2.1 Sample preparation

Early SWCNTs synthesis is accomplished by arc-discharge evaporation or laser abla-

tion. Though the resulting SWCNTs generally have few defects due to the annealing

process at high temperature, ∼ 3000◦C, both techniques are limited by slow synthesis

rates (several mg/day) [13]. More recently, chemical vapor deposition (CVD) was

shown to produce SWCNTs at ∼ 10 g/day [14]. Also CVD is capable of controlling

the spatial patterns or alignment of SWCNTs during growth, so that SWCNTs can

be easily integrated into devices [13].

The SWCNTs used in our research are single air-suspended S-SWCNTs with typ-

ical tube length at 5 µm. The samples were grown by Jacques Lefebvre and Paul

Finnie of the Canada National Research Council (NRC) using the CVD method [15].

A silicon (Si) substrate is coated with its oxide (SiO2) and a thin layer of cobalt (Co)

is patterned by photo-lithography. Trenches and ridges are lined up one by one with

width ∼ 20 µm and height ∼ 0.5 µm. The 1-nm layer of cobalt works as catalyst for

SWCNT growth. During synthesis, methane gas is fed into a vacuum chamber and

SWCNTs start growing from the cobalt catalyst. SWCNTs could elongate and land

either in a trench or on a ridge across one or more trenches. Due to the direction of

gas flow, SWCNTs are lined up in the same direction perpendicular to the trenches.

From SEM images of the samples, air-suspended SWCNTs are shown with typical

lengths at ≥ 1 µm. Figure 2.1 is a SEM image of a small part of one sample. There

are two tubes starting from a cobalt bridge and landing in a trench on the right hand

side.
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Cobalt ridge

Single tube
SiO2

Si

SiO2 Co

side view top view

Figure 2.1: Geometric structure of a small part of a air-suspended SWCNT sample

(left). A SEM image of part of the sample recorded by Kate Kaminska

from NRC (right).

To study the fundamental physics of a SWCNT, defect free individual SWC-

NTs are preferred. Studies of photophysics of SWCNTs extensively used SWCNTs

grown in a high-pressure carbon monoxide reactor (HiPCO) by CVD (see Table 2.4).

Carbon-rich gases are used as a feedstock along with proper catalyst compositions [16]

in HiPCO process. The catalysts are served as the initiation of the growth of SWC-

NTs. The sizes of the catalyst particles control the diameter of the SWCNTs. The

SWCNTs grown by HiPCO usually have tubes aggregation due the strong Van der

Waals forces between tubes [17]. Bundled tubes significantly affect SWCNT behavior

(see section 2.3) thus requiring post sample processing to select the individual tubes.

The post processing involves dispersing CNTs in a certain type of surfactant in wa-

ter. The resulting dispersion is then treated in a sonicator. After sonication, samples

are centrifuged and the upper 75 to 80% of supernatant is then carefully decanted.

Due the post processing, individual SWCNTs are encapsulated by micelles or other

surfactant molecules suspended in solution or further deposited on a substrate. The

effects caused by the SWCNT environment around the SWCNTs are not clear yet

and complicate the study of intrinsic properties of SWCNTs.
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Ge† or InGaAs†Si†

(Cheaper and better detectivity)
Detector for PL

1100 -1600 nm800 - 1600 nmPL wavelength of the
lowest band gap

0.85 - 1.3 nm0.6 - 1.3 nmSWCNT diameter

AlignedRandomSWCNT orientation

Fixed position
Well separated

Repeated experiments

Floating in water
(Ensemble)*SWCNTs' status

AirWrapped by micelle
or polymer moleculesSWCNTs' environment

1 ~ 5 μm
or longer~ 0.4 μmSWCNT length

NoYesPost processing 
required

CVDCVDGrowing method

Air-suspendedHiPCOSWCNT sample

*SWCNTs can be further deposited and dried on a glass slide or embedded in a gelatin matrix  
for temperature control.

†Silicon (Si), germanium (Ge), and indium gallium arsenide (InGaAs) are referred to the sensor  
materials of the photodiodes.

HiPco.pdf

Table 2.1: Comparison between SWCNT samples grown by HiPCO and the air-

suspended SWCNT samples used in the thesis.

Table 2.1 compares the SWCNTs samples used predominantly by other groups

in exciton dynamics studies (Table 2.4) and the samples we used in the thesis. We

specifically choose the air-suspended single SWCNT sample to access the intrinsic

properties of SWCNTs (see Section 2.4).

2.2 SWCNT physical structure

A single-walled carbon nanotube (SWCNT) can be considered as a section of graphene

sheet rolled up to form a seamless tube. Graphene is a single layer of graphite sheet.

A stripe-shaped section with a certain orientation has two sides corresponding to the

SWCNT circumference and length. It is straightforward to apply the understanding

of the electronic structure of graphene to SWCNTs.
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As shown in Figure 2.2, graphene is an atomic layer of carbon atoms with in-plan

σ bonds (sp2 hybrid orbital) to form a hexagonal lattice [18]. Each lattice vector can

be represented by a linear combination of unit vectors −→a1 and −→a2 , where |−→a1 | = |−→a2 |

= 2.461 Å. The seamless SWCNT circumference is set by a lattice vector, ~C = n1
−→a1

+ n2
−→a2 , where n1 and n2 are integers. (n1,n2) is called the chirality of the tube. The

angle θ between ~C and −→a1 is called the chiral angle. Chirality (n1,n2) defines the

SWCNT’s diameter, helical structure, electronic and opto-electronic properties [18].

Due to the six-fold rotational symmetry of graphene, we only need consider tubes

with θ ≤ 60◦. Furthermore, SWCNTs with θ between 0◦ and 30◦ are equivalent to

SWCNTs with θ between 30◦ and 60◦, except the former are right-handed helix and

the later are left-handed. Since the physical properties discussed in the thesis are

believed identical for either right-handed or left-handed helix, we will only discuss

tubes with n1 ≥ n2 ≥ 0 (or 0◦ ≤ θ ≤ 30◦). Tubes with θ = 0◦ (or (n,0)) are called

zigzag tubes because of the zigzag pattern shown on the tubes’ circumference. Tubes

with θ = 30◦ (or (n,n)) are called armchair. Both zigzag and armchair are called

achiral tubes, and all the others are chiral tubes.
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zigzagθ

C=(8,4)

T=(-4,5)

armchair

1a
2a

Chirality.pdf

Figure 2.2: Hexagonal lattice of graphene in real space. −→a1 and −→a2 are unit lattice

vectors of graphene while ~C and ~T are unit vectors of a SWCNT. A (8,4)

chiral tube is shown as an example. The figure is adapted from Ref [18].

Given a chiral vector ~C, the smallest graphene lattice vector ~T perpendicular to

~C defines the translational period along the tube axis. ~C and ~T are the unit vectors

of a SWCNT in real space. In graphene, the unit vectors in reciprocal (k) space, ~k1

and ~k2, are defined by

−→ai ·
−→
kj = 2π δij (2.1)
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Similarly, in a SWCNT, the unit vectors in k-space ~k⊥ and ~kz are defined by

−→
k⊥ ·

−→
C = 2π

−→
kz ·

−→
C = 0 (2.2)

−→
k⊥ ·

−→
kz = 0

−→
kz ·

−→
T = 2π (2.3)

where
−→
kz is parallel to the SWCNT axis, and

−→
k⊥ is perpendicular to the SWCNT

axis. Figure 2.3 shows examples of
−→
k⊥ and

−→
kz directions of an armchair and a zigzag

SWCNT, with respect to ~k1, ~k2 in the reciprocal space. The background lattice is

the reciprocal lattice structure of graphene which is also hexagonal. One hexagon

extended by ~k1 and ~k2 represents the first Brillouin Zone (BZ) of graphene. Note the

background rotates 30◦ from a zigzag (θ = 0◦) to an armchair (θ = 30◦). All the

chiral tubes with 0◦ < θ < 30◦ are in between.

kz

k┴ k2

k1

k2k1

kz

k┴

Γ
M

K1st BZ

zigzagarmchair

k_direction.pdf

Figure 2.3: Reciprocal lattice vectors, ~kz and ~k⊥, of a zigzag and an armchair SW-

CNT. ~kz is parallel to tube axis. ~k1 and ~k2 are reciprocal unit vectors

of graphene. The high symmetric points, K and M in the first BZ are

indicated. The graph is adapted from Ref [18].

Naturally grown SWCNTs are typically 0.4 ∼ 4 nm in diameters with tube lengths

of several µm or longer. For an infinitely long SWCNT, the wave vectors along the

tube axis kz are continuous. However, the wave vectors along the circumference ~k⊥
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are quantized according to the periodic boundary condition

|
−→
k ⊥, m| =

2π

λm

=
2π

|~C|
m ; m = 0,±1,±2, ... (2.4)

where λm is the wavelength of the electron, and |~C| is the circumference of the SW-

CNT.

Figure 2.4(a) shows the 3D constant-energy contours of the first conduction and

valence band closest to the Fermi level in the first BZ of graphene. The electronic

band structure of graphene is calculated by the tight-binding model [19]. The trans-

verse center of the contour plot is the Γ point and the six corners are K points (see

Figure 2.3). Note that there are zero band gaps at each K point, thus graphene is

called a semi-metal or a zero band gap semiconductor. The electronic band structure

of a SWCNT can be derived by applying a series of cutting lines (Equation 2.4) on

the band structure of graphene according to the periodic boundary condition. In

Figure 2.4(a), each solid curve is associated with a quantized k⊥, m value. As illus-

trated in Figure 2.3, the chiral angle of the tube determines the direction of the solid

lines (parallel to k⊥). The SWCNT circumference determines the spacing of the solid

lines (2π/|~C|). By projecting all the solid curves along the k⊥ direction to a plane,

the band structure of a (4,2) SWCNT along the tube axis from kz = −π/|~T | to

π/|~T | can be determined (Figure 2.4(b)). Though the electronic structures of the

tube looks complicated, the corresponding density of states (DOS) in Figure 2.4(c) is

much clearer and easier to understand optical transitions. The spikes in the DOS are

called Van Hove Singularities (VHSs) and occur wherever dE/dkz approaches zero.

E as shown in Figure 2.4(b) is the electron energy.
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E11 E22
c1
c2

v1v2

Γ

K

kz

Figure 2.4: (a) One conduction and one valence band of graphene in the first BZ. The

six corners with zero-gap are K points. Each solid curve is associated

with a quantized k⊥ value of a (4,2) SWCNT. The dots on each curve

represent the quantized kz values for SWCNT with a finite tube length.

(b) The electronic band structures of the (4,2) tube resulting from (a).

The zero energy represents the Fermi level. (c) The density of states

corresponding to (b). The spikes are VHSs (labelled vi in valence band

and ci in conduction band). For light polarized along the tube axis, only

optical transitions between vi and ci are allowed. (The figure is reproduced

from Ref [20] with the permission of A. Jori.)

Whenever a solid line cuts through a K point, the zero-gap feature remains in

the band structure of the tube. In other words, there is a non-zero density of states

across the Fermi level. Such SWCNTs are metallic. This occurs if a k⊥ in Equation 2.4

corresponds to a K point. Otherwise, tubes are semiconducting with different band
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gaps. K points of graphene are at

±1

3
(k1 − k2) or ± 1

3
(2k1 + k2) or ± 1

3
(k1 + 2k2) (2.5)

Take
−→
K = 1

3
(
−→
k1 −

−→
k2) for example, SWCNTs are metallic if

2πq =
−→
K ·

−→
C q is an integer (2.6)

=
1

3
(
−→
k1 −

−→
k2) · (n1

−→a1 + n2
−→a2) (2.7)

=
2π

3
(n1 − n2) (2.8)

or 3q = n1 − n2 (2.9)

SWCNTs in which n1− n2 is not a multiple of three are semiconducting tubes. One-

third of SWCNTs are metallic, and two-thirds are semiconducting. The same rule

applies to all the other options of
−→
K .

Though a SWCNT has many VHSs in both conduction and valence bands, the

selection rules governing the optical transitions depend on wave function symmetry

and the polarization of the interaction light. For light polarized along the tube axis,

only the transitions between conduction and valence bands derived from the same

cutting lines in reciprocal space are dipole allowed [19]. In this case, as shown in

Figure 2.4, the cutting line closest to the K point is associated with the lowest energy

band gap, E11. The next adjacent cutting line determines the E22 transition, and

so on. SWCNTs with different chiralities have their own particular sets of optical

transitions Eii derived from the i−th set of VHSs in conduction (ci) and valance

(vi) bands. The optical absorption and emission peaks are used extensively as an

efficient and non-destructive method to analyze the SWCNT chiralities contained in

a SWCNT sample.
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Generally speaking, the SWCNT band structures (or DOS) derived above are

reliable for electronic energies close to the Fermi level. Since we only studied E11

and E22 of (9,8) and (10,8) S-SWCNTs in the thesis, the band structure and DOS

described above are applicable.

2.3 Excitonic effects in SWCNTs

The nano-scale confinement transverse to a SWCNT axis gives rise to not only signifi-

cant quantum effects but also many-body effects , meaning electron-hole and electron-

electron interactions which are not included in the tight binding model of graphene.

The screening effect resulting from nearly free electrons in 3-dimensional (3D) bulk

semiconductors or metals is reduced in a 1D system thus carriers interactions are en-

hanced. The strong Coulomb force due to extremely short spatial separation ties an

electron to a hole and they form an electron-hole pair called an exciton. The excitonic

model is a more sophisticated model to explain the optical properties of SWCNTs.

The following is a brief history of verifying the excitonic effects in SWCNTs.

Studies of optoelectronic properties of SWCNTs were previously limited by SW-

CNT bundles caused by the strong van der Waals interactions [17, 21]. Optical transi-

tions are inhibited if a S-SWCNT is bundled with a metallic SWCNT (M-SWCNT).

Absorption (or emission) spectra overlapping from SWCNTs bundled with mixed

chiralities also complicates the analysis. The first breakthrough that overcame this

limitation was achieved by applying micelle coating around a SWCNT (or SWCNTs)

to prevent reaggregation and extract SWCNTs by centrifugation [4]. Raw CNTs

produced by HiPCO were firstly dispersed in aqueous sodium dodecyl sulfate (SDS)

surfactant. The resulting dispersion was then treated in a sonicator. After the sonica-

tion, centrifugation was applied to the sample and the upper 75 to 85 % of supernatant
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was decanted. The resulting solution contains mostly individual micelle-suspended

SWCNTs with a typical mass concentration of 20 to 25 mg/l. The lowest energy band

gap PL, E11, of S-SWCNTs is seen in such a sample by the absorption and emission

peaks. Soon after, Bachilo applied two-dimensional spectroscopy (absorption of E22

and emission at E11 spectra) on the same type of SWCNT sample and assigned more

than 30 different S-SWCNT chiralities [3]. Interestingly, the experimental results give

an E22/E11 ratio approaching 1.8 [3, 22] as a function of SWCNT diameter while the

theory predicts the ratio of 2 [23]. This so-called ratio problem suggests non-negligible

excitonic effects [12]. Bachilo’s work encouraged researchers to look for more evidence

of excitonic effects in SWCNTs.

The second breakthrough came from direct evidence supporting excitonic band

structure of SWCNTs. Wang et al. [11] observed that two-photon absorption at E11

has higher two-photon excitation energy (2hνexc) than the one-photon emission en-

ergy (hνem) of a S-SWCNT. According to the selection rules of the optical transitions

discussed in section 2.2, hνem = 2hνexc is expected neglecting excitonic effects. The

results of two-photon excitation spectroscopy can be explained by the symmetry of

the exciton wave functions. Only one-photon transitions can access the lowest lying

1s exciton energy level; two-photon transitions access the excited states of the exci-

tons [24]. The energy level of an exciton state is slightly lower than the corresponding

VHS by the amount of exciton binding energy. The binding energy of the exciton at

the lowest energy state is also derived by 2hνexc−hνem. The binding energy measured

is ∼ 400 meV for S-SWCNT with diameter ∼ 0.8 nm [11]. The binding energy is

comparable to a S-SWCNT’s energy gap: E11 = 0.5 ∼ 1eV for tubes with diameter

= 0.5 ∼ 2 nm. The significant amount of the exciton binding energy suggests that

excitonic effects may be relevant in all aspects of the optical properties of S-SWCNTs.
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2.4 Photoexcited exciton dynamics in S-SWCNTs

S-SWCNTs are direct band gap semiconductors with a wide range of energy gaps.

They are important in the applications such as light emitters or detectors. An efficient

light emitter must have good photoluminescence (PL) quantum efficiency (QE). The

QE can be defined as the ratio of the photon number emitted to the photon number

absorbed. The QE of S-SWCNTs experimentally estimated are typically 10−4 [25, 26]

- 10−3 [4, 27], assuming the absorption cross section is 1.67×10−18 cm2/atom [28]. The

highest QE which has ever been experimentally estimated is 7% observed with single

air-suspended SWCNTs [15], but rely on the accurate knowledge of the absorption

cross section. How the environment affects the SWCNTs’ behavior is not clear yet.

There are a few studies observing PL blinking [15, 29, 30] or intermittence [31]; spec-

tral shift or jitter [32, 33, 15]; different exciton relaxation time constants (Table 2.4)

of SWCNTs in different solutions, pH value [34]. Table 2.2 list the QE determined by

different groups [35, 26, 25, 27, 36, 37, 38] based on different absorption cross section

values. Since the QE, absorption cross section, and radiative lifetime are coupled, the

values rely on one another and remain controversial by over an order of magnitude.
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/7 - 200.6 – 1.8Room temp(9,8)
(10,8)

Single
(LT: 3.5 – 7.2  μm)

CVD
Air-suspendedPLOur study in this 

thesis

/~ 1 - 8typically
1.7Room temp

12 
different

chiralities
Single

HiPCO
SDBS

Deposited on a 
glass slide

PLTsyboulski_NL07 [43]

> 30 ns//Theory
(tight-binding approach including the electron-hole correlations )Perebeinos_NL05 [42]

~ 11 ns//Theory Spataru_PRL05 [41]

~ 20 ns~ 0.65/Room temp
(6,5)
(7,5)
(8,3)

Ensemble
HiPCO
SDS

Water
PLJones_PRB05 [32]

~ 110~ 0.017~ 0.17Room temp
(7,6)
(12,1)
(11,3)

Ensemble
(Average tube 

length:
380 nm)

HiPCO
PAA

Water
PLWang_PRL04 [30]

/0.01~ 0.1748 - 182 K
(Typically 87 K)(6,4)Single

HiPCO
SDS

Glass slide
PLHagen_PRL05 [31]

~ 100.1/Room temp
Many 

different
chiralities

Ensemble
HiPCO
SDS

Water
PLHagen_APA04 [40]

temperature(n,m)state 
(Single/ Ensemble)

Growth
Micelle

Solution

Radiative
Lifetime

(ns)

QE
(%)

σab used
(10-17cm2/atom)

Sample

MethodReference 
publication

QE_table.pdf

Table 2.2: Quantum efficiency and radiative lifetime of S-SWCNTs determined by

several groups. Note that different absorption cross section values are used

to calculate QE, as indicated. “/” means it is not specified in the respective

publication. Aqueous solution: poly(acrylic acid) (PAA); sodium dodecyl

sulphate (SDS); sodium dodecylbenzene sulphate (SDBS)

The SWCNT absorption cross section estimated from different types of SWCNT

samples with different methods have variations ranging from 10−18 [28, 39, 40, 41]

to 10−17 cm2/atom [42, 38] (Table 2.3). Both absorption cross section and radiative

lifetime directly affect the estimation of QE.
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/Random
Single tube

DNA-solubilized
SWNT

~ 0.3Measure σab indirectlyKrauss_NL07 [46]

Circularly polarizedRandom
Single tube

Dispersed in H2O
with SDBS surfactant

~ 0.6 - 1.7Measure σab indirectlyTsyboulski_NL07 [43]

/Random
Ensemble

Dispersed inD2O
with SDS surfactant

~ 0.85Measure σab directlyRandy_PRB05 [47]

UnpolarizedRandom
Ensemble

Dispersed in D2O
with SDBS surfactant

~ 0.11Measure σab directlyHuang_PRL06 [45]

Linearly polarized
(┴ or // to tube axis)Aligned

Ensemble
Vertically aligned

SWNT film
~ 0.08Measure σab directlyMurakami_PRL05 [44]

Linearly polarized
(┴ or // to tube axis)

Magnetically 
alignedEnsemble~ 0.17Measure σab directlyIslam_PRL04 [33]

Laser polarizationTube
orientation

SWCNT sample
Ensemble / Single

σab around 800 nm 
(10-17 cm2/atom)NoteReference 

publication

absorption_table.pdf

Table 2.3: Absorption cross section of SWCNTs from several groups. “/” means it is

not specified in the publication.

The low QE of individual S-SWCNTs are proposed to result from the compet-

ing non-radiative relaxations caused by SWCNTs’ environment and/or defects [43,

26, 44], nonlinear exciton-exciton annihilation (sometimes called Auger recombina-

tion) [45, 46, 47], and transition-forbidden, lowest-energy dark excitons [22]. Exciton

dynamics have been studied with ultrafast laser pulses either from photolumines-

cence [25, 45, 26, 43, 48, 49, 32] or from transient absorption (TA) [46, 40, 50]. A

wide range of relaxation time constants and different relaxation mechanisms have

been proposed associated with different types of samples (different environmental ef-

fects) [51], different temperatures [52, 49, 26], and different techniques. Figure 2.4 list

the results of exciton dynamics from different groups. Note that considerable work

has been done with SWCNTs grown by HiPCO and wrapped by micelles which were

previously believed to be individual, but recently found to still be bundled [53]. A

metallic SWCNT (M-SWCNT) bundled with a S-SWCNT inhibits the optical transi-

tions and introduces more relaxation processes which significantly change the exciton

dynamics. Overlapping absorption (or emission) spectra and ensemble averaging of
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exciton dynamics from S-SWCNTs bundle with mixed chiralities also complicate the

analysis.

Tri-exponential decay
t1: 15 ps (Auger)

t2: 20 - 40 ps
t3: 250 ps

Only the amplitude of the t1 component
has dependency on excitation intensity

4 - 77 K(6,4) Single
(Average LT: 520 nm)

CoMoCAT
SDS

Deposited on a flat
surface of a lens

PLHogele_PRL08 [37]

Bi-exponential decay
Fast: ~ 23 ps 
Slow: ~ 233 ps

Room temp(9,8)
(10,8)

Single
(LT: 3.5 – 7.2 μm)

CVD
Air-suspendedPLOur study

Fast decay has no dependence on the excitation 
intensity thus exclude Auger

Fast decay is due to residual bundles
Slow decay strongly depends on temperature

~ 250 ps (10 K)  to
~ 50 ps (290 K)

10 - 290 K(9,4)Ensemble

HiPCO
SDS

Embedded in gelatin 
matrix

PLBerger_NL07 [52]

Short term decay: mono-exponential, ~ 6 ps
Long term decay µ t-0.45Room temp(6,5)Ensemble

LT: 0.1 - 1 μm
CoMoCAT

DNATAHertel_JPC C07 [53]

Bi-exponential decay
Fast: 100~200 ps (99%)

Slow: 1~5 ns (1~7%)
Room tempMany different

(n, m)Ensemble
HiPCO
SDBS
Water

PLJones_NL07 [12]

Bi-exponential decay
Fast: 2 ~ 3 ps (Auger)

Slow: ~ 50 ps
Room temp

(12,1)
(8,6)
(9,5)

Ensemble
(Average LT: 380 nm)

HiPCO
SDBS
D2O

TAHuang_PRL06 [45]

Bi-exponential decay
Fast: 20/30 ps
Slow >> 200 ps

Room temp(9,4)Ensemble
HiPCO or ACCVD

SDS
D2O or Gelatin matrix

PLHirori_PRL06 [10]

Bi-exponential decay
Fast: < 1ps (Auger)

Slow: ~ 20 ps
Room temp(8,3)Ensemble

HiPCO
SDS
Wter

TAMa_PRL05 [50]

Mono-exponential decay
Decay time constant: 20 - 200 ps

Varying from tube to tube 

48 - 182 K
(Typical 87 K)(6,4)Single

HiPCO
SDS

Glass slide
PLHagen_PRL05 [31]

Bi-exponential decay
Fast decay rate ~ 1 ps-1 (Auger)

Slow decay rate ~ (7 ps)-1

Auger lifetime ~ 3L(μm) ps

Room tempNAEnsemble
(Average LT: 380 nm)

HiPCO
PAA

Water
PLWang_PRB04 [49]

Mono-exponential decay
Typical decay time constant ~ 10 ps

(Chirality not specified)
Room temp

(7,6)
(12,1)
(11,3)

Ensemble
(Average LT: 380 nm)

HiPCO
PAA

Water
PLWang_PRL04 [30]

temperature(n,m)State 
(Single/ Ensemble)

Growth
Surfactant

Solution / substrate
PL or TA

Dynamics
S-SWCNT SampleMethod

Reference 
publication

Table 2.4: Exciton dynamics from several different research groups. Most of the CNT

samples are grown by HiPCO (Section 2.1) except in Ref. [50, 32] by Co-Mo

catalytic CVD (CoMoCAT) [53] and in Ref. [43] by alchohol catalytic CVD

(ACCVD). Most of the studies are done with ensembles. There are two

examples studying single tubes [26, 32]. SWCNTs are deposited on a glass

slide in Ref. [26, 32] or embedded in a gelatin matrix in Ref. [49]. PL: pho-

toluminescence. TA: transient absorption. Aqueous solution: poly(acrylic

acid) (PAA); sodium dodecyl sulphate (SDS); sodium dodecylbenzene sul-

phate (SDBS)
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2.5 A stochastic model of photoexcited exciton dy-

namics in S-SWCNTs

A stochastic model including exciton-exciton annihilation as the nonlinear, non-

radiative relaxation process has been proposed [7]. The simulation results with dif-

ferent scenarios will be discussed and compared with the experimental PL saturation

curves and PL dynamics later in chapter 4.

Since we study the exciton dynamics in a single S-SWCNT with approximately

below 24 excitons in the tube (explained in chapter 4), we are dealing with a small

number of excitons. In this case, it is required to simulate the exciton dynamics in

a stochastic way [7]. For an excitation laser pulse initially creating n0 excitons in a

S-SWCNT, the probability of having n0 excitons is ρn0(t = 0) = 1, and ρn(0) = 0 for

all n 6= n0. As long as we can simulate the dynamics of ρn(t) for all n = 0, 1, 2, ...,

∞, we can calculate the expectation value of the total exciton number as a function

of time:

n̄(t) =
n=∞∑
n=0

nρn(t) (2.10)

as the averaged result. Each excitation pulse generates different initial exciton num-

bers in the S-SWCNT. For a large number of excitation pulses, the probability dis-

tribution of the initial exciton number, ρn(0), follows a Poissonian distribution with

mean value n̄0 [7]:

ρn(0) =
n̄n

0

n!
exp(−n̄0) (2.11)

n̄0 = n̄(0) (2.12)
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The mean value, n̄0, depends on the total incident photon number on the S-SWCNT,

PI, and the absorption coefficient, A:

n̄0 = A× PI (2.13)

A = σab [cm2/atom]× 3.7× 1015 [atoms/cm2] (2.14)

A is the unitless absorption coefficient of a S-SWCNT derived by the product of the

atomic absorption cross section, σab, and the surface density, 37 atoms/nm2 [15].

In terms of dynamics, both linear and nonlinear exciton relaxation processes are

included [7]. The linear process contains both radiative and non-radiative relaxations

with relaxation rates ΓR and ΓNR respectively. Only the radiative process results

in band gap PL. The non-radiative process results from different relaxation decays

depending on S-SWCNT environment and/or defects. ΓNR may result in different

exciton relaxation time constants from tube to tube. The nonlinear relaxation process

comes from the exciton-exciton annihilation (Auger recombination) when more than

one exciton is created in the S-SWCNT and assuming the excitons interact with each

other. In a simple model, the annihilation rate scales with inverse S-SWCNT length,

1/L [45]. The nonlinear annihilation rate for a 1-µm long S-SWCNT is defined to

be ΓNL0 [µm/ps]. The nonlinear annihilation rate, ΓNL, for a L-µm long S-SWCNT

will be ΓNL0/L [/ps]. In other words, a longer S-SWCNT has a slower nonlinear

relaxation rate.

The overall relaxation process can be presented by the rate equation of probabil-

ities [7]:

dρn

dt
= − [Γ +

1

2
ΓNL (n− 1)] n ρn + [Γ +

1

2
ΓNL n] (n + 1) ρn+1 (2.15)

Γ = ΓR + ΓNR (2.16)
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where Γ is the total linear relaxation rate defined as the sum of ΓR and ΓNR. ΓNL is the

total effective exciton-exciton annihilation rate where there are two excitons existent

in a S-SWCNT. n is the possible exciton number, n = 0, 1, 2, ... The extremely

fast nonlinear exciton relaxation is ΓNL → ∞ (i.e. no matter how many excitons,

n > 1, are initially created in the S-SWCNT, n becomes one instantaneously). The

other extreme is ΓNL = 0 (no exciton-exciton annihilation). Figure 2.5(a) shows the

resulting exciton dynamics n̄(t) calculated with different ratios of Γ
ΓNL

≡ z = 0.01

to 100, given n̄0 = 5 as initial average exciton number as calculated by the author.

For the extreme case of ΓNL → ∞ (or z → 0), the exciton number instantaneously

becomes one and the exciton dynamics, n̄(t), follows an mono-exponential decay with

time constant τ = 1/Γ. The other extreme occurs when z ≥ 50 which also leads to

a mono-exponential decay exciton relaxation. The last two curves (z =50 and 100)

overlap in Figure 2.5(a). Figure 2.5(b) shows the evolution of ρn(t) as an example

calculated with z = 0.2.

To link the stochastic model to the PL data at E11 resulting from laser excitation

at E22, we assume very fast inter-band transition (< 100 fs [54, 55]) from E22 to E11.

In addition, the E11 PL signals are integrated signals over typically 300 ms (∼ 107

optical pulses due to the 76 MHz repetition rate). The separation of two consecutive

optical pulses is ∼ 13 ns which is much longer than the expected PL lifetime (<1 ns,

see Table 2.4). Thus, the PL data are proportional to the integrated exciton number.

detected PL ∝
∫ ∞

0

n̄(t)dt (2.17)

Experimentally, we can measure the total photon number incident per pulse per S-

SWCNT (PI) from the excitation intensity, and the total photon number emitted

per pulse per S-SWCNT (PE) from the PL detected. At lower excitation intensities,
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Figure 2.5: Simulated exciton dynamics in a single S-SWCNT. (a) Exciton dynam-
ics, given initial exciton number n̄0 = 5, calculated from different ratios,

Γ
ΓNL

≡ z = 0.01 to 100. The last two curves (z= 50 and 100) overlap. Γ · t
is used as the unitless time axis. (b) An illustration of the evolution of
ρn(t) with z = 0.2 for an initial exciton number n̄0 = 5. Line segments
are meant only as a guide to the eye.

PE is linearly scaled with PI by the action cross section: αηQEA (shown in Equa-

tion 2.21). The action cross section can be experimentally resolved by a linear fitting

on a PE vs. PI curve in the linear regime (Section 4.1.2). To estimate the total

number of photons absorbed per pulse per S-SWCNT (PA), we need to know the

accurate value of the absorption coefficient, A.

PA = A× φπ dT L (2.18)

= A× PI (2.19)

PE = α ηQE × PA (linear regime) (2.20)

= α ηQE A× PI (linear regime) (2.21)

PA depends on the excitation fluence, φ [/cm2/pulse], absorption coefficient, A, and

the total area of the S-SWCNT, πdT L [cm2]. dT and L are the S-SWCNT diameter
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and the length. We define a parameter α ≤ 1 which represents the fraction of the tube

area that emits PL (the area that has no defects or PL quenching). As mentioned

earlier, quantum efficiency is defined as the ratio of the photon number emitted to

the photon number absorbed. Any PL quenching from the S-SWCNTs’ defects or

environment may reduce the PL and lead to an underestimated quantum efficiency.

Previous work in estimating the quantum efficiency presented the ‘experimentally

resolved’ quantum efficiency which is αηQE not ηQE unless α = 1.

The quantum efficiency can also be defined as

αηQE =
τ

τR

=
ΓR

Γ
(2.22)

If there is no non-radiative exciton relaxation processes, the quantum efficiency is

1. A faster non-radiative decay result in a lower quantum efficiency. The exciton

dynamics shown in Section 2.4 have relaxation time constants in the order of several

ten to several hundred ps, while the radiative lifetime is in the order of 10 to 100 ns.

Thus the measured exciton dynamics is dominated by the non-radiative relaxation.

The evidence that S-SWCNTs’ environment changes the resulting exciton relaxation

time constant [43] and the wide range of the time constants from different groups

using different types of SWCNT sample also indicate that those quantum efficiencies

may not be intrinsic.



Chapter 3

Experimental Setup

Before studying the photo-excited exciton dynamics of a semiconducting single-walled

carbon nanotube (S-SWCNT), we need to find a S-SWCNT and identify its chirality.

A spatial two-dimensional (2D) scan of a SWCNT sample locates the relatively bright

S-SWCNTs in our sample. After locating S-SWCNTs, we study a single S-SWCNT by

going to its specific location. The photoluminescence (PL) and photoluminescence

excitation (PLE) spectra of a S-SWCNT is used to identify its chirality. The 2D

spectrum and the spatial 2D scan of PL of each S-SWCNT help us to exclude S-

SWCNTs which are bundled, or S-SWCNTs with defects or undesired environmental

effects. Some properties of a S-SWCNT, such as the tube length, PL polarization,

PL uniformity, and excitation intensity dependence of the PL, are recorded and are

useful supporting information for further exciton dynamics studies. The femtosecond

excitation correlation (FEC) method is applied to study the PL dynamics from the

selected S-SWCNTs.

The experimental setup for studying the S-SWCNTs properties is detailed in Sec-

tion 3.1. Also the calibration of the optical delay line, spectrometer, lock-in amplifier

(LIA), and the excitation beam size on the sample are documented. Section 3.2

28
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demonstrates the capabilities of locating and identifying a S-SWCNT of a specific

chirality.

3.1 Experimental Setup and Detection System

The total number of carbon atoms in a SWCNT is on the order of 106 for a SWCNT

1 µm in length and 1 nm in diameter. With an estimation of the absorption cross

section of a SWCNT of 1.67×10−18 cm2/atom [28], and assuming a quantum efficiency

(QE) of 100%, PL from a S-SWCNT is on the order of 1.67 pW when it is excited at

10 W/cm2. The background light from the environment and the thermal noise from

the detection system can easily overwhelm the PL from the S-SWCNT. To improve

the signal to noise ratio, we use a lock-in amplifier and a spectrometer equipped with

a liquid nitrogen-cooled indium gallium arsenide (InGaAs) detector. By scanning the

grating inside the spectrometer, we can spectrally analyze the PL from a S-SWCNT.

The laser system used is a Ti:sapphire laser with wavelength tunable from 700 to

980 nm. It can be operated under continuous wave (CW) or pulse mode with pulse

duration ∼ 150 fs. The repetition rate is 76 MHz.

As shown in Figure 3.1, the laser beam is split into two arms with tunable time

delay from -10 ps to 1.3 ns collinearly propagating and then focused on a SWCNT

sample by an aspheric lens. Except for the time-resolved PL dynamics study (Sec-

tion 4.2), we do not use the delay arm and it is simply blocked. A glass window is

used to separate the optical paths of PLE and PL. An attenuator wheel is applied

before the glass window to easily control the excitation power. The window reflects

∼ 9% of the excitation beam while transmitting ∼ 82% of the PL from a S-SWCNT.

The aspheric lens is used not only for focusing the PLE but also for collimating the
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PL from a tube. The collimated PL is then guided to the spectrometer. Another fo-

cusing lens set in front of the spectrometer is used for focusing the PL to the entrance

slit of the spectrometer. A long wavelength pass filter (LWP) is used to block the

excitation beam but pass the PL which is much weaker. A mirror can be flipped up

and guides the excitation beam toward a camera if needed for checking the excitation

beam size or profile.

delay line

XYZ Stage

Aspheric
lens

Glass
window

Spectrometer

LN2-Cooled
InGaAs Detector

Polarization
analyzer

LWP

Sample

BS
Periscope

Side view

camera

Flip Mr

Lock-in Amplifier

Chopper

GPIB

Retroreflector

X
Y

Z
Tube axis, laser polarization

are both parallel to y-axis

Attenuator

Computer

Figure 3.1: Experimental setup. The delay line is only used for PL dynamics experi-

ments (Chapter 4). The red beam indicates the excitation beam path with

wavelength λ22 and the green beam indicates the PL of the S-SWCNT

with wavelength λ11. BS: Beam Splitter. LWP: Long Wavelength Pass

filter.
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3.1.1 Delay line

The first beam splitter (BS) is used to create two optical paths with one adjustable

delay arm; a second beam splitter recombines the two arms back together. The two

laser pulses from the two arms are spatially collinear after the second beam splitter.

A retroreflector which sits on a translation stage is controlled by a step motor with

a tunable time delay of -10 ps to 1.3 ns with respect to the other arm. Though the

minimum step size is 16.7 fs, the accuracy of the translation stage is about 100 fs

with backlash correction. The practical resolution of time-resolved PL dynamics is

limited by the pulse duration (∼ 150 fs). With the help of the retroreflector, the

center position of the laser beam on the SWCNT sample remain almost the same

over the entire range of the delay line shown in Figure 3.2. Two spatial 2D PL

contour plots (30 × 30 µm) of a laser beam from the delay arm at -10 ps and 1.3

ns are shown in Figure 3.2. The figure confirms the high consistency of the beam

position and beam profile at the two extreme positions of the delay line. The 2D

PL contour plots are derived from scanning a S-SWCNT across the laser beam (see

Section 3.2.3). The stability of PL from the delay arm is also calibrated with a
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Figure 3.2: Beam profiles at time delay of 0 and 1.3 ns scanned by an S-SWCNT at
very low excitation intensity (∼ 5 W/cm2).
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very low excitation intensity (∼ 5 W/cm2) where the PL linearly depends on the

input intensity. Figure 3.3 shows an example of the PL stability from a SWCNT

when varying the delay line. The two scans of data on the figure are taken with

the retroreflector moving in opposite directions, namely increasing and decreasing

the time delay. The observed PL signal has no dependence on the direction. The

uncertainties associated with each data point are the standard deviation of the mean

value averaging over 10 data points within 5 seconds. The two data sets do not

completely overlap due to the long term laser power variation (<5%).
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Figure 3.3: The stability of the delay line calibrated by the PL from a SWCNT. The

two scans are done in opposite directions: increasing (black squares) and

decreasing (red circles) the time delay.
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3.1.2 Glass window

Instead of using a set of expensive dichroic mirrors for high reflectivity at λ11 and

high transmission at λ22 for different chiralities, we simply use an optical glass window

with refractive index 1.5 which is insensitive to the wavelengths used in this study.

The reflectivity, R, of each interface is calculated as R ' 9% of a TE polarized wave

according to Equation 3.1 [56]. n1 = 1 and n2 = 1.5 are the refractive indexes of

air and the glass window. θ1 = 45◦ and θ2 = 28◦ are the angles of incidence and

refraction following Snell’s law, n1 sin θ1 = n2 sin θ2. The transmission of the glass

window is therefore (1−R)2 ' 82%.

r =
√

R =
n1cosθ1 − n2cosθ2

n1cosθ1 + n2cosθ2

(3.1)

3.1.3 Aspheric lens

The aspheric lens (Thorlabs C110TME) with effective focal length (EFL) 6.24 mm,

numerical aperture (NA) 0.4, and clear aperture (diameter) 5 mm is used to tightly

focus the laser beam down to < 20 µm. Take a (9,8) S-SWCNT as an example, where

resonant excitation and PL wavelengths are at 800 nm and 1385 nm, respectively. The

sample height is set for optimal PL collection at 1385 nm and the beam width of the

800-nm laser is calibrated by a spatial 2D PL contour (Figure 3.12). The excitation

beam width calibration is essential for knowing the excitation intensities and the total

exciton number excited in a S-SWCNT (Chapter 4).

PL from a single S-SWCNT is also collected and collimated by the same aspheric

lens. Due to the S-SWCNT size (typically 5 µm × 1 nm), and the incoherent nature of

PL, we assume isotropic PL emission from a S-SWCNT. The PL collection efficiency

is thus determined by the ratio of the area of the lens (πr2) to the total surface area
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of the sphere with radius d: πr2

4πd2 = 0.04 where r = 2.5 mm is half of the clear aperture

of the lens and d = 6.24 mm (EFL of the lens) is the estimated distance between the

lens and the S-SWCNT.

3.1.4 Image system to estimate beam size

As shown in Figure 3.1, a mirror can be flipped up to guide the excitation laser beam

through an image lens and then to a camera. The image on the camera can be thought

of as the relayed image from the sample surface by two lenses f1 (aspheric lens) and f2.

Note that the laser beam is not collimated between the two lenses because the sample

height is optimized and fixed for the best collimation at the longer PL wavelength.

For example, for a (9,8) S-SWCNT, the PL wavelength is λ11 = 1380 nm while the

excitation wavelength is λ22 = 800 nm. Therefore, the magnification of the image is

not simply f2/f1. However, this ratio can still provide a rough idea of what the range

of magnification should be. There is a lower limit of the magnification coming from

the spatial resolution of the laser beam profile; while there is also an upper limit on

the magnification to generate a sufficiently big field of view (FOV). For example, the

sensor used has a total pixel number 1280 (H) by 1024 (V) with pixel size 6.7 µm.

To image a 20 µm diameter spot size, we need at least, for instance, 10 data points

(pixels). This gives the lower limit of magnification of (10× 6.7 µm )/20 µm = 3.3.

On the other hand, the FOV of the sensor is 8576 µm (H) by 6860 µm (V). To include

a FOV which is 3× bigger than a beam diameter, the upper limit of the magnification

is 6860 µm/60 µm ∼ 114. The same conditions apply to image a 2 µm diameter spot

size, where a magnification is required to be in the range of approximately 33 to 1143.

Since the sample height is fixed for optimal PL at λ22, the objective distance is

fixed. Therefore, f2 and image distance are designed to meet the requirements of

both resolution and FOV. For imaging a bigger spot size (Full Width Half Maximum
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(FWHM) ∼ 20 µm ), a bigger f2 = 100 mm has been used; while imaging a smaller

spot size (FWHM ∼ 2 µm ), a smaller f2 = 45 mm has been used. Because there

are SiO2 trenches and cobalt ridges on a SWCNT sample (Section 2.1), an image of

the sample has nonuniform response of the beam profile. In order to image the real

profile of a laser beam, a flat surface is used and placed at the same height as the

SWCNT sample.

An extra focusing lens can be inserted to change the spot size on the sample.

Figure 3.4 shows how the spot size on the sample changes when inserting an EFL =

125 mm lens at different positions.

Side view
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3D stage
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without extra lens with extra lens at B with extra lens at A
y

x

aspheric lens

FWHM: 9.3 μm

y

54.3 μm

71
.3

 μ
m

22 μm 2.1 μm

FWHM: 8.6 μm ~ 22 μm 2.5 μm

Figure 3.4: Beam sizes on a SWCNT sample can be manipulated from 2 to 20 µm

FWHM by changing the position of the extra lens.
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Though the images’ quality in Figure 3.4 is not good, they served as a benchmark

to quickly estimate the beam size. The modulations on the line profiles probably come

from the multi-reflection of the glass window before the sensor or from the optical

filters for light attenuation. The small circle-shaped diffraction patterns are probably

from dust on the optics or on the window of the camera.

The beam size measured from the image system is consistent with the size esti-

mated from a spatial 2D PL contour plot derived by scanning a S-SWCNT across the

beam (Figure 3.12). The beam profile derived from this method is much smoother.

For convenience and also for accuracy, a spatial 2D PL contour is usually used as

the method of measuring the excitation beam size due to the height of a S-SWCNT

varies from tube to tube over the range of the 4 × 8 mm sample.

3.1.5 Calibration of spectrometer and detector

The detection system is composed of a spectrometer, an InGaAs sensor, an electrical

preamplifier, and a lock-in amplifier (operated together with a chopper). The spec-

trometer (Jobin Yvon iHR320) has two gratings and has the capability of analyzing

spectra from visible to 2000 nm wavelength. Only one grating (900 groves/mm) has

been calibrated and used in the thesis. The InGaAs single element sensor (HORIBA

Jobin Yvon) with active area of 2 mm in diameter is operated with liquid nitrogen

cooling to reduce thermal noise (noise-equivalent power: 10−15 W/
√

Hz). The sen-

sor has been chosen for high quantum efficiency (∼ 0.9) in the near-infrared (NIR)

wavelengths (0.8 to 1.5 µm). The preamplifier has a gain coefficient on the order of

2×109 W/V for a direct current (DC) signal. The analog lock-in amplifier (SR 830)

is used to detect signal with a very small signal to noise (S/N) ratio.

The absolute value of the total power of PL emitted from a S-SWCNT is re-

quired to calculate the total emitted photon number in Chapter 4. We calibrate the
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throughput of the spectrometer and also the LIA. We also calibrate the bandpass of

the spectrometer for precise estimation of the PL spectral width.

(I) Spectrometer throughput

A laser beam with center wavelength 1385 nm and bandwidth 20 nm from the OPO

(Coherent Mira OPO, Optical Parametric Oscillator) has a very similar bandwidth

to the PL from a (9,8) S-SWCNT. We used the OPO laser beam to calibrate the

spectrometer. The linear polarized laser beam is aligned parallel to the polarization

coming out of a S-SWCNT. It is necessary to keep the same polarization for the

calibration because the grating inside the spectrometer is not only sensitive to wave-

length but also to the polarization. The OPO beam used to calibrate spectrometer

is P-polarized (TM polarized) with the extinction ratio > 200. The beam is focused

tightly (diameter < 300 µm) by a focusing lens but within the limit of the f-number

= f/4.1 of the spectrometer. In other words, the ratio of the lens’ focal length to the

incident beam diameter is kept > 4.1. The throughput of the spectrometer, from the

entrance slit to the sensor, is calibrated to be 0.42 by a power meter with the exit slit

widely open (7 mm) (see Figure 3.5).
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Figure 3.5: Calibration of the spectrometer throughput (from input to the entrance

slit to the output after the elliptical mirror).

(II) Spectrometer bandpass

To calibrate the bandpass of the spectrometer, a very narrow bandwidth light source

from an Argon lamp peaked at 1128 nm is used to calibrate the bandpass of the

spectrometer with the grating (900 groves/mm). A small entrance slit width 1 mm is

used and a series of spectra are taken under different exit slit widths (Figure 3.6(b)).

The result shows the linear dispersion of 2.2 nm/mm. The same calibration which

is done also by a very narrow bandwidth (� 0.01 nm) He-Ne laser at 633 nm shows

linear dispersion of 2.9 nm/mm The linear dispersion calibrated by He-Ne is closer
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to the value 3.2 nm/mm given by the specification with unspecified wavelength (Fig-

ure 3.6(a)). The data with 633-nm He-Ne laser was taken by Tam Nhan [5]; the data

with 1128-nm argon lamp was taken by Mark Wilson [6].
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Figure 3.6: (a) Linear dispersion calibrated at 633 nm [5] and 1128 nm [6] respectively.
(b) Spectra of a 1128 nm light source at different exit slit widths.

Usually, the PL from a S-SWCNT is taken with the exit slit wide open for collect-

ing maximum signal. From the calibrated band width, 15 mm at 1128 nm, we can

deconvolve and extract the real spectral width from a spectrum. Figure 3.7 shows

an example of a Gaussian-like spectrum with FWHM 20 nm convolved with a 15 nm

wide square function, resulting in a Gaussian-like spectrum of 22.7 nm.
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Figure 3.7: A Gaussian-like spectra with FWHM 20 nm (green curve) convolved with

a 15-nm bandpass (blue curve) gives a Gaussian-like spectra with FWHM

22.7 nm (red curve).

(III) Preamplifier + Lock-in amplifier

The gain coefficient of the detector, 1.68 × 109 V/W for a DC signal, is calibrated

by the same OPO beam at 1385 nm where the quantum efficiency of the InGaAs is

0.95 (from the specification sheet from Horiba Jobin Yvon). A DC signal is detected

at low gain of the preamplifier and 10 times higher signal is detected at high gain

(Figure 3.8(b)). The gain factor decreases as a function of chopping frequency. The

frequency response between the high gain (DC - 150 Hz) and low gain (DC - 500 Hz)

are also different, so the ratio of the gain coefficient between the two also changes

as a function of chopping frequency. The values recorded from the oscilloscope are

peak to peak amplitudes (Vp−p) and those from the LIA are root mean square (RMS)

amplitudes (VRMS = (V0/2)/
√

2). V0 is the peak to peak amplitude associated with

the fundamental frequency (the same as the chopping frequency) of the signal (V0

= 4
π
Vp−p for a square wave signal). In Figure 3.8(a), the RMS voltages from the
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LIA are converted to Vp−p for comparison. The gain coefficient here is associated

with Vp−p. The gain coefficient for DC signal are calibrated as 1.68×109 V/W for

low gain and 1.68×1010 V/W for high gain respectively. In most of the experiments,

a 70-Hz chopping frequency is used with low gain (measured gain coefficient = 1.2

×109 V/W). The values used to calculate the total PL emitted from a S-SWCNT are

detailed in Table 4.1.
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Figure 3.8: (a) Calibration of the gain coefficient of the preamplifier at different chop-
ping frequencies. All of the signals are peak voltages (Vp). (b) The fre-
quency dependence of high/low gain coefficient detected by an oscilloscope
(DC-coupled).

3.2 S-SWCNT location and identification

3.2.1 Identifying a S-SWCNT - absorption and emission peaks

We are able to locate a S-SWCNT and identify its chirality by selecting the right

excitation (λ22) and detection (λ11) wavelengths [57, 58]. The 2D spectrum of PL

and PLE can clear identify a S-SWCNT’s chirality [3]. From the shape and the width
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of a S-SWCNT’s PL spectrum, we avoid bundled tubes or S-SWCNT with some

extrinsic effects due to environments (Figure 3.9).
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Figure 3.9: A typical PL spectrum of a (9,8) S-SWCNT resonantly excited at 800 nm

(black). An abnormal PL spectrum shows two peaks which might come

from a bundled tube or tube defect (red).

Figure 3.10 shows a typical 2D spectra contour plot of a (9,8) S-SWCNT. The

peak wavelength of emission (λ11) and excitation (λ22) are at 1380 nm and 800 nm

respectively.
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Figure 3.10: Typical 2D spectra of a single (9,8) S-SWCNT

3.2.2 Locating S-SWCNTs on a sample

By selecting a relatively bright S-SWCNT, we are selecting a longer and/or less

defected S-SWCNT. For locating S-SWCNTs with certain chirality on a sample, the

excitation laser wavelength is set at λ22 (laser mode: CW) and the spectrometer is

set to detect signal at λ11. For example, for locating (9,8) S-SWCNT, the excitation

wavelength is set at 800 nm and detection 1380 nm. A S-SWCNT sample is put on

a 2D translation stage controlled by two DC servo motors. The DC servo motors

can be operated in the mode of continuously moving with tunable speed or moving

step by step with the smallest step size of 40 nm. It is easier and faster to map out

S-SWCNTs with a larger excitation beam size (e.g. FWHM ≥ 10 µm) with typical

intensity around 5 W/cm2. The axis (Y) along a S-SWCNT’s axis is usually set at a

step size 10 µm, and the other axis (X) set at a fast scan with a maximum speed, 360
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µm/s. After a sample is scanned, a file stores the information of X, Y positions and

the corresponding PL signals (software created by co-worker Tam Nhan [5]). We can

therefore electively go to brighter S-SWCNTs and study a specific single S-SWCNT.

The S-SWCNT can be revisited if needed. Figure 3.11 shows an example of the bright

(9,8) S-SWCNT distribution on a sample (4×8 mm).
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Figure 3.11: Distribution of (9,8) S-SWCNTs on sample-BNT598.

3.2.3 PL uniformity of a S-SWCNT

For a specific S-SWCNT, a spatial 2D scan with a small beam size (FWHM: 2 µm)

can be performed by recording the PL at peak wavelength (λ11). A spatial 2D scan of

a S-SWCNT gives information of the PL uniformity of the tube, the tube orientation

and the tube length. Figure 3.12 shows a typical 2D contour plot of two individual

S-SWCNTs. One shows uniform PL while the other shows segments.
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(b) A (9,8) S-SWCNT with uniform PL

Figure 3.12: Spatial 2D contours of two S-SWCNTs. The spot size (FWHM: 2 µm)
measured from the image system (Section 3.1.4) is consistent with the
size measured from the line profile perpendicular to the tube.

3.2.4 PL polarization

The PL of a single S-SWCNT is expected to be linear polarized along the tube

axis. The reflectivity of the grating inside the spectrometer is sensitive to the laser

polarization. Thus, a linear polarizer is put in front of the spectrometer to maintain

the polarization in the spectrometer. The angle of the PL polarization is rotated by

a half-wave plate located before the linear polarizer (Figure 3.1). The result shows

good agreement with a A × {B + cos2(θ − θ0)} function (Figure 3.13), where A is a

scaling factor. B = 0.1 suggests that the PL is very close to linearly-polarized (along

S-SWCNT axis).
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Figure 3.13: PL signal (squares) versus PL polarization orientation with respect to

the linear polarizer from a single (9,8) SWCNT. The solid curve is a best

fit to the data with a A× {B + cos2(θ − θ0)} function, where B = 0.1.

3.2.5 S-SWCNT aging

Occasionally, some S-SWCNTs experienced PL decay within an hour or over days

during the experiments performed on the S-SWCNT. The PL decay seems to relate

to humidity and cleanness of the environment [6]. How a S-SWCNT ages (decays) is

not clear yet. It is possible that particles (with or without electric charge) floating

around the SWCNT sample attach to a S-SWCNT and quench its PL. Co-worker

Mark Wilson enclosed the SWCNT sample in a small tent. The tent is constantly

purged with nitrogen gas during experiments to minimize such particle attachment [6].

The relative humidity is kept low at ∼ 15 to 30 %. Under this condition, the aging

seems to be inhibited.

Figure 3.14 shows the spectra of 4 different S-SWCNTs red-shifting when aging

without humidity control.
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Figure 3.14: PL spectra of four aging S-SWCNTs from two different samples. The
S-SWCNTs were resonantly excited by a CW laser beam. The input
power was kept the same, but the PL spectra were taken at different
moments. The time intervals vary from several minutes to several hours
and different experiments were performed on the S-SWCNTs in between.
The time order of the spectra taken of each S-SWCNT is black, red,
green, and blue. Three of them show red-shifting when aging.



Chapter 4

Exciton Dynamics

We study exciton dynamics in a photo-excited S-SWCNT (resonantly excited at E22)

by time resolving photoluminescence (PL) dynamics at E11. The PL emitted at E11

is proportional to the exciton number at E11, thus studying the PL dynamics is

equivalent to probing the exciton dynamics at E11. We also assume the inter-band

transition from E22 to E11 is so fast (< 100 fs [54, 55]) that the initial exciton number

created per pulse per S-SWCNT at E11 equals the initial exciton number at E22 which

is the absorbed photon number at E22.

Time-resolved exciton relaxation dynamics is first applied to study a single air-

suspended S-SWCNT to minimize the extrinsic effects and access the intrinsic prop-

erties of the S-SWCNT. The S-SWCNTs studied here, including (9,8) and (10,8)

with tube lengths ranging from 3.5 to 7.2 µm show very similar dynamics. Given

each S-SWCNT, we can measure the tube length, tube orientation, PL spectra, PL

spatial distribution, and PL excitation intensity dependence. These information are

very important in supporting the study of exciton dynamics from the PL dynamics.

The consistency of the PL saturation behaviors and PL dynamics from tube to tube

with different chiralities and different tube lengths confirm that we are measuring the

48
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intrinsic properties of a S-SWCNT.

The intrinsic radiative lifetime, the quantum efficiency, and the absorption cross

section of a S-SWCNT are the key parameters associated with its exciton dynamics.

One value can be evaluated assuming the value of the others, but none of them

have been confirmed so far (Table 2.2 and 2.3). The estimations of the intrinsic

parameters are challenging due to the ambiguities caused by the extrinsic effects or

ensemble averaging in previous studies (see Section 2.4).

In this chapter, two types of experiments for each single S-SWCNT are performed

and analyzed using a stochastic model (Section 2.5) to resolve the exciton relaxation

dynamics. The first type of experiment (Section 4.1) is the dependence of PE (photon

emitted at E11) on PI (photon incident at E22) (Equation 2.19 and 2.21) resulting

from the pump-power dependence measurement of the ‘time integral PL’ from each

S-SWCNT excited by 150-fs laser pulses. We observe hard PL saturation over one

decade at high input power. From the linear region of a PE versus PI curve at

low input power, we extract the magnitude of the action cross section (αηQE×A)

(Equation 2.21). The nonlinear region of a PL saturation curve is determined by the

non-linear exciton-exciton annihilation mechanism. We propose a few possible non-

linear relaxation mechanisms and compare the simulation results to the experimental

PL saturation curves. We conclude that the nonlinear exciton-exciton annihilation

rate is much faster than the linear exciton relaxation rate. We also determine the

range of the absorption coefficient for each S-SWCNT (Table 2.3). From the ab-

sorption coefficient, we can derive the lower limit of the quantum efficiency of each

S-SWCNT. Besides, the absorption coefficient also allows us to calculate the total

number of excitons per pulse per S-SWCNT, and we use that exciton number as a

known parameter in the data analysis in the second type of experiment.

The PL saturation curves only allow us to derive the ratio of nonlinear and linear
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exciton relaxation rate ( Γ
ΓNL

). To further resolve Γ and ΓNL individually, we conduct

the second type of experiment (Section 4.2) which is time-resolved exciton dynamics

using femtosecond excitation correlation (FEC) spectroscopy [43]. Note that ‘time

integral PL’ as a function of ‘time delay’ between two excitation pulses is detected

using FEC. ‘FEC dynamics’ (‘time integral PL’ vs. time delay) result from exciton

dynamics depending on excitation intensity, linear and nonlinear exciton relaxation

rates. Principles of FEC are introduced in Section 4.2.1 and the simulation results

with the commonly used exciton-exciton annihilation mechanism are also discussed.

The FEC data taken from several (9,8) S-SWCNTs show consistent FEC dynamics

which are fit to a mono-exponential and a bi-exponential function, respectively. Since

both functions give reasonable fitting, we study the FEC dynamics in each case.

With the mono-exponential fitting, we derive the linear exciton relaxation rate and

the upper limit of nonlinear relaxation rate (Section 4.2.2). With the bi-exponential

fitting, we studied possible exciton relaxation scenarios in which a lower energy dark

exciton state is also considered (Section 4.2.3).

4.1 PL saturation of single S-SWCNTs

From past studies and also our own study, we know the nonlinear exciton relaxation

is significant at higher excitation intensities. PL as a function input intensity has a

linear dependence at low excitation intensities (where exciton number � 1) due to

negligible nonlinear exciton relaxation. PL starts showing nonlinearity with increasing

excitation intensity and eventually saturates.

From the slope of an experimental PL saturation curve in the linear region, we

can derive the action cross section, αηQEA, which contains the absorption coefficient

(A) and quantum efficiency (ηQE). From the nonlinear region, we can explore the
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nonlinear relaxation mechanism. Importantly, each S-SWCNT studied in the thesis

is excited with quasi-uniform intensities and with optical pulses linearly-polarized

parallel to the tube axis. (E22 absorption is strongly polarized along a S-SWCNT

axis [59].) In Section 4.1.1, we will explain how the ‘geometric effects’ distort a

PL saturation curve which may account for the large variation on the saturation

intensity observed in past work. Only with quasi-uniform excitation of a S-SWCNT,

a PL saturation curve can truly reflect the intrinsic exciton dynamics (Section 4.1.2

to 4.1.3).

4.1.1 Geometric effect on PL saturation

For an ensemble SWCNT sample excited by a Gaussian beam, the total PL may

increase as a function of excitation intensity without hard saturation. This is because

each S-SWCNT experiences a different excitation intensity depending on the spatial

profile of the excitation beam and some S-SWCNTs may experience saturation while

others may not. The same effect applies to a very long S-SWCNT in our system. If

an individual S-SWCNT is much longer than the excitation beam size, PL from the S-

SWCNT will always increase when increasing the excitation intensity unless the field

of view limits the total PL collected from the S-SWCNT. The following simulation

shows how the geometric effect changes the PL saturation behavior.

The excitation intensity I(r) is assumed to have a Gaussian profile and the PL

from a S-SWCNT has linear dependence as a function of the excitation intensity below

Isat, but saturates immediately above Isat (Figure 4.1(a)). For simplicity, assume the

linear dependence factor is one:

PL(r) = I(r) as I(r) < Isat (4.1)

PL(r) = Isat as I(r) > Isat (4.2)
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First, consider the cases with a large field of view (FOV), which is much bigger than

either the full width half maximum (FWHM) of the beam size or the S-SWCNT

length, LT (Figure 4.1(b)). In Figure 4.1(b), given FOV= 120 µm and FWHM =

5 µm, three PL saturation curve (LT = 1, 10, 100 µm) as a function of normalized

excitation intensity, I/Isat, show very different saturation behaviors. Only with LT �

FWHM, the PL completely saturates right above I/Isat = 1 and PL = 1 at the hard

saturation region. For a very long S-SWCNT with LT � FWHM, the PL saturation

curve never reaches a plateau. Secondly, consider the cases with a very small FOV,

(FOV = 12 µm � FWHM = 50 µm, Figure 4.1(c)). All of the PL saturation curves

saturate right above I/Isat = 1, but the amount of the PL at the hard saturation

region is different depending on the relative sizes of FOV and the tube length.
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Figure 4.1: (a) Excitation beam profile and the PL profile from a S-SWCNT when the

tube length is larger than the beam size. (b) FOV is bigger than either

LT or FWHM: PL saturation behavior depends on the relative sizes of

the tube length and the beam size. (c) FWHM is bigger than either LT

or FOV: PL at hard saturation region depends on the relative sizes of the

tube length and the size of FOV.

Figure 4.2 shows an example of an extremely long S-SWCNT (9,8)X (∼ 40 µm

relative to the excitation FWHM = 5 µm) which does not saturate due to the geo-

metric effect. Meanwhile, all other S-SWCNTs with tube length much less than the

excitation beam FWHM show hard saturation. (The FOV of the detecting system is

approximately 120 µm.)
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Figure 4.2: An extremely long tube (9,8)X (∼ 40 µm), excited with a beam size,

FWHM = 5 µm, shows increasing PL without a plateau. All other S-

SWCNTs with tube length much less than the excitation beam FWHM

show hard saturation. The excitation pulse duration is 150 fs.

Previous ensemble work showed linear dependence of PL with the square root of

the excitation intensity which indicates the SWCNTs in this case were non-uniformly

excited [55]. The PL saturation behavior is thus affected by the geometric affect. The

random orientations of S-SWCNTs in an ensemble sample also lead to less efficient

light absorption. In our experiments, we keep the excitation beam sizes (FWHM) at

least twice larger than the S-SWCNT length to minimize the geometric effect. Each

single S-SWCNT is excited quasi-uniformly under this condition. The S-SWCNTs’

orientations are also parallel to the laser polarization for every S-SWCNT.



CHAPTER 4. EXCITON DYNAMICS 55

4.1.2 Experimentally resolved PL action cross section

To compare the simulation results from the stochastic model (Section 2.5) with the

experimental data, the PL saturation curve for each S-SWCNT, ‘detected PL(V)’

vs input power(W), are converted into PE (photon number emitted per pulse per

S-SWCNT) vs. PI (photon number incident per pulse per S-SWCNT). Note the

‘detected PL’ is proportional to the time integral of the instantaneous exciton number

in the S-SWCNT (Equation 2.17). PE is converted from the PL detected on the LIA

according to the calibration of the throughput, the collection efficiency of the aspheric

lens, the S-SWCNT substrate, and the calibration of the detection system (Table 4.1).

PI is derived from the input intensity and the total S-SWCNT area, πdT L, where dT

and L are S-SWCNT diameter and length.

PE =
PL[W ]

ηcoll

× 1

76× 106[pulse
sec

]
× 1

1.6× 10−19[ J
eV

]
× 1

E11[eV]
(4.3)

PI = φπ dT L (4.4)

φ = Iexc[W/cm2]× 1

76× 106[pulse
sec

]
× 1

1.6× 10−19[ J
eV

]
× 1

E22[eV]
(4.5)

Iexc is the peak intensity of the excitation beam assuming a Gaussian profile. φ is

the excitation photon flux. E22 and E11 are the photon energies of the excitation

and emission light. ηcoll is the product of item 2 to 11 in Table 4.1 (if using ‘70 Hz’

as the chopping frequency and ‘Low gain’ on the preamplifier). PL signal detected

from the LIA is converted into power (W) according to the gain coefficient (item 13

in Table 4.1). Note that given the same excitation photon flux, φ, longer S-SWCNTs

experience higher total incident photons, PI.
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Table 4.1: Conversion coefficients for calculating PE [photons/pulse/tube]. Most of

the coefficients are calibrated by measuring either reflection or transmis-

sion of optical components, ± 2% uncertainties are rough but conservative

estimates.

Figure 4.3 show the resulting PE vs. PI curves from six (9,8) S-SWCNTs and

two (10,8) S-SWCNTs (the data from the two (10,8) S-SWCNTs were recorded by

coworker, Tam Q, Nhan [5]). The excitation and emission wavelengths are 800 and

1385 nm for (9,8) and 830 and 1440 nm for (10,8) S-SWCNTs. Impressively, in-

cluding six (9,8) and two (10,8) S-SWCNTs with different tube lengths, PE starts

increasing nonlinearly above a very similar PI (PI ∼ 20 photons/pulse/tube) and

showing plateaus at another similar PI ∼ 100 photons/pulse/tube. The plateaus are

maintained over one decade.

The uncertainties on PE in Figure 4.3 are the standard deviation of means re-

sulting from several measurements. There are also systematic errors on PE listed in

Table 4.1. The collection efficiency is calculated and used based on the assumption of

isotropic PL emission from a S-SWCNT, but its uncertainty is unknown. The total

systematic uncertainty on PE (excluding the collection efficiency) is approximately
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±10%. The uncertainties on PI for each S-SWCNT are contributed by the uncer-

tainties of the excitation beam sizes and the tube lengths (shown on Figure 4.4(a)

and (b)).
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Figure 4.3: The photon number emitted at E11 as a function the photon number

incident at E22 per pulse per S-SWCNT in a log-scale of six (9,8) and

two (10,8) S-SWCNTs. The error bars are standard deviation of means.

The dashed line with a slope of 1 in the log-log-scale represents linear

dependence of PE to PI.

A dashed line with a slope of 1 in the log-log-scale in Figure 4.3 represents linear

dependence of PE on PI. Each S-SWCNT has linear dependence within the lowest

2 to 4 data points. We can find out the slopes of each S-SWCNT by fitting these

data points with a linear function PE = slope×PI. These slopes represent the action

cross sections αηQEA (Equations 2.21) for each S-SWCNT. Figure 4.4 shows that the

action cross section has no dependence on either S-SWCNT lengths nor excitation
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beam sizes, which in turn confirms the the negligibility of geometric effects.
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Figure 4.4: PL action cross section as a function of SWCNT length (a) and excitation
beam FWHM (b) from six (9,8) and two (10,8) S-SWCNTs.

A more detailed analysis on the PL saturation curves in Figure 4.3 shows positive

and negative correlation of the action cross section to the PEsat and PIsat, respectively

(Figure 4.5). Each PL saturation curve is fit to a function:

PE = PEsat × (1− e
− PI

PIsat ) (4.6)

where PEsat is the saturation level of PE at higher PI and a smaller value of PIsat

indicates PE saturates at a smaller number of PI (or exciton number). In addition,

data points at higher PI (∼ above 150) generally decrease which might be due to

higher order nonlinear exciton relaxation, thus they are not included in the fitting.

The positive correlation of PIsat to action cross section (αηQEA) is consistent with

the hypothesis that a less defected S-SWCNT (i.e. larger α) emits more light (i.e.

higher PEsat).
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Figure 4.5: Correlation of PEsat (a) and PIsat (b) to the action cross section (αηQEA).
PEsat and PIsat are the two fitting parameters resulting from fitting each
curve (PI < 150) in Figure 4.3 with Equation 4.6.

The PL action cross section ranges from 0.002 - 0.014 (or 5 - 40×10−19 cm2/atom).

Compared with the action cross sections estimated by past work studying single

HiPCO-grown, SDBS-wrapped S-SWCNTs [38], our action cross sections are approx-

imately 4 times higher which indicates a higher absorption coefficient and/or a higher

QE (likely due to less defects and minimum environmental effects).

4.1.3 Absorption coefficient and quantum efficiency

In this section, we explore the nonlinear relaxation mechanism in the S-SWCNTs from

the PL saturation curves (PE vs. PI curves). Different nonlinear relaxation mech-

anisms are introduced and explained based on the stochastic model in Section 2.5.

By fitting the data to different nonlinear relaxation models, we derive a lower and

upper limit of the absorption coefficient of each S-SWCNT. The lower limit of the

experimentally resolved quantum efficiency, αηQE, are estimated based on the upper

limit of the absorption coefficient.
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As shown in Equation 2.17, the ‘detected PL’ is proportional to the time integral

of the instantaneous exciton number in the S-SWCNT. To simulate the ‘detected PL’

as a function of the initial average exciton number n̄0 (Equation 2.12), we simulate the

exciton dynamics, n̄(t), based on different nonlinear relaxation models and calculate

the associated time integral according to:

‘detected PL’ ∝
∫ ∞

0
n̄(t)dt∫ ∞

0
exp(−Γt)dt

(4.7)

=

∫ ∞
0

n̄(t)dt

τ
(4.8)

where Γ = τ−1 is the linear exciton relaxation rate (Equation 2.16). At very low

excitation intensity (n̄0 � 1), the exciton-exciton annihilation is negligible, thus the

‘detected PL’ is simply proportional to n̄0 (dashed line shown in Figure 4.6(a)). At

higher n̄0, the ‘detected PL’ increases nonlinearly as a function of n̄0 due to the nonlin-

ear exciton-exciton annihilation. (Obviously, if there is only linear exciton relaxation,

the ‘detected PL’ would always be linearly proportional to n̄0 and there would be no

PL saturation.) Note the simulated PL saturation curve, ‘detected PL’ as a function

of n̄0, is independent of Γ. However, different Γ
ΓNL

ratios as well as different non-

linear relaxation mechanisms affect the saturation behavior in the nonlinear region.

Thus we compare the experimental data with the simulation results calculated from

different nonlinear relaxation models (Model a to f listed in Table 4.2).
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Table 4.2: Six possible nonlinear relaxation models result in different PL saturation

behavior in Figure 4.6.

Model a describes the most extremely efficient nonlinear relaxation model that

whenever there is more than one exciton (n > 1) created in a S-SWCNT, exciton-

exciton annihilation is extremely efficient so that every exciton relaxes instanta-

neously. As a result, none of the excitons are left. For an initial Poissonian distrib-

ution, ρn(0) =
n̄n

0

n!
exp(−n̄0) (Equation 2.11), after extremely efficient exciton-exciton

annihilation, ρ1(0) remains ρ1(0) = n̄0 exp(−n̄0), but ρ0(0) becomes ρ0(0) = 1−ρ1(0),

and ρn(0) = 0 for all n ≥ 2 instantaneously. Since ρ1(0) becomes smaller as n̄0 be-

comes bigger, the ‘detected PL’ decreases as a function of n̄0 above n̄0 = 1 (curve a in

Figure 4.6). This model is introduced since it provides a lower limit to the estimate

of the absorption coefficient (explained later).

Model c is similar to Model a except ‘one exciton’ is left (instead of ‘zero ex-

citon’) instantaneously. This is possible in an extremely fast exciton-exciton annihi-

lation mechanism (described in Equation 2.15). After extremely fast exciton-exciton

annihilation, ρ0(0) remains ρ0(0) = exp(−n̄0) and ρ1(0) becomes ρ1(0) = 1 − ρ0(0).

At higher n̄0, ρ0(0) → 0 and ρ1(0) → 1. Thus the ‘detected PL’ saturates and shows
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a plateau at higher n̄0 (curve c in Figure 4.6).

Model d to f have the same nonlinear relaxation mechanism as Model a with

various Γ
ΓNL

(curve d to f in Figure 4.6).

Model b is another possible exciton-exciton annihilation process proposed by

Barzykin [7]. In contrast to the exciton relaxation mechanism used in Model c to f ,

the energy released from one exciton is transferred to and ionizes a second exciton

which does not relax to E11 exciton state, thus both excitons do not emit light. The

exciton dynamics follows:

dρn

dt
= − [Γ +

1

2
ΓNL (n− 2)] n ρn + [Γ +

1

2
ΓNL n] (n + 2) ρn+2 (4.9)

Γ = ΓR + ΓNR (4.10)

In summary, there are three different relaxation mechanisms:

Mechanism I: Model a ; described by dρ1

dt
= −Γ.

Mechanism II: Model c to f ; described by Equation 2.15.

Mechanism III: Model b; described by Equation 4.9.

Figure 4.6 show the simulation results of ‘detected PL’ (defined in Equation 4.8)

as a function of n̄0 from different nonlinear relaxation models.
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Figure 4.6: ‘Detected PL’ vs. n̄0 for different nonlinear relaxation models (listed in
Table 4.2) in a log-log scale (a) and linear-log scale (b) The dashed line
shown in the log-log scale represents a function of ‘detected PL’ = n̄0.

To fit the simulation results to the data, we need to convert the ‘detected PL’ into

photon number emitted per pulse per S-SWCNT (PE ′) and convert n̄0 into photon

number incident per pulse per S-SWCNT (PI ′). For the ‘input’, the total exciton

number created, n̄0, is scaled with the total incident photon number, PI ′, by the

absorption coefficient, A. For the ‘output’, the total photon number emitted, PE ′,

from a S-SWCNT is scaled with the ‘detected PL’ by the quantum efficiency, αηQE:

PI ′ =
n̄0

A
(4.11)

PE ′ =

∫ ∞
0

n̄(t)dt

τ
× αηQE (4.12)

PE ′ and PI ′ derived from the simulation are the same definitions and units as exper-

imentally resolved PE and PI. We can further impose the constraint on the action

cross section, αηQEA (experimentally resolved from each S-SWCNT in Figure 4.3),
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into Equation 4.12:

PE ′ =

∫ ∞
0

n̄(t)dt

τ
× αηQEA

A
=

∫ ∞
0

n̄(t)dt

τ
× slope

A
(4.13)

Hence, Equation 4.11 and 4.13 indicate that PI ′ and PE ′ are both scaled only with

A−1. Due to the imposed constant, the simulation results are forced to be consistent

with the experimental data in the linear region. The dashed line in the inset figure of

Figure 4.7(a) represents the linear curve of PI ′ = αηQEA×PE ′ (Equation 2.21). To fit

the simulation curves to the experiment results, we change only one fitting parameter,

A. The simulated curves shift up and down along the dashed line according to the

value of A.

As shown in Table 2.3, the previous experimental estimates of absorption cross

section (or absorption coefficient) of several S-SWCNTs varied from 0.17 to 1.7×10−17

cm2/atom (or A = 0.0059 to 0.059). In our studies, brighter and less defected S-

SWCNTs are selected. The S-SWCNTs’ lengths and orientations are calibrated.

Each S-SWCNT is quasi-uniformly excited. Thus we have a better estimation on

both PE and PI of each S-SWCNT for a given excitation intensity. We are able

to determine the range of the absorption coefficient by fitting the data with various

models. In the following paragraphs, the lower limit of the absorption coefficient

is determined by fitting the simulation of Model a to the experimental data. We

don’t believe Model a is the real model, but it gives a conservative lower limit

of the absorption coefficient since it is the most extremely efficient exciton-exciton

annihilation model. On the other hand, since the PL saturation curves show plateaus

over one decade (Figure 4.3), Model c is the most plausible to provide the upper

limit of A. However, in Figure 4.3, we also observed that most of the S-SCWCNTs

slightly decreases (< 30%) from PI ∼ 150 to 2000 photons. This might be due to
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higher order nonlinear relaxation processes that are not included in theses models

listed in Table 4.2. Instead of including additional higher order nonlinear relaxation

mechanisms into the model, which introduces additional free parameters, we restrict

the fitting to the data set of lower PI (PI < 150 photons) and explore the upper

limit of A again (Figure 4.8). If there is a significant higher order nonlinear relaxation

in the high PI region, we expect the Amax derived from fitting the entire data set to

Model c to be overestimated. Meanwhile, fitting the data set of lower PI results in

a lower value of Amax. In addition, we can also find out the upper limit of Γ
ΓNL

in the

latter case. The degree of the PL saturation corresponds to the magnitude of Γ
ΓNL

.

In other words, PE saturates at lower PI if Γ
ΓNL

is smaller.

We take one typical S-SWCNT, (9,8)H in Figure 4.3, as an example for deriving

the lower and upper limit of A. The action cross section (the slope at linear region)

αηQEA = 0.005 is used for this S-SWCNT. Figure 4.7(a) to (c) show the fitting results

for (9,8)H S-SWCNT using Model a (Mechanism I) with A = 0.007, 0.010, 0.020.

Figure 4.7(d) to (f) show the fitting results for (9,8)H S-SWCNT using Model c

(Mechanism II) with A = 0.030, 0.040, 0.060. The best fits in comparison with

Model a and Model c give the lower and upper limits of A: Amin ∼ 0.01 and

Amax ∼ 0.04. The reduced chi-square χ2
r = 1

ν
Σi

[PE(i)−PE′(i)]2

σ(i)2
as a function of A

associated with Model c in Figure 4.3(g) is used to determine the best fit [60].

PE(i) are the mean values averaged over four measurements at each different PI,

and σ(i) is the standard deviation. PE(i) and PE ′(i) are experimental and simulated

photon numbers respectively. Index i refers to different data points at different PI

(in this case, i = 1 to 44, and ν = 43 is the number of degrees of freedom for 44

data points and one fitting parameter, A). For each S-SWCNT, we take the average

value of all the standard deviation at different PI: σ = 1
N

∑N
1 σ(i), and calculate

the reduced chi-square with uniform weighting: χ2
r = 1

ν
Σi

[PE(i)−PE′(i)]2

σ2 . The reduced
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chi-square χ2
r fit by Model c with uniform weighting gives minimum χ2

r = 1.35 at A

= 0.04.
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Figure 4.7: For a specific S-SWCNT, (9,8)H (dots), Model a (the lower curve) gives
the lower limit of A ((a) - (c)); Model c (the upper curve) gives the
upper limit of A ((d) - (f)). The insets in each figure are the same result
plotted in a log-log scale. A = 0.01 and 0.04 give the best fits for the
lower and upper limits. The error bar at each PI is the average standard
deviation of the mean (σ = 1

N

∑N
1 σ(i)). (g): The minimum χ2

r is used to
determine the best fit in Model c. Minimum χ2

r = 1.35 at A =0.04. The
dashed line on the inset of (a) represents the curve of PE = αηQEA×PI
(Equation 2.21).
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We further investigate the upper limit of A by fitting only the experimental data

of PI < 150 photons. From PL saturation curves of each S-SWCNT shown in Fig-

ure 4.10 and 4.11, PI ∼ 150 photons typically corresponds to the starting point of

decreasing on PE. First, we fit the data to the most used nonlinear relaxation mech-

anism (Mechanism II or Equation 2.15) with various Γ
ΓNL

. Given a Γ
ΓNL

value, A

is the only fitting parameter. Again, reduced chi-square with uniform weighting as a

function of A are calculated to determine the best fit.

Figure 4.8(a) shows the reduced chi-square as a function of A with various Γ
ΓNL

.

Given Γ
ΓNL

, there is an optimal A value yielding minimum χ2
r and the minimum χ2

r

decreases as Γ
ΓNL

decreases. Note the Amax = 0.037 derived from fitting the partial

data set is slightly lower than the Amax = 0.040 derived from fitting the whole data set

to Model c. This is what we expect to observe as discussed earlier. In Figure 4.7(e),

the best fit of the whole data set is determined by the best fit of the data below

PI = 150 photons, thus we derive the same optimal Amax = 0.037 in both cases.

We will show later the optimal A values derived by fitting partial data set and whole

data set are generally very close (the fourth rows in Figure 4.10 and 4.11). Figure 4.9

shows the data and the simulation curves with Γ
ΓNL

= 0.2, 0.1 and 0 calculated at

optimal A = 0.064, 0.050, and 0.037, respectively.
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Figure 4.8: χ2
r as a function of A is calculated by fitting data set of PI < 150 photons

(S-SWCNT (9,8)H ) to Mechanism II(a) and Mechanism III(b). Each
curve is calculated with different Γ

ΓNL
ratios labelled as shown in the

legend.



CHAPTER 4. EXCITON DYNAMICS 69

0 50 100 150 200 250
0.00

0.05

0.10

0.15

0.20

0.25

0.30
 SWCNT (9,8)H
 Γ/ΓNL=0.2, A=0.064, χr

2=1.60

 Γ/ΓNL=0.1, A=0.050, χr
2=1.34

 Γ/ΓNL=   0, A=0.037, χr
2=1.08

 

 

P
E

PI
Figure 4.9: PL saturation data of S-SWCNT (9,8)H with PI < 150 photons are

shown with uniform error bars. The uniform error bars are the same
uniform error bars shown in Figure 4.7(a) to (f). Three simulation curves
with Γ

ΓNL
= 0.2, 0.1, 0 are calculated given optimal A = 0.064, 0.050,

0.037.

Secondly, we fit the same data set in Figure 4.9 with Mechanism III (or Equa-

tion 4.9) which is a more efficient nonlinear mechanism compared to Mechanism II.

As shown in Figure 4.8(b), given the same Γ
ΓNL

, the minimum χ2
r are similar to the

minimum χ2
r using Mechanism II in Figure 4.8(a). However, the optimal A values

associated with the minimum χ2
r in Figure 4.8(b) are approximately half of the opti-

mal A values in Figure 4.8(a). This factor of two is expected since in Mechanism

III, ∼ 50% excitons vanish via exciton-exciton annihilation (when exciton number is

even; n → (n − 2) → ... → 0). Nevertheless, both Mechanism II and III suggest

fast nonlinear exciton-exciton annihilation.

Figure 4.10 and 4.11 show the PL saturation curves with the whole data set in



CHAPTER 4. EXCITON DYNAMICS 70

a linear scale (first row). These are the same data as in Figure 4.3. Each column

represents one S-SWCNT. Each figure in the second row shows the partial data set

of the corresponding figure in the first row. The simulation results with Γ
ΓNL

= 0.2,

0.1, 0 are also shown for comparison with the data. The optimal A values and the

resulting minimum χ2
r at each Γ

ΓNL
are specified in each figure. Figures in the third

row show the minimum χ2
r as a function of Γ

ΓNL
.Generally speaking, χ2

r all decrease

with Γ
ΓNL

and the minimum χ2
r at Γ

ΓNL
= 0 are typically below 3. Thus, from the

fitting results of these 5 S-SWCNTs, we can conclude Γ
ΓNL

= 0 gives the best fitting

results to the data. In the fourth row, figures are the optimal A as a function of Γ
ΓNL

(circles). The optimal A valued derived from fitting the whole data set to Model c

is also shown in each figure (squares) for comparison. Note generally the optimal A

value at Γ
ΓNL

= 0 of each S-SWCNT is slightly lower than the optimal A value derived

from fitting the whole data set to Model c (except S-SWCNT (9,8)C, but the two

values are very close). Excluding S-SWCNT (9,8)C, the optimal A value shown as

the square in the fourth row of each S-SWCNT determines the upper limit of A of

each S-SWCNT. Based on the minimum χ2
r analysis, even fitting with a PL saturation

curve with lower PI, the results still suggest very fast exciton-exciton annihilation

( Γ
ΓNL

→ 0). The conclusion of very fast exciton-exciton annihilation agrees with the

analysis of the FEC data discussed in Section 4.2.
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Figure 4.10: PE vs. PI for S-SWCNTs (9,8)A, C, D, E in linear scale (first row).
Each column represents results for a single S-SWCNT. Error bars shown
on each figure are average standard deviation. Partial data set with
PI < 150 photons are shown in the second row. Simulation curves with

Γ
ΓNL

= 0.2, 0.1, and 0 given associated optimal A values are shown on

each figure. Third row: Minimum χ2
r as a function of Γ

ΓNL
fit with the

partial data set shown in the second row. Fourth row: Optimal A as a
function of Γ

ΓNL
are shown in each figure (circles). Optimal A derived

from fitting the whole data set to Model c is also shown in each figure
for comparison.
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Figure 4.11: PE vs. PI for S-SWCNTs (9,8)F, H and (10,8)G, H (first row). Each
column represents results for a single S-SWCNT. Error bars shown
on each figure are average standard deviation. Partial data set with
PI < 150 photons are shown in the second row. Simulation curves with

Γ
ΓNL

= 0.2, 0.1, and 0 given associated optimal A values are shown on

each figure. Third row: Minimum χ2
r as a function of Γ

ΓNL
fit with the

partial data set shown in the second row. Fourth row: Optimal A as a
function of Γ

ΓNL
are shown in each figure (circles). Optimal A derived

from fitting the whole data set to Model c is also shown in each figure
for comparison.

We fit all the S-SWCNTs following the same procedures and derive the Amin and

Amax of each S-SWCNT (Table 4.3). The upper limit of A values are then used to

estimate αηQE (the experimentally resolved quantum efficiency) of each S-SWCNT.
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Table 4.3 lists the results of six (9,8) and two (10,8) S-SWCNTs. The lower limit of

the experimentally resolved quantum efficiency αηQE ranges from 7 to 20% which are

higher than the quantum efficiencies previously reported by other groups. The higher

quantum efficiencies observed are likely due to less defected S-SWCNTs, resonant

excitation at polarization parallel to S-SWCNT axis, minimum environmental effects

and negligible geometric effect.
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quantum efficiencyAbsorption coefficientPL action cross section

0.011
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0.014
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1511.90.0044(9,8)D

1510.30.0038(9,8)C

159.10.0034(9,8)A

αηQE estimated
by Amax  (%)

αηQE σab
(10-19cm2/atom)

αηQEA
(unitless)S-SWCNT

Dec 31, 2008

Table 4.3: Action cross section, absorption coefficient and experimentally resolved

quantum efficiency from six (9,8) and two (10,8) S-SWCNTs. Amin are

derived by fitting the data to Model a (Mechanism I). Amax are derived

by fitting the whole set of the data to Model c (Mechanism II) except

one S-SWCNT (9,8)C, its Amax is derived by fitting partial data set (PI <

150 photons) to Mechanism II given Γ
ΓNL

= 0. Parameters αηQEA, Amin

and Amax are kept to two significant figures for more precise estimation of

αηQE.

All the S-SWCNTs studied here show the reduced chi-squares decrease with the
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Γ
ΓNL

ratio. However, it is not reasonable to conclude Γ
ΓNL

is 0. (Neither Γ equals 0 nor

ΓNL approaches ∞). Determination of the lower limit of Γ
ΓNL

requires the analysis

on uncertainties of reduced chi-squares, including contributions from systematic and

random errors, beyond the scope of this thesis.

4.1.4 Summary of Section 4.1

The experimental results with hard saturation suggest a very fast nonlinear relaxation

process. The relatively high absorption coefficient also indicates that PL from a single

S-SWCNT saturates at relative low incident photon number per pulse per tube. All

the S-SWCNTs start to increase nonlinearly above PI ∼ 20 photons/pulse/tube

and start showing plateaus at PI ∼ 100 photons/pulse/tube (Figure 4.3). From

Table 4.3, Amax ∼ 0.02 to 0.06 suggests the PL in a single S-SWCNT starts to

plateau above approximately n̄0 = 2 ∼ 6. Extremely fast exciton-exciton annihilation

was observed in our S-SWCNTs with tube lengths of ∼ 5 µm. The model of exciton

localization and exciton diffusion suggested from surfactant-wrapped S-SWCNTs [43,

50] may not be appropriate in air-suspended S-SWCNTs. In other words, in the air-

suspended S-SWCNTs, the excitons may be non-localized. Therefore, the exciton-

exciton annihilation occurs above n0 = 2 ∼ 6 independent of the S-SWCNT lengths

(Figure 4.3). It will be very interesting to compare the exciton dynamics of surfactant-

wrapped S-SWCNTs with the air-suspended S-SWCNTs, or to study air-suspended

S-SWCNTs over a much wider range of the tube lengths.

4.2 Exciton relaxation dynamics

Aside from absorption coefficient and the quantum efficiency, we have proven that

a PL saturation curve also gives the information of the ratio between linear and
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nonlinear exciton relaxation rates in Mechanism II (or III). However, study of

time-resolved exciton dynamics is required to derive these two exciton relaxation

rates individually.

In Section 4.2.1, we used the femtosecond excitation correlation (FEC) method [43]

to study exciton dynamics of S-SWCNTs. ‘Time integral PL’ as a function of time

delay (td) between two excitation pulses are detected in this method. The simulation

of FEC dynamics (FEC(td)) resulting from exciton dynamics (n̄(t)) using Mecha-

nism II [7, 45] is thoroughly studied by the author with various parameters of n̄0,

Γ, and ΓNL. In Section 4.2.2, the experimental FEC dynamics from several differ-

ent (9,8) S-SWCNTs are fitted to a mono-exponential and bi-exponential function,

respectively. Mono-exponential FEC dynamics are analyzed and compared with the

simulation results and we derive the value of linear exciton relaxation rate (Γ) and

the upper limit of nonlinear relaxation rate (ΓNL). In Section 4.2.3, the same ex-

perimental FEC data are fitted to a bi-exponential function and exhibit two time

constants with ‘equal amplitude’. Exciton relaxation mechanism (Mechanism II)

is modified by further including the dark exciton state to successfully explain all the

features shown in the bi-exponential fitting of FEC.

4.2.1 Principles of FEC

We excite a single S-SWCNT by two laser pulses with variable time delay, td, and

record the integral PL as a function of td: FEC(td). As shown in Figure 3.1, the

two pulses are spatially collinear after the second beam splitter. The lock-in amplifier

detects the FEC signal which is contributed by both pulses chopped at the same

frequency. Both beam splitters shown in Figure 3.1 have 50% reflection and trans-

mission thus we will study the FEC signal resulting from two equal intensity pulses.
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FEC(td) is proportional to the integral PL contributed by two pulses:

FEC(td) ∝
∫ td

0

n̄(1)(t)dt +

∫ ∞

0

˜̄n(2)(t)dt (unit: exciton number·ps) (4.14)

˜̄n(2)(0) =
∞∑

n=0

nρ̃n
(2)(0) (4.15)

ρ̃n
(2)(0) =

∞∑
k=0

ρ
(1)
k (td)× ρ

(1)
n−k(0) (4.16)

For the FEC signal contributed by a single pulse, FEC(single pulse), we have:

FEC(single pulse) ∝
∫ td

0

n̄(1)(t)dt (unit: exciton number·ps) (4.17)

The initial exciton number resulting from the first pulse, ρ
(1)
n (0), follows the Poissonian

distribution (Equation 2.11). n̄(1)(t) is the instantaneous exciton number resulting

from the first pulse, while ˜̄n(2)(t) results from the remaining excitons from the first

pulse and the new excitons injected by the second pulse (Equation 4.16). (At a

very long time delay when the excitons resulting from the first pulse are completely

relaxed before the second pulse arrives, ρ̃
(2)
n (0) = ρ

(1)
n (0) and ˜̄n(2)(t) = n̄(1)(t)). The

instantaneous average exciton number follows Equation 2.10; the exciton dynamics

follows Equation 2.15. The linear exciton relaxation lifetime, τ , is defined as the

inverse of the linear exciton relaxation rate, Γ (Equation 2.16). The nonlinear exciton-

exciton annihilation lifetime, τNL, is defined as the inverse of the nonlinear exciton-

exciton annihilation rate, ΓNL (Equation 2.15). ΓNL is the total effective exciton-

exciton annihilation rate when there are two excitons existent in a S-SWCNT.

Figure 4.12 illustrates the FEC dynamics (FEC signal as a function of time delay)

in three situations:

(a) No exciton-exciton annihilation (ΓNL = 0);

(b) Extremely fast exciton-exciton annihilation rate (ΓNL →∞);
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(c) Moderate exciton-exciton annihilation rate;

All three situations are based on the same Mechanism II. (c) is the general situation,

while (a) and (b) describe the two extreme cases of (c).
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Figure 4.12: First row: Exciton dynamics as a function of normalized time delay resulting from

a single excitation pulse for three situations: (a) No exciton-exciton annihilation

(ΓNL = 0) (b): Extremely fast exciton-exciton annihilation (ΓNL →∞); (c): Moder-

ate exciton-exciton annihilation ( Γ
ΓNL

= 0.2). In situation (a), instantaneous exciton

number n(1)(t) is normalized to the initial exciton number (n̄0). In situation (b), for

any initial exciton number n̄0 > 1, it becomes one instantaneously. In situation (c),

n̄0 = 3 is used as an example. The insets in each figure are the equivalent semi-log

plots. Second to fourth row: Exciton dynamics resulting from two pulses (equal

intensity) with various time delay: 0, 1.6τ , and 10τ . Fifth row: Normalized FEC

dynamics as a function of normalized time delay. The FEC signals are normalized to

the time integral of exciton dynamics resulting from a single pulse (
∫∞
0

n(1)(t)dt) in

each situation. In situation (a): normalized FEC signal is a constant equal to 2. In

situation (b): normalized FEC signal increases mono-exponentially from 1 (at zero

time delay) to 2 (at td = 10τ). In situation (c): normalized FEC signal increases

from a value greater than 1 (at zero time delay) to 2 (at td = 10τ).
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In situation (a), since there is no exciton-exciton annihilation, PE increases lin-

early with PI. Exciton dynamics of a single pulse follows a mono-exponential decay:

n̄(1)(t) = n̄0e
−t
τ = n̄0e

−Γt (4.18)

given initial average exciton number n̄0 of a single pulse. The FEC signal from a

single pulse (Equation 4.17) scales linearly with n̄
(1)
0 :

FEC(single pulse) ∝
∫ ∞

0

n̄(1)(t)dt =

∫ ∞

0

n̄0e
−t
τ dt = n̄0τ (4.19)

The FEC signal resulting from two pulses (Equation 4.14) is always twice as big as

the FEC from a single pulse no matter what the time delay is.

FEC(td) ∝
∫ td

0

n̄0e
−t
τ dt +

∫ ∞

0

[n̄(td) + n̄0]e
−t
τ dt (4.20)

= {
∫ td

0

n̄0e
−t
τ dt +

∫ ∞

0

n̄(td)e
−t
τ dt }+

∫ ∞

0

n̄0e
−t
τ dt (4.21)

=

∫ ∞

0

n̄0e
−t
τ dt +

∫ ∞

0

n̄0e
−t
τ dt = 2n̄0τ (4.22)

We expect to see no dependence of FEC signal on time delay (shown in Figure 4.12(a)).

In situation (b), for each single pulse in linear region where PE increases linearly

with PI, FEC is independent of time delay due to no exciton-exciton annihilation.

For each single pulse in strong saturation region, after extremely fast exciton-exciton

annihilation, the initial probability of zero exciton = ρ
(1)
0 (0) = exp(−n̄(1)(0)) → 0,

and the initial probability of one exciton, ρ
(1)
1 (0) → (1 − ρ

(1)
0 (0)) = 1. Thus the

initial average exciton numbers n̄(1)(0) and ˜̄n(2)(0) are always equal to 1. The exciton

dynamics, n̄(1)(t), follows a mono-exponential decay, and the FEC signal from a single
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pulse is proportional to τ :

n̄(1)(t) = 1× e
−t
τ = e−Γt (4.23)

FEC(single pulse) ∝
∫ ∞

0

n̄(t)dt =

∫ ∞

0

e
−t
τ dt = τ (4.24)

These results are very similar to those in situation (a) except that n̄(t) and FEC(single pulse)

are independent of the initial exciton number. The FEC dynamics resulting from two

pulses (Equation 4.14) become

FEC(td) ∝
∫ td

0

e
−t
τ dt +

∫ ∞

0

e
−t
τ dt = τ [1− e

−td
τ ] + τ (4.25)

FEC(0) ∝
∫ ∞

0

e
−t
τ dt = τ (4.26)

FEC(∞) ∝
∫ ∞

0

e
−t
τ dt +

∫ ∞

0

e
−t
τ dt = 2τ (4.27)

Note the initial average exciton number resulting from the remaining excitons of the

first pulse and the new excitons injected by the second pulse becomes unity due to

very fast exciton-exciton annihilation (˜̄n(2)(0) = 1 in Equation 4.14). When two

pulses overlap, FEC(0) = τ . For much longer delays (t � τ), FEC(∞) = 2τ . In

addition, the FEC(td) increases mono-exponentially with a time constant equal to τ

(shown in Figure 4.12(b)).

In situation (c), in the linear region, FEC is independent of time delay due to no

exciton-exciton annihilation. In the nonlinear region, given initial exciton number of

each single pulse (n̄0), exciton dynamics (n̄(1)(t) and ˜̄n(2)(t)), and FEC signal from

a single pulse (FEC(single pulse)), FEC signal from two pulses (FEC(td)), cannot be

solved analytically. As a result of a numerical approach, Figure 4.12(c) shows exciton

dynamics from a single pulse, exciton dynamics from two pulses at td = 0τ , 1.6τ and

10τ . FEC dynamics from 0 to 10τ is also shown given n̄0 = 3 and Γ
ΓNL

= 0.2.
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In the following analysis, we explore the features exhibited in the simulation results

with two fitting parameters: n̄
(1)
0 and Γ

ΓNL
. n̄

(1)
0 is restricted to the maximum exciton

number used in the experiments (i.e. n̄
(1)
0 ≤ 12, see Section 4.2.2).

Feature 1: Given n̄
(1)
0 , the ratio of FEC(0)

FEC(10τ)
decreases with Γ

ΓNL
(Figure 4.13(a)).

For n̄
(1)
0 � 1, as Γ

ΓNL
approaches zero, FEC(0)

FEC(10τ)
asymptotically approaches 0.5 (which

agrees with FEC dynamics in situation (b)). FEC(10τ) ≈ FEC(∞) is used since

the integral of exciton population above 10τ is negligible comparing with the integral

from 0 to 10τ . Figure 4.13 (b) shows the ratio of FEC(0)
FEC(10τ)

as a function of n̄
(1)
0 ,

given Γ
ΓNL

= 0. Note that for a small n̄
(1)
0 , the probability of having exciton number

n ≤ 1 is not negligible and so is the linear exciton relaxation, hence FEC(0)
FEC(10τ)

will

asymptotically approaches a value greater than 0.5 at Γ
ΓNL

= 0. For n̄
(1)
0 � 1, there is

negligible nonlinear exciton-exciton annihilation, thus FEC(0)
FEC(10τ)

= 1 which is similar

to the FEC dynamics described in situation (a)).
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Figure 4.13: (a) The ratio of FEC(0)
FEC(10τ)

is calculated as a function of Γ
ΓNL

with various

initial exciton number of a single S-SWCNT, n̄
(1)
0 = 1 to 20. (b) The

ratio of FEC(0)
FEC(10τ)

as a function of n̄
(1)
0 , given Γ

ΓNL
= 0.
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Feature 2: Given a small value of Γ
ΓNL

≤ 0.01, normalized FEC as a function of

time delay is not sensitive to n̄
(1)
0 for the entire range (td = 0 to 10τ), especially

when n̄
(1)
0 > 3. Figure 4.14 (a) shows the simulation results with 2 ≤ n̄

(1)
0 ≤ 12 and

Γ
ΓNL

= 0.01. In contrast to (a), Figure 4.14 (b) shows that the FEC dynamics at

shorter time delay (td ≤ τ) is sensitive to n̄
(1)
0 given Γ

ΓNL
= 0.2.
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Figure 4.14: Simulation results of normalized FEC ( FEC(td)
FEC(10τ)

) as a function of normal-

ized time delay ( td
τ
) with various n̄

(1)
0 given Γ

ΓNL
= 0.01 (a) and Γ

ΓNL
= 0.2

(b).

Feature 3: Given n̄
(1)
0 , normalized FEC as a function of time delay is not sensitive

to Γ
ΓNL

if Γ
ΓNL

is very small (< 0.01) (Figure 4.15 (a) and (b)). In addition, with

Γ
ΓNL

< 0.01, normalized FEC as a function of time delay follows a mono-exponential

function with its time constant equal to τ (Figure 4.15).
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Figure 4.15: Simulation results of normalized FEC ( FEC(td)
FEC(10τ)

) as a function of nor-

malized time delay ( td
τ
) with Γ

ΓNL
= 0.01 and 0, given n̄

(1)
0 = 2 (a)

and n̄
(1)
0 = 12 (b). All four curves shown here are are fit well to a

mono-exponential function and the time constant agrees with the linear

exciton relaxation time constant (see Figure 4.17 (a) and Figure 4.18

(h)).

Feature 4: Normalized FEC as a function of time delay follows a bi-exponential

function only for 0.1 ≤ Γ
ΓNL

≤ 1 given n̄
(1)
0 = 12 (Figure 4.16 (c) - (f)). In the case

of either Γ
ΓNL

� 1 or Γ
ΓNL

� 1, we expect the FEC increases with the time delay

mono-exponentially with the time constant, τ , because the linear exciton relaxation

is the dominant process. Figure 4.16 (a) and (b) show a mono-exponential function

with the time constant, τ , fits well to the simulation results with Γ
ΓNL

= 0.01 and 10,

respectively. Figure 4.16 (c) - (g) show the FEC dynamics fit with mono-exponential

(red line) and bi-exponential functions (green line). Only with 0.1 ≤ Γ
ΓNL

≤ 1, a

FEC curve is fit better with a bi-exponential function than with a mono-exponential

function. In a bi-exponential fit, the two time constants τ1 (fast) and τ2 (slow) are
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related to non-linear relaxation lifetime τNL and linear relaxation lifetime τ . (Note

the time constants are all normalized to τ since the time delay on the x-axis are all

normalized to τ .) As shown in Figure 4.17 (a), τ2 generally agrees well with the

linear exciton relaxation lifetime, τ and so does the time constant, τmono, in a mono-

exponential fit at two extremes ( Γ
ΓNL

= 0.01 and Γ
ΓNL

= 10). τ1 in a bi-exponential fit

is the effective result of ΓNL×n(n−1) where n is the exciton number. Thus, τ1 < τNL

is expected for n � 1 (Figure 4.17 (b)). The amplitudes |A1| and |A2| are associated

with τ1 and τ2 in each bi-exponential fit. Figure 4.17(c) shows the dependence of |A1|
|A2|

on Γ
ΓNL

. |A1| is much smaller than |A2| with Γ
ΓNL

below 0.1.
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Figure 4.16: Simulated results (dots) of normalized FEC as a function of normalized

time delay with various Γ
ΓNL

given n̄
(1)
0 = 12. The FEC dynamics can

be fit well to a mono-exponential function (red dashed line) with either

Γ
ΓNL

≤ 0.01 (a) or Γ
ΓNL

≥ 10 (b). (c) - (g): Simulated FEC dynamics

with Γ
ΓNL

= 0.1 to 2 are fit with a mono-exponential function (red dashed

line) and a bi-exponential function (green solid line). In all these cases,

(c) - (f), a bi-exponential function fits better to the simulation than a

mono-exponential function. The formula of the mono-exponential and

bi-exponential fitting functions are shown in the legend of figure (c).
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Figure 4.17: According to the fitting results from Figure 4.16 with various Γ
ΓNL

, (a)

shows the constant of τmono in a mono-exponential fit and τ2 in a bi-

exponential fit as a function of Γ
ΓNL

. Note the time constants are nor-

malized to the linear relaxation time constant, τ . (b) The time constant,

τ1, in a bi-exponential fit as a function of Γ
ΓNL

. (c) The |A1|
|A2| ratio in bi-

exponential fits as a function of Γ
ΓNL

.

In contrast to a higher n̄
(1)
0 = 12, the dependence of the normalized FEC dynamics

on Γ
ΓNL

are also simulated with a lower n̄
(1)
0 = 2. The FEC dynamics given a small

n̄
(1)
0 = 2 are fit well to a mono-exponential function regardless of Γ

ΓNL
within the range

of 0.01 to 10. The associated time constants τmono are shown in Figure 4.18 (h). τmono

weakly depends on Γ
ΓNL

and is very close to τ at two extremes at Γ
ΓNL

=0.01 and 10.
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Figure 4.18: (a) - (g): Simulated results (dots) given n̄
(1)
0 = 2 of normalized FEC as

a function of normalized time delay with various Γ
ΓNL

= 0.01 to 10. The

FEC dynamics are fit well to a mono-exponential function (red dashed

line) in all figures. (h): τmono derived from the fitting results in each

figure shows weak dependence on Γ
ΓNL

(deviation of τmono from one is

less than 5 %).
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4.2.2 Experimentally resolved exciton dynamics

In this section, the experimental FEC dynamics of each S-SWCNT with various

excitation intensities are shown and their features are discussed. By comparing the

features shown on the data with those discussed in the simulation (Section 4.2.1), we

conclude that the non-linear exciton-exciton annihilation is very fast ( Γ
ΓNL

< 0.01).

We have derived the absorption coefficient of each S-SWCNT using Mechanism

II (Table 4.3). Employing the same mechanism, we can simulate FEC as a function

of time delay, FEC(td), given the initial average exciton number of each single pulse,

n̄0 = PI
2

A, where PI
2

is the incident photon number per pulse per S-SWCNT and PI

is the total incident photon number from the two pulses.

FEC dynamics depends on three parameters: n̄0, ΓNL, and Γ. As shown in

Equation 2.15, the effective nonlinear exciton-exciton relaxation rate depends on both

ΓNL (linearly) and n (nonlinearly). In other words, either larger n̄0 or larger ΓNL gives

faster effective exciton nonlinear relaxation rate. Importantly, since the absorption

coefficient has been estimated for each S-SWCNT, we know the total exciton number

initially created in each S-SWCNT given a specific excitation intensity. Thus, n̄0 and

ΓNL can be decoupled. As shown in Figure 4.19(f), the data used to study the FEC

dynamics have the initial average exciton number n̄0 ∼ 2 to 12 generated by each

pulse (excluding S-SWCNT (9,8)C ). With n̄0 = 2 to 12, we will prove Γ
ΓNL

must be

less than 0.01.

Figure 4.19(a) - (f) show the FEC data from 5 different (9,8) S-SWCNTs in a

log-log scale. Each FEC curve is associated with a specific total input power (or PI)

contributed by both pulses. Note that curves with higher PI tend to overlap (PI >

100 photons at the hard saturation region in Figure 4.3). Figure 4.19(f) displays all

the high PI curves (PI > 100 photons) which are normalized to the PL at 1.3 ns

from five S-SWCNTs. Except for S-SWCNT (9,8)C, the FEC data show consistent
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dynamics for the entire range. FEC data with PI < 100 photons are not chosen due

to low signal to noise ratios. Furthermore, they do not follow FEC(∞) ∼ 2FEC(0)

as expected due to lower excitation intensity. (They are in the nonlinear region but

not the hard saturation region.)

According to the ratio of FEC(0.3 ps)
FEC(1300 ps)

, S-SWCNT (9,8)C may have Γ
ΓNL

slightly big-

ger than the others (explained in Feature 1). Since 80% (four out of five S-SWCNTs)

of the FEC dynamics are very similar, from now on, the FEC data analysis and

the comparison of simulation results to the FEC data will only include S-SWCNTs

(9,8)D, E, H, G.
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Figure 4.19: (a) - (e): FEC data from 5 different (9,8) S-SWCNTs. For each S-

SWCNT, there are FEC curves associated with different total input

power (or PI) of two pulses. Line segments between points are con-

nected for eye-guiding. (f): Normalized FEC curves with higher PI (>

100 photons) from all the S-SWCNTs. Initial exciton number of a single

pulse n̄0 = 1
2
PI × A are estimated by Amax of each S-SWCNT (derived

from Mechanism II) listed in Table 4.3. The exact numbers of n̄0 of

S-SWCNT (9,8)G are not listed due to lower accuracy in determining

its absorption coefficient. However, n̄0 of (9,8)G are within the range of

2 to 12.

We fit all the data points from the consistent four (9,8) S-SWCNTs in Fig-

ure 4.19(f) with a mono-exponential and a bi-exponential function (Figure 4.20).
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The associated residuals and the reduced chi-squares are calculated. Since the re-

duced chi-square (χ2
r = 0.97 with the bi-exponential fit and χ2

r = 1.64 with the mono-

exponential fit) are similar and their uncertainties are not analyzed, it is not valid to

conclude the bi-exponential fits better to the data then the mono-exponential. Thus,

we compare the simulation results to the FEC data assuming mono-exponential FEC

dynamics in the following paragraphs. The bi-exponential FEC dynamics is discussed

in the next section (Section 4.2.3).
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Figure 4.20: The normalized FEC data from 4 different (9,8) S-SWCNTs ((9,8)D,

E, G, H ) in Figure 4.19(f) are fit to a bi-exponential function (a) and

mono-exponential function (b). The associated residuals are also shown.



CHAPTER 4. EXCITON DYNAMICS 92

There are several important features shown in the normalized FEC data in Fig-

ure 4.19(f):

Feature a: The data points below td = 0.3 ps in Figure 4.19(f) give an average

number of FEC(0.3 ps)
FEC(1300 ps)

= 0.52. This implies the nonlinear exciton-exciton relaxation

rate must be much faster than the linear exciton relaxation rate (approximately Γ
ΓNL

≤

0.01 according to Figure 4.13 (a) discussed in Feature 1, Section 4.2.1).

Feature b: From the four different S-SWCNTs with n̄0 of each single pulse rang-

ing from 2 to 12, the normalized FEC data show the same dynamics considering

the uncertainties of the data points. Comparing with Feature 2 in Section 4.2.1,

the experimental results imply the nonlinear exciton-exciton relaxation rate must be

much faster than the linear exciton relaxation rate (approximately Γ
ΓNL

≤ 0.01, see

Figure 4.14).

Feature c: Each FEC(td) curve increases slowly at the end (800 ∼ 1300 ps) which

indicates 1.3 ns is much bigger than τ . In other words, FEC(1300 ps) ' FEC(∞).

This is also consistent with Feature 2 in Section 4.2.1 because FEC(0)
FEC(td)

→ 0.5 only

occurs when ΓNL � Γ (Figure 4.13 (a)).

Based on the conclusions made from Feature a to Feature c, the FEC dynamics

can be fit to a mono-exponential function and the time constant should be a good

approximation of the linear exciton relaxation lifetime, τ (see Figure 4.17(a) and

Figure 4.18(h)). The time constant derived from Figure 4.20 (b) gives τ = 64± 3 ps.

From Γ
ΓNL

≤ 0.01, we also derive the nonlinear exciton relaxation rate ΓNL ≥ (0.6

ps)−1.
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4.2.3 Advanced exciton relaxation mechanism with two ex-

citon states

In this section, we use the fitting results of the bi-exponential function in Figure 4.20

(a), and propose a possible exciton relaxation mechanism to explain the bi-exponential

FEC dynamics.

Feature a and c discussed in the previous section are based on the FEC data, thus

the conclusion of fast nonlinear exciton relaxation (Γ
Γ
≤ 0.01) remains. However, the

two time constants (τ1 = 23± 3 ps and τ2 = 233± 32 ps) derived have approximately

equal amplitudes (|A1| ∼ |A2| ∼ 0.23) (Figure 4.20 (a)). This ‘equal-amplitude’

feature is not consistent with any of the simulation results shown in Figure 4.17 (c)

in Section 4.2.1.

Since most of the features shown on the FEC data are successfully explained by

Mechanism II, we modify the mechanism by further including the effects of the

possible dark exciton state to explain the ‘equal amplitude’ feature. We will show

the two time constants result from the exciton relaxation dynamics of and between

the two exciton states [48], assuming very fast nonlinear exciton-exciton annihilation

rate. Under this assumption, the exciton relaxation rate equations can be simplified

to only involve linear relaxation process started with one exciton due to very fast

nonlinear exciton-exciton annihilation.

According to the theory of exciton band structure [10], there is a dark exciton

state (which cannot emit light) slightly below the lowest bright exciton state (E11).

Research [49] on the exciton dynamics at various temperature indicated the energy

gap between the dark and bright exciton states is in the order of room temperature.

Therefore, at room temperature (i.e. energy gap ∼ 25 meV), excitons at the lower

energy dark state can be populated to the bright state of higher energy through
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thermal motion. We propose the two time constants shown on Figure 4.20 (a), τ1 and

τ2, result from two exciton states [48] (named state A and B for simplicity). Only

state A is radiative (bright state). In other words, PL dynamics results from the

exciton dynamics in this state A.

We propose different possible scenarios as listed in Figure 4.21, based on different

relaxation rates of state A (ΓA), state B (ΓB), state A to B (ΓAB), and state B to

A (ΓBA). Some of theses scenarios result in mono-exponential PL relaxation which

does not agree with our FEC data. Only the scenario resulting in bi-exponential FEC

dynamics agrees with the data and we can further analytically resolve the relaxation

rates of and between the two exciton states (ΓA, ΓB, ΓAB, and ΓBA).

We have already proved with Γ
ΓNL

< 0.01 and n̄0 = 2 to 12, the FEC dynamics

behave almost the same in the entire range of time delay from 0 to 10τ (insensitive

to Γ
ΓNL

and n̄0, Figure 4.15.) Thus, we can assume extremely fast exciton-exciton

annihilation ( Γ
ΓNL

= 0) in the following analysis of the two exciton state model. The

initial exciton probability follows ρ0 → 0 and ρ1 → 1 due to the extremely fast

exciton-exciton annihilation. We explore both the scenarios of dependent and inde-

pendent exciton states. For the ‘independent’ scenario, excitons in each state relax

independently. For those ‘dependent’ scenarios, excitons can also transit between the

two states.

Figure 4.21 represents the possible linear relaxation processes of and between the

two exciton states starting with initial condition, ρ1 → 1. In the case of ‘independent’

two states, the initial population on the two states are NA(0) + NB(0) = 1. In the

cases of ‘dependent’ two states, the initial population is NA(0) = 1 and NB(0) = 0.

NA(t) and NB(t) represent the instantaneous total exciton number in state A and B.

Γeff is the effective PL relaxation rates, which is the relaxation rate of NA(t). The PL

relaxation rate is a function of ΓA, ΓB, ΓAB, and ΓBA, and the functions are different
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in different models.
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Figure 4.21: Possible relaxation mechanisms of two exciton states after extremely fast

exciton-exciton annihilation. The analytic solution of Scenario III is

explained in detail in the text.

In Scenario I , after extremely fast exciton-exciton annihilation, excitons pop-

ulate both state A (with exciton number NA(0)) and state B (with exciton number

NB(0)). Excitons in state A and B relax independently. Since only exciton in state

A is radiative, the radiative exciton dynamics is simply a mono-exponential func-

tion, NA(t) ∝ e−ΓAt (similar to Equation 4.23), thus the FEC dynamics (similar to

Equation 4.25) is also a mono-exponential function. This model is unlikely since we

observed two relaxation time constants with equal amplitudes from the FEC data

(Figure 4.20 (a)). In Scenario II , the relaxation from state B is so fast that exciton

relaxes instantaneously (non-radiatively) once it populates state B. For state A, an

exciton experiences two relaxation channels with rates ΓA and ΓAB. Thus the effec-

tive relaxation rate is simply ΓA + ΓAB. This model is also unlikely due to the same
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reason as Scenario I . In Scenario IV , ΓB is neither very fast (ΓB →∞) nor very

slow (ΓB → 0). This model has more free parameters and requires more constraints.

Therefore, we focus our discussion only on Scenario III which gives two relaxation

time constants.

In Scenario III , we assume ΓB is very slow (state B is similar to a ‘trapped’

state) that excitons in state B can always populate to radiative state A with the rate

ΓBA. We can analytically solve the exciton dynamics NA(t) in this model from the

initial condition (NA(t) = 1, NB(t) = 0) and the rate equations

dNA(t)

t
= −ΓANA(t)− ΓABNA(t) + ΓBANB(t) (4.28)

dNB(t)

t
= ΓABNA(t)− ΓBANB(t) (4.29)

The resulting radiative exciton dynamics are:

NA(t) = (1− c) exp(−Γ1t) + c exp(−Γ2t) (4.30)

Γ1 =
1

2
(P +

√
Q) (4.31)

Γ2 =
1

2
(P −

√
Q) (4.32)

where (4.33)

c =
ΓA + ΓAB − ΓBA +

√
Q

2
√

Q
(4.34)

P = ΓA + ΓAB + ΓBA (4.35)

Q = Γ2
A + Γ2

AB + Γ2
BA + ΓAΓAB + ΓABΓBA − ΓAΓBA (4.36)

The radiative exciton dynamics NA(t) is a bi-exponential function with two time

constants τ1 = Γ−1
1 and τ2 = Γ−1

2 . The resulting FEC dynamics (Equation 4.14) also
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follows a bi-exponential function:

FEC(td) ∝
∫ td

0

NA(t)dt +

∫ ∞

0

NA(t)dt (4.37)

= (1− c)τ1[1− exp(
−td
τ1

)] + cτ2[1− exp
−td
τ2

]

+[(1− c)τ1 + cτ2] (4.38)

FEC(∞) = 2

∫ ∞

0

NA(t)dt = 2FEC(0) (4.39)

The FEC dynamics follows a bi-exponential function with FEC(0)
FEC(∞)

→ 0.5, con-

sistent with the FEC data shown in Figure 4.20 (a). Thus we can apply the bi-

exponential fitting results in Figure 4.20 (a) (τ1, τ2, |A1|, and |A2|) into Equation 4.30

to 4.36 :

τ1 = Γ−1
1 = 23 ps (4.40)

τ2 = Γ−1
2 = 233 ps (4.41)

(1− c)τ1

cτ2

=
|A1|
|A2|

=
0.23

0.23
= 1 (4.42)

The analytically solved exciton relaxation rates are: ΓA = (44 ps)−1, ΓAB = (53

ps)−1 and ΓBA = (118 ps)−1. ΓBA is the slowest process which is consistent with the

assumption that state B is a lower energy level dark exciton state. It will be very

interesting to study these relaxation rates as a function of temperature. Previous

work have shown that the PL relaxation time constant increases as a function of

temperature [49, 26].

As shown in Figure 4.22, the normalized FEC data can be fit nicely with the

simulated curve using Scenario III with ΓA = (44 ps)−1, ΓAB = (53 ps)−1 and

ΓBA = (118 ps)−1.
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Figure 4.22: The simulated FEC result (line) is fit to the normalized FEC data (dots)

shown in Figure 4.20.

4.2.4 Summary of Section 4.2

The FEC curves from four (9,8) S-SWCNTs with initial exciton number n̄0 = 2 to 12

of each single pulse show very similar dynamics. We first simulate the FEC dynamics

using Mechanism II with various fitting parameters: n̄0, Γ, and ΓNL. We have

known n̄0 used in the experiments ranges from 2 to 12 according to the analysis in

Section 4.1. With the better constraint of fitting parameters n̄0, we compare the

simulation results of normalized FEC ( FEC(td)
FEC(10τ)

) as a function of normalized time

delay ( td
τ
) to several features described according to the experimental FEC data and

conclude Γ
ΓNL

< 0.01. We also proved the FEC dynamics with Γ
ΓNL

< 0.01 is not

sensitive to the value of Γ
ΓNL

which includes Γ
ΓNL

= 0. The conclusion of very fast

exciton-exciton annihilation is consistent with that made from PL saturation study.

Fitting the FEC dynamics to a mono-exponential function results in Γ = (64 ± 3
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ps)−1 and leads to ΓNL ≥ (0.6 ps)−1.

Since a bi-exponential fitting to the FEC data gives a lower reduced chi-square

then that of a mono-exponential, we also analyze the FEC dynamics according to

the bi-exponential fitting results. The conclusion of very fast exciton-exciton relax-

ation ( Γ
ΓNL

< 0.01) remains. We propose two exciton states [48] to explain the two

time constants (fast: τ1 = 23 ps and slow: τ2 = 233 ps) with equal amplitudes

(|A1| = |A2| = 0.23). Since the exciton-exciton annihilation is very fast, the initial

exciton number resulting from the first excitation pulse and the second excitation

pulse approaches unity: ρ1 → 1 (for n̄0 = 2 to 12). Thus, the exciton dynamics can

be described by linear relaxation rates of ΓA, ΓAB, and ΓBA. These rates can be

solved analytically under the constrains of those fitting parameters: τ1, τ2, |A1|, and

|A2|.

Theses exciton relaxation rates (ΓA, ΓAB, and ΓBA) are derived from Scenario

III in which ΓB → 0 when the initial condition, NA(0) = 1 and NB(0) = 0, are

assumed. To verify these assumptions and the resulting exciton relaxation rates,

further investigation is required. Since the temperature directly affects the relaxation

rate of ΓBA, thus changes the effective PL dynamics, the temperature dependence

of exciton dynamics should be examined. Moreover, another method, for instance

transient absorption, should be employed to directly probe the exciton dynamics of

the specific exciton state (E11) [46, 40, 50]. This will allow ΓA associated to the bright

exciton state E11 to be measured.

For very fast exciton-exciton annihilation ( Γ
ΓNL

< 0.01), the FEC dynamics for

the entire range (0 to 10τ) is not sensitive to n̄0 (from 2 to 12). Therefore, the lack

of dependence on the excitation intensity of the FEC dynamics does not necessarily

imply no exciton-exciton annihilation as claimed in Reference [43]. We can only

estimate an upper limit of the exciton-exciton annihilation rate. Though the FEC
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technique cannot time resolve the exciton-exciton annihilation dynamics in the case

of very fast annihilation rate, it has the advantage of collecting more PL signal in a

much simpler measurement comparing to other techniques such as, Kerr Gating [45],

single photon counting [26] and frequency up-reconversion [55]. Higher PL collection

is important to enhance the signal to noise ratio in our study where only one S-

SWCNT is accessed at a time.



Chapter 5

Conclusion and Future Work

Studies of single semiconducting single-walled carbon nanotubes (S-SWCNTs) are

quite challenging due to very low PL emission from a single S-SWCNT. Instead of

recording ensemble PL signals averaging over many different SWCNTs, we study

single S-SWCNT with specific length, orientation and quasi-uniform excitation (i.e.

negligible geometric effect). In such systems, we minimize the uncertainties and

ambiguities caused by the sample inhomogeneities.

5.1 Summary of the work in the thesis

The air-suspended S-SWCNT samples used in the thesis allowed us to study single

S-SWCNTs. A 2D spectrum (excitation and emission) of S-SWCNT peaks at specific

wavelengths (E22, E11) are used to identify S-SWCNT chirality. Spatial 2D scans of

a S-SWCNT give the S-SWCNT length, S-SWCNT orientation, the excitation beam

size, and the PL uniformity (Section 3). Based on this information, we can select

relatively bright and little defected S-SWCNTs on the sample to study. Given an

excitation intensity, we have a good estimation of the total photon number incident

101
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on the S-SWCNT. The PL saturation curves of different S-SWCNTs have very similar

saturation behaviors regardless of the S-SWCNT lengths (3.5 - 7.2 µm) and chiralities

((9,8) and (10,8)). We believe the PL saturation curve of an air-suspended S-SWCNT

gives truly intrinsic information of the S-SWCNT because of the high consistency from

tube to tube.

The linear regime of the PL saturation curve contains information about quantum

efficiency and the absorption coefficient; while the nonlinear regime contains informa-

tion of the the exciton-exciton annihilation dynamics. The action cross section αηQEA

is obtained by fitting PE as a function of PI in the linear regime (PE = αηQEAPI).

The action cross section ranges from 0.002 to 0.01 for six (9,8) and two (10,8) S-

SWCNTs (Table 4.3) due to the variation of α (the area percentage of a S-SWCNT

emits PL). Using the experimentally determined action cross sections, we can con-

strain the simulation thus resulting in only one fitting parameter (i.e. the absorption

coefficient). The lower and upper limits of the absorption coefficient are estimated

by comparing the possible extreme fast and slow exciton-exciton annihilation mech-

anisms. We conclude the absorption coefficient is typically 0.01 to 0.06 in contrast

to the past work that reported A ranging from 0.0059 to 0.059 from different groups

(Table 2.3). Based on the absorption coefficient, we can determine the lower limit of

αηQE ∼ 7% to 20%.

In terms of the exciton dynamics, the PL hard saturation strongly suggests the

exciton-exciton annihilation rate is much faster then the linear relaxation rate ( Γ
ΓNL

→

0). We observed hard PL saturation from each S-SWCNT with a plateau over one

decade which had not been observed or reported in the past except a very recent

work [32]. Comparing the PL saturation curves to different exciton relaxation mech-

anisms, we conclude that the nonlinear relaxation process is very fast, Γ
ΓNL

→ 0. Also

we have a much better estimation compared to past work of the total photon number
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incident and emitted (per pulse per tube), thus we have a better estimation of the

total number of excitons (per pulse per tube). Knowing the exciton number per pulse

per S-SWCNT is very important in decoupling the nonlinear exciton relaxation rate

and the exciton number in simulating FEC dynamics.

PL saturation curves give information about the ratio of Γ
ΓNL

but not the value

of either Γ or ΓNL. Thus, we need time-resolved PL dynamics. Comparing the

features shown in the experimental FEC data to the features in the simulated result

using the most adapted exciton-exciton annihilation mechanism (Mechanism II), we

conclude the nonlinear exciton-exciton annihilation is very fast ( Γ
ΓNL

< 0.01). With

the linear exciton relaxation rate Γ = τ−1 approximately (64 ps)−1, the nonlinear

exciton relaxation rate ΓNL is above ∼ (0.6 ps)−1. This nonlinear exciton relaxation

rate is faster than ΓNL = (13 ps)−1 of a 5-µm S-SWCNT estimated by Feng Wang et

al [45]. The major difference between the two studies is the SWCNT samples. (Air-

suspended 5-µm long S-SWCNTs were studied in this thesis, and micelle-wrapped

380-nm long S-SWCNTs ensemble were studied et al Wang [45].) This may suggest

that the excitons are delocalized in the the air-suspended 5-µm long S-SWCNTs

instead of being localized [43, 37, 61].

Although most of the experimental features support very fast nonlinear exciton-

exciton annihilation, there is one experimental feature that cannot be explained by

the simulation results and it requires an advanced model including two exciton states.

Based on the assumption of very fast exciton-exciton annihilation made by both PL

saturation and the FEC data, we propose the two relaxation time constants with equal

amplitudes (both independent of the excitation intensity) are the effective results

from two exciton states [48]. The model of two exciton states (one is a radiative

bright exciton state and the other is a non-radiative dark exciton states) with the

assumption of very slow relaxation of the dark state successfully explains the two
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FEC time constants τ1 = 23 ps, τ2= 233 ps with qual amplitudes A1 ≈ A2 ≈ 0.23.

The exciton relaxation rates of and between the two exciton states are analytically

resolved to be ΓA = (44 ps)−1, ΓAB = (53 ps)−1 and ΓBA = (118 ps)−1.

5.2 Future work

It will be very interesting to compare the exciton dynamics studied in this thesis

to a different type of S-SWCNT sample (HiPCO-grown, micelle-wrapped) to see the

difference in terms of the PL saturation behavior and the exciton relaxation rates ΓA,

ΓAB, and ΓBA. We expect the radiative relaxation rate ΓA will not change, but ΓAB

and ΓBA will be more complicated because besides the intrinsic dark exciton state,

there are extrinsic trapped stats from S-SWCNT environment. As a result, τ1 and τ2

will not be the same as τ1 = 23 ps, τ2 = 233 ps, and they depend on the S-SWCNT

environment.

In terms of air-suspended S-SWCNTs, it is attractive to study a wider range of

S-SWCNT length and see if there is a change (or no change) in the efficiency of the

exciton-exciton annihilation process and answer questions such as, “Are the excitons

localized or delocalized in the S-SWCNT?” “How does the exciton diffusion affect the

exciton dynamics?”

Varying the sample temperature is another intriguing study in investigating the

relaxation rates between the two exciton states. We expect the relaxation rates

between two exciton states will change as a function of temperature and thus change

the PL time constants observed.

In addition, it will be very useful to use a different technique (e.g. transient

absorption) to directly observe the exciton dynamics and compare to the integral PL

dynamics from FEC. By comparing the PL dynamics to the exciton dynamics directly
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probed at E11 and E22, it is possible that the relaxation rates from E22 to E11 can be

resolved.

There are also plenty of interesting studies to explore on single air-suspended S-

SWCNTs by changing the environment and chiralities. The research regarding the

environment includes aging phenomena, PL quenching, spectral shifting or broad-

ening, etc. A statistical study of S-SWCNTs with different chiralities will offer a

sophisticated insight of optoelectronic properties on the diameter or structure depen-

dence.
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