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ABSTRACT

ELECTRONIC STRUCTURE AND DYNAMICS IN COLLOIDAL
GRAPHENE QUANTUM DOTS

By

Cheng Sun

I present studies of excitons in graphene quantum dots (GQDs), a class of electronical-
ly quasi-zero-dimensional materials with a two-dimensional sp2-hybridized carbon lattice.
The weak screening associated with such a two-dimensional lattice of light atoms results in
strong carrier interactions. Semiconductor quantum dots and low-dimensional carbon based
materials have been developed and studied for decades and gradually applied in areas such
as photovoltaics. One of the original motivations for our collaborators’ synthesis of these
particular GQDs is their potential as sensitizers for solar cells, and research on the electronic
structure and the exciton behavior of GQDs will help to reveal the potential of this candidate
material.

This thesis describes experimental investigations of biexcitons in GQDs. We use transient
absorption spectroscopy to determine the biexciton binding energy. We find a value of ~
140 meV for a certain type of biexciton, which is in rough agreement with the theoretically
calculated value. Compared with semiconductor quantum dots, GQDs display stronger
biexciton binding, which highlights the importance of excitonic effects in explaining the
optical and electronic properties of these systems. While we observe clear signatures of
biexcitons, these states are short-lived. We observe biexciton Auger recombination times
of ~ 0.3 ps, which is comparable to the time scale of biexciton Auger recombination in
single-wall carbon nanotubes with circumference comparable to the longest edge length of

the GQDs studied here. Slower relaxation (a few ps and tens of ps) of excitons is believed



to be related to cooling of the lattice. The strong interaction between carriers and rapid
biexciton Auger recombination suggest that GQDs could be used for carrier multiplication

and thus increase the efficiency of GQD-based solar cells.
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Chapter 1

Introduction and background

Carbon is one of the key elements in the universe. Because of the flexibility of its bonding,
carbon-based systems present a variety of chemical structures with different physical proper-
ties. Among the richest carbon-based systems, graphene consists of a single planar sheet of
sp2-bonded carbon. Graphene has played an important role in helping us better understand
the electronic properties of other carbon-based materials. These materials include graphite
(a three dimensional allotrope of carbon consisting of graphene layers), carbon nanotubes
(structures formed by rolling graphene into a cylinder), spherical fullerenes (introduction of
pentagons into the graphene lattice), and graphene quantum dots (single-atom-thick sheets
of graphene with all dimensions typically less than 100 nm, where electronic transport is
confined in all three spatial dimensions [17]). P.R.Wallace theoretically analyzed graphene
as early as 1947 [18]. Over the last 50 years, there have been many studies related to
single-layer graphite [19, 20, 21], but no one could find an easy and efficient way to produce
graphene until Andre Geim and Kostya Novoselov discovered in 2004 that they could exfoli-
ate it from bulk graphene [22, 23]. This enabled the pioneering experiments for which they
were awarded the Nobel Prize in Physics in 2010.

Graphene has attracted vast research interest due to its remarkable properties such as
large specific surface area, high electron mobility, good mechanical strength, and high thermal
conductivity. The linear dispersion of its conduction and valence bands at low-energy have

also drawn much attention. Moreover, carbon is abundant and nontoxic compared to some



other solar-cell materials such as heavy-metal based nanocrystals. This makes graphene
materials attractive candidates for applications in photovoltaic as, for example, transparent

electrodes [24, 25, 26].

1.1 Dissertation outline

This thesis presents experiments performed on optically excited multiple-electron-hole-
pair states in graphene quantum dots (GQDs). GQDs are synthesized by our collaborators
Liang-shi Li’s group at Indiana University [8]. All experimental result presented in this thesis
is performed in our lab.

The outline is as follows:

Chapter 1: An overview of the basic concepts and background for understanding the
experimental results presented in Chapters 3-5.

Chapter 2: Equipment and methods employed in the experiments and data analysis.

Chapter 3: An experimental study of biexciton binding in GQDs.

Chapter 4: Transient absorption (TA) measurements of the relaxation of biexcitons in
GQDs.

Chapter 5: Conclusions and discussion of open problems.

1.2 Carbon, graphite and graphene

As already described, carbon exists in different forms. There are numerous allotropes
of carbon including diamond, graphite, carbon nanotubes and graphene. The physical and
electronic properties vary greatly among different forms of carbon because of the different

ways in which carbon atoms bond with each other. The orbital occupation of the carbon



atom is 1522s22p2. The 2s and 2p orbitals can easily hybridize with each other in different
ways because of their similar energies. This yields the different structures shown in Figure
1.1. Among its many interesting properties, the hardness of diamond is widely known. The
electrons of a single carbon atom are arranged in orbitals forming the four corners of a
tetrahedron (due to sp> hybridization). And all the bonds have the same length with the

same bond angle. These covalent bonds give diamond its strength.

c d

Figure 1.1: (a) Diamond lattice. (b) Graphite lattice. (¢) Graphene lattice. (d) Single wall
carbon nanotubes.

Unlike diamond, graphite is sp2—hybridized and has quite different physical and electronic

properties. Graphite was named by Abraham Gottlob Werner in 1789 for its use in pencils.



Graphite is structured by stacking multiple single-atom-thick planar carbon sheets, which
are held together by van der Waals force. It is an electrical conductor and the most stable
form of carbon under standard conditions.

Graphene is another carbon allotrope first discussed theoretically by P.R.Wallace as early
as 1947 [18], but due to the difficulty of isolating a single layer of graphene from graphite, no
transport measurements were conducted on graphene until 2005 by Andre Geim and Kostya
Novoselov [23]. They used adhesive tape to peel the monolayers away, and this process made
the production of graphene for laboratory studies much easier. Graphene can be produced
through many methods including mechanical exfoliation of graphite [22], chemical reduction
from graphene oxide [27], and chemical vapor deposition on metallic thin films [28, 29]. The
valence and conduction bands of graphene meet at the Dirac points, leading to zero bandgap.
Moreover, the dispersion of graphene is linear so that low-energy carriers can be described in
terms of massless Dirac electrons and holes, which travel with a Fermi velocity of 106 m/s.
This leads to an extremely high charge carrier mobility of 15000 em? V~1s~1 [30].

Carbon nanotubes (CNT) and graphene nanoribbons (GNRs) also attract intention as
graphene-related materials. A carbon nanotube is a hollow cylinder consisting of sp?-
hybridized carbon. The first discovery of CNTs can be dated to 1991 by Iijima [31]. CNTs
can be prepared by different techniques such as arc discharge [32], laser ablation [33] and
chemical vapor deposition [34]. Although current methods of preparation of CNTs always
produce impurities, chemical vapor deposition has become a standard method for the CNT
production because of its better control over the nanotube length, diameter, orientation and
density. After that, single-wall carbon nanotubes (SWCNT) were observed in 1993 [32, 35].
A SWCNT can be visualized as a graphene sheet rolled into a seamless cylindrical tube. A

seamless cylinder can only be achieved by rolling in certain directions. The vector connecting



the two carbon atoms that overlap with each other after rolling is called the chiral vector.
The chiral vector determines the fundamental optical and electrical properties of SWCNTs,
for example, whether the individual nanotube shell is a metal or semiconductor.

A GNR is a strip of graphene with finite width. It was first introduced by Mitsutaka
Fujita’s group as a theoretical model for nanoscale size effects and edge-shape dependence
of GNRs [36]. GNRs keep the outstanding transport properties of graphene [37] but have
width-dependent band gaps [38]. Dai’s group produced GNRs with width below 10 nm by
sonicating a solution of exfoliated graphite [39]. Johnson’s group produced GNRs by etching
few-layer graphene with thermally activated metallic nanoparticles [40]. GNRs with width
below 10 nm were also etched by STM lithography rather than electron beam lithography
[41]. However, it is difficult to obtain GNRs with smooth edges and controllable with high
yields by these sonochemical, chemical or lithographic methods. Dai’s group has introduced a
chemical method by “unzipping” CNTs with narrow width distribution (10 - 20 nm) and high
yield [42]. More recently, Miillen and collaborators realized GNRs with precise width and
edge structures by surface-assisted organic synthesis [43]. Armchair graphene nanoribbons
(AGNRs) have been synthesized with different widths such as 5-AGNRs (AGNRs have 5
atoms across their width) [44], 7-AGNRs [43] and even 13-AGNRs [45] by this bottom-
up fabrication. Besides surface-assisted organic synthesis, Miillen and collaborators have
demonstrated solution-phase synthesis recently of a class of GNRs with long size (>100 nm),

narrow width dispersions, well-defined edges, and low optical band gaps (1.2 eV) [46, 47].



1.3 Electronic structure of the graphene lattice

Graphene is a single layer of joined hexagonal rings of carbon atoms. Figure 1.2 demon-
strates that carbon atoms A and B are not equivalent. Therefore, graphene is treated as a

triangular lattice with a basis of two atoms.

v

Figure 1.2: (Left) Real-space structure of graphene. The yellow and blue dots represent the
two sublattices of graphene. 1, do and J3 are the nearest-neighbor vectors. (Right) Brillouin
zone of the graphene lattice (reproduced from Ref. [2]).

The three nearest-neighbor vectors can be represented by

5 = %(1, V3), 89 = g(l, —V/3),85 = g(—l,()) (1.1)

where a (&~ 0.142 nm) is the distance between the nearest neighbors. The reciprocal-lattice

vectors are given by the vectors b; and b9 in Figure 1.2

b= 2o (1,V3). by = 2 (1,~V) (1.2



The Dirac points are at the K and K’ points of the Brillouin zone:

K= —a(\/ﬁ, 1), K’ = 2—7;(\/5, ~1) (1.3)

Following P. R. Wallace [18] and using a tight-binding approach, in which we only consid-
er the nearest-neighbor overlap, a tight-binding Hamiltonian with only nearest-neighbour

interactions can be written as

H=—=tY (a}boi+asibs,), (1.4)
1,0
where a;r ; and b;r ; are the creation operators and a, ; and b, ; are the annihilation operators

on sublattice A and B, respectively, with spin o. ¢ (= 2.8 eV) is the hopping energy between

the nearest neighbors. The energy bands derived from this Hamiltonian are

3kya

E+(k) = j:t\/l + 4(:082(§k;ya) + 4cos(\/7§kya) cos( ) (1.5)

where the plus and minus sign refer respectively to the electron and hole branches.

Figure 1.3 shows the band structure of graphene based on the tight-binding approach.
Undoped graphene is semimetallic, since the conduction and valence bands touch at the
Dirac points. The linear dispersion of graphene at low energies leads to a description in
terms of Dirac fermion. This is in dramatic contrast to most crystalline materials, which

have parabolic dispersion near the band extrema.



EA

Figure 1.3: Calculated band structure in graphene based on the tight-binding approximation.



1.4 Graphene quantum dots (GQD)

The term quantum dot refers to the confinement of electrons in all three spatial dimen-
sions. The size of a quantum dot can be as small as 10 to 50 atoms, so that they display
properties of both atoms/molecules and bulk materials. Usually, graphene quantum dot
refers to a single-atom-thick sheet of graphene with dimensions typically less than 100 nm
[17]. Quantum confinement can open a size-dependent gap in graphene [8, 10, 17].

To date, many efforts have been made to synthesize GQDs. These efforts can be clas-
sified into two groups: top-down and bottom-up methods. In top-down, GQDs are derived
from larger carbon materials and include, but are not limited to, electron beam lithography
[17], acidic exfoliation [48, 49], and electrochemical oxidation [50]. In contrast, bottom-up
methods start from smaller organic precursors [51].

The Top-down methods for the preparation of GQDs take advantage of abundant raw
materials, large-scale production, and simplicity. However, this method does have some
disadvantages, such as low yield, uncontrollable edge type, and broad distribution of GQD
sizes [52, 53]. In contrast, the bottom-up methods offer greater opportunities to control the
GQDs with well-defined molecular size, shape, and edges [51].

There are different ways to characterize GQDs. One of them is NMR spectroscopy,
which is often used in characterizing molecules. The size of the graphene core and dynamic
aggregation in solution on the NMR time scale makes it difficult to characterize GQDs using
conventional liquid-phase NMR spectroscopy. Our collaborators were not able to detect
any aromatic proton resonance peaks with this method [51]. Precise characterization of
GQDs remains a challenge. Another technique that has been used to determine the mass

of proteins and polymers is MALDI-TOF (matrix-assisted laser desorption ionization time-



of-flight) mass spectrometry [54]. People use MALDI-TOF to characterize the synthesized
GQDs [51]. However, MALDI-TOF cannot provide information on the fraction of different
species produced by the synthesis. Precise characterization of GQDs remains a challenge.

The fact that GQDs has been synthesized well recently makes it possible to study GQDs
experimentally. The result of quantum confinement is a size-dependent band gap, which
results in size-dependent optical and spectroscopic properties [55]. There has been a lot of
work done on structures similar to GQDs, e.g., graphene oxide (GO). The energy gap between
the highest occupied molecular orbital (HOMO ) and the lowest unoccupied molecular orbital
(LUMO) of GO has been calculated by Eda et al. by DFT calculation as illustrated in the
left panel of Figure 1.4 [3]. GO has a mixture of sp?- and sp>-hybridized carbon while GQD
consists only of sp2-hybridized carbon. According to Robertson et al.’s work, the optical
and electronic properties of materials with such structures are determined by the 7 states
of sp?-hybridized carbon [56]. The DFT calculation shown in the left panel of Figure 1.4
illustrate that as the number of fused aromatic rings gets smaller, the energy gap of GOs
rises faster.

The band gap of graphene quantum dots with different sizes has also been studied by
tight-binding calculations [4]. As illustrated in the right panel of Figure 1.4, the calculated
energy gap for a hexagonal GQD with armchair edges is proportional to 1/ VN or 1 /L from
hundred to million atom nanostructures, where N is the number of hexagonal units along
an edge and L represents the size of the quantum dot.

Besides size, the edge structure also plays an important role in the properties of quantum
dots, which can also be seen in from Figure 1.4: the size-dependence of the bandgap of GQDs
with zigzag edges and armchair edges are quite different. The bandgap of the zigzag GQDs

decays to zero much faster than that of armchair GQDs as the size of the GQD increases.

10
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Figure 1.4: (Left)Band gap of m-7x transitions on chemically derived GO calculated by DFT
as a function of the number of aromatic rings. Reproduced from Ref. [3]. (Right) Size-
dependence of the band gap of GQDs with zigzag and armchair edges (NN is the number of
hexagonal units along an edge). Reproduced from Ref. [4].

As illustrated in Figure 1.2, the graphene lattice has two sublattices denoted as A and B.
In the middle of a graphene sheet, 3 carbon atoms from sublattice A and 3 carbon atoms
from sublattice B form a fully benzenoid ring. Because of the symmetric structure, there
are no localized double bonds in the ring. On the edges of the graphene segment, though,
there might be nonbonding states depending on the edge type. Two limiting motifs for the
edge structure of graphene are zigzag and armchair, as illustrated in Figure 1.5. Armchair
edges consist of pairs of A and B atoms, while zigzag edges are terminated by either A or B
sublattices. With armchair edges, all the m-bonds can be satisfied simultaneously with edge
states consisting of standing waves [5]. With zigzag edges, the symmetry of the pseudospin
is broken at the zigzag edge. Thus, armchair edges maintain pseudospin symmetry and
are nonmagnetic, while zigzag edges support localized, spin-polarized edge states. The edge-

state spin plays a significant part in the magnetism of a graphene segment [57, 58]. As shown
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in Figure 1.6, hexagonal GQDs with zigzag edges and armchair edges have different energy
states and band structures. Moreover, a triangular GQD with zigzag edge structure shows a
shell of degenerate levels at the Fermi level resulting in zero-energy states [59]. Carriers can
be optically excited from the valence band to the zero-energy states or from the zero-energy
states to the conduction band. With the development of bottom-up synthesis [43], people
can now precisely control graphene nanoribbons and graphene quantum dots, which also

proceed the experimental study of these material.

Figure 1.5: TIllustrations of the sublattice symmetry of armchair (left) and zigzag edges
(right). The up- and down-arrows represent spins. Reproduced from Ref. [5].

Poor solubility and one-atom thickness can result in aggregation of GQDs. It can happen
as specific head-to-tail molecular arrangements (J-type aggregation [60]) for zigzag edge
GQDs or as a piling up as for discs. Aggregation can limit the potential applications of

GQDs. Chen et al. observed J-type aggregation by TEM [60], and the high concentration
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Figure 1.6: Tight-binding spectra of (a) armchair hexagonal, (b) zigzag hexagonal, and (c)
zigzag triangular GQDs. Reproduced from Ref. [6].

of GQDs resulted in a shift of the emission peak to lower energy. To prevent aggregation,
people have attached ligands to the edges of GQDs. Kastler et al. performed a detailed
experimental comparison of the effects of different attached ligands and different solvents
on the electronic and optical properties of three hexa-peri-hexabenzocoronenes (HBC) [61].
Yan et al. attached multiple 1,3,5-trialkyl-substituted phenyl moieties to the edge of GQDs.
These ligands acted like a cage so that aggregation among GQDs was suppressed. This
structure also increased GQD solubility in organic solvents like toluene [51].

GQDs also show great promise in solar cell and photovoltaic applications because of
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their size-tunable optical response. The injection time of electrons and holes in perovskite
solar cells based on CH3NH3Pbl3 was measured to be 0.4 to 0.6 ns, while the hot carrier
cooling time was only about 0.4 ps [62]. This indicates that a large amount of transferred
energy is wasted because of the fast cooling process. To increase the power conversion
efficiency, Zhu et al. inserted an ultrathin GQD layer in a perovskite solar cell [63]; faster
electron/hole extraction (90 ps) was observed in TA measurements than the 280 ps extraction
time observed in solar cells without the GQD layer. The GQD layer increased the power
conversion efficiency from 8.81 % to over 10 %. In another work, Gao et al. proved that GQDs
can form a heterojunction with crystalline silicon for highly efficient solar cell applications [7].
There was a large junction gap between n-type Si and GQDs allowed carriers to be efficiently
separated. As a result, the crystalline silicon solar cell with GQDs showed a better external
quantum efficiency and power conversion efficiency than did a solar cell without GQD layers
as illustrated in Figure 1.7. Moreover, such crystalline silicon/GQD solar cells showed good

stability as they maintained high efficiency after half a year of storage.

1.5 C132 and C168 GQDs

The GQDs used in our experiments consist of 132 or 168 sp2-hybridized carbon atoms
in the core and are respectively labelled as C132 and C168. As shown in Figure 1.8, C168
has a triangular form and C132 has a trapezoidal form missing a corner compared with
C168. These GQDs are synthesized by a solution-chemistry approach developed by our col-
laborators in the Department of Chemistry at Indiana and based on oxidative condensation
reactions developed by Klaus Miillen’s group [64]. The solution-phase synthesis of C168 is

illustrated in Figure 1.9, where “R” represents 2,4,6-triakyl phenyl groups, which covalently
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Figure 1.7: Improved power conversion efficiency (left) and external quantum efficiency
(right) of solar cell with/without GQD layers. Reproduced from Ref. [7].

attach to the edges of the GQD. These phenyl groups twist to an out-of-plane configura-
tion due to steric constraints thereby caging the GQDs in alkyl groups and reducing the
aggregation between GQDs, as well as increasing their solubility.

The longest edge of the GQDs we have studied is about 2.4 nm. The linear dispersion of
graphene can be described by E' = hv k2 + k%, where vy = ¢/300 and c is the speed of light
in vacuum. Rozkhov and Nori have deduced analytic solutions of the Schrodinger equation
for an electron in a triangular armchair graphene dot [10]. Their solution yields a confinement
energy in C168 of 1.6 eV. The UV /vis (Varian Cary 50 Bio UV-Visible Spectrophotometer)
ground-state absorption spectrum of the GQDs dissolved in toluene is illustrated in Figure
1.8. From the measurement, the lowest-energy feature in the absorption spectrum of C168
is at about 1.7 eV.

C132 and C168 were first synthesized by Yan et al. with the goal of developing a sensitizer
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Figure 1.8: (Left) Structure of C132 and C168 GQDs [8]. The blue area is the two-
dimensional graphene sheet, and the black structures are ligands to promote solubility and
prevent aggregation. (Right) Solid lines: Ground-state absorption spectra of C132 and C168
GQDs. Dashed line: photoluminescence spectrum of C132 excited at 3.1 eV

in organic photovoltaics [51]. William Shockley and Hans Queisser [9] calculated the maxi-
mum theoretical efficiency of a solar cell using a single p-n junction. Their result is shown
in Figure 1.10. Since the band gap of C168 is 1.7 eV, such GQDs might have potential as
sensitizers for high-efficiency solar energy conversion.

One of the areas of interest in these GQDs is carrier interactions, e.g, exciton and biex-
citon behaviors. Biexcitons are bound states of two excitons. When a biexciton decays
radiatively, it typically produces a free exciton and a photon. In transient absorption mea-
surements, an exciton can be formed with the pump photon. After this, a probe photon

is absorbed by the system in a single-to-biexciton transition. Therefore, understanding the
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Figure 1.9: Synthesis of C168 GQD. Reproduced from Ref. [8].

formation and decay of biexcitons will help us interpret the dynamics of single excitons and
spectroscopic measurements. Biexciton binding will be discussed in Chapter 3, and biexci-
ton Auger recombination (non-radiative recombination of an electron-hole pair in which the
energy and momentum is transferred to another carrier) will be discussed in Chapter 4.

A few theoretical and experimental reports on these particular GQDs (C132 and C168)
precede our work. Stefan Schumacher used density functional and configuration-interaction-
based electronic structure methods to calculate the low-energy electronic structure of C168
[65]. His results indicate that the lowest electronic excitations in the singlet manifold of C168
are optically dark, which helps us better understand the transitions from our experimental

absorption spectrum when we interpret our data. Pawel Hawrylak’s group calculated the
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Figure 1.10: Detailed-balance limit of the efficiency of a single p-n junction solar cell cal-
culated as a function of band gap by William Shockley and Hans Queisser [9]. The upper
horizontal axis shows the band gap in eV.

electronic structure of these materials based on a tight-binding model combined with Hartree-
Fock and configuration-interaction methods [15]. They found out the lowest energy state is
dark and the bright excitons of lowest energy is two-fold degenerate, which is much helpful
in our data interpretation. The group of Liang-shi Li performed initial studies of what was
understood as a long-lived triplet state in C168 [66] and measurements of slow (100 - 300
ps) dynamics in transient absorption that they interpreted in terms of a phonon bottleneck

of the GQDs [67], which also motivate further exploration of the relaxation mechanisms in

these GQDs.

18



Figure 1.11: (Left) C168 GQD synthesized by Yan and Li [8]. (Right) C168,.: GQD with
armchair edges [10].

Tight-binding calculations are a good place to start to learn about the electronic structure
of GQDs. Rozhkov and Nori [10] performed such calculations on triangular GQDs with
armchair edges. Although our GQDs have mixed edge types of armchair and zigzag, the
symmetry of an armchair GQD with 168 carbon atoms (C168,.) is exactly the same as
that of C168 as shown in Figure 1.11. Therefore, we expect that the calculated electronic
structure of C168,. should be a good first estimate of the electronic structure of C168.

We can understand the degeneracy of the single-particle states of C168 by considering
the allowed wave vectors in C168,.. The low-energy electronic structure in C168,. can be
determined by quantizing the allowed wave vectors, as shown in Figure 1.12. The symmetry
of the triangular graphene lattice reveals that, all available states in the Brillouin zone can
be obtained from the states in one sixth of the Brillouin zone by 427/3 rotations around
the origin or reflections about the lines by = 0 and ky = +1/3k,. The allowed wave vectors

consist of linear superpositions of the two eigenvectors K 1 and K. 9:
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Figure 1.12: The allowed values of k"™ of a triangular armchair GQD of 60 C atoms. The
allowed k™" occupy one sixth of the graphene Brillouin zone. Every filled circle represents
one orbital state (i.e, two states including spin), while each open circle represents a half state

10].
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En’m = nle + mfzg. (1.6)

For a tight-binding calculation involving only nearest-neighbor hopping, the corresponding

eigenenergies are

2mn

En,m+ = £t {3 + 2cos<3—N> + 200s<237;:[n> + 2008(%) }1/2 (1.7)

where N=8 for C168,. and ¢ is the nearest-neighbour hopping energy. We use t=2.7 eV to
estimate the energies of available states in Table 1.1, in which the columns labelled “n” and
“m” are the coefficients of the two eigenvectors and the column labelled “Symmetry” lists
the Mulliken symbols indicating the symmetry of the irreducible representations to which
each state belongs (here, there are only one-dimensional, “A”, and two-dimensional, “E”,
representations).

Table 1.1: Theoretical electron and hole states in C168,.

n | m | Eigenenergy/eV | Symmetry | Degeneracy
8|7 0.726 E 2
916 1.157 A 1
7|7 1.335 A 1
8| 6 1.438 E 2
915 1.702 E 2
716 2.050 E 2

As there is not a perfect way to characterize the GQDs, we also need to be aware of
that the optical response that we measure in our experiments might arise from impurities.
Riesen et al. performed theoretical calculations and optical spectroscopy of C132 [11]. The
intensity of the two main photoluminescence (PL) peaks of C132 (at ~670 nm and ~750

nm) is strongly dependent on the excitation wavelength as shown in Figure 1.13. That the
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excitation-wavelength dependence is different for the two peaks is strong evidence for the
presence of different chemical species in the sample. Under the assumption that the PL peak
at ~670 nm may be caused by impurities, they also performed photobleaching experiments
to explore the origin of the two PL features. By comparing the measured fluorescence of
C132 in heptane before and after bleaching in dichloromethane, they concluded that the 670

nm emission bleaches at a different rate than the ~750 nm emission, which confirms that

the ~670 nm PL peak is generated by an impurity.
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Figure 1.13: Fluorescence spectra for various excitation wavelengths A¢;: of C132 in toluene.

(reproduced from Ref. [11])
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1.6 Exciton confinement

Excitons, bound state of an electron and a hole, were first proposed as quasiparticles by
Yakov Frenkel in 1931 [68]. An exciton is a hydrogen-like quasiparticle with neutral charge.
Because of the small effective masses of band-edge carriers and the large index of refraction
of most semiconductors, an exciton is much more weakly bound and correspondingly larger
than the electron and proton of a hydrogen atom. An exciton can be generated by photon
absorption in a semiconductor. In most bulk semiconductors, the energy difference between
bound and unbound electron and hole (the binding energy) is usually small so that the
thermal energy at room temperature exceeds typical exciton binding energies of bulk crystals.
Therefore, at room temperature, excitonic effects in bulk materials often can be neglected.

Many of the differences between bulk and reduced-dimensional systems are due to the
dimensionality-dependence of the density of states (DOS). In a two-dimensional system, an
electron is constrained to move in a plane, and in a one-dimensional system like carbon
nanotubes, an electron can move only along the axis of the tube. Figure 1.14 (reproduced
from Ref. [12]) shows the ideal density of states N (E) for systems of different dimensionality.
The density of states scales with energy as N(E) o EY2 in three dimensions, and it changes
to N(F) x EY in two dimensions, which results in a step-like shape as shown in Figure 1.14.

In two-dimensional systems, the energy of the transitions between quantized energy levels

can be estimated by tight-binding calculations [69] as follows:

Ey,
1)2’

n=20,1,2.. (1.8)
(n+ 5

where Fj is the bandgap energy of the bulk and Ej, is the binding energy of the bulk.
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Figure 1.14: Summary of the density of states for a bulk crystal (3D), a quantum well (2D),
a quantum wire (1D), and a quantum dot (0D) (reproduced from Ref. [12]).

Besides the effects from the density of states, the Coulomb force is inversely proportional
to the dielectric constant . In reduced-dimensional systems, many of the electric field lines
between electrons and holes are outside of the system. The effective dielectric constant is
then determined largely by the environment [70, 71], not the system itself, resulting in weaker
dielectric screening and a smaller dielectric constant. Therefore, the binding energy may be
more pronounced in a reduced-dimensional system, which has been verified in experiments
on SWCNTs. For example, semiconducting SWCNTSs of 0.8 nm diameter have an effective
exciton radius of 1.2 nm and binding energy of about 400 meV [72].

Many reduced-dimensional systems (e.g., SWCNT and semiconductor quantum dots)

24



have been well studied over the past few years [73, 74, 75, 76]. The sp2-hybridized carbon in
graphene has two inequivalent energy bands near K and K’ of the Brillouin zone (Figure 1.2).
The one-dimensional nature of SWCNTs enhances the excitonic effects. Both theoretical
calculation and experimental measurements show that the binding energy in SWCNTs is

large and can be similar to the band gap [72, 77, 78, 79, 80].

1.7 Biexciton binding and Auger recombination

1.7.1 Introduction to biexciton binding

When there are multiple excitons in a system, an exciton can bind with another exciton
to form a biexciton (XX). The binding energy of a biexciton is the energy difference between
biexcition energy and the sum of the energies of the otherwise free single excitons that bind
to form the biexciton AFxx = 2Ex — Exx. Figure 1.15 shows the exciton and biexciton
dispersion in the case of positive biexcition binding energy, which applies to our system.
AFExx can be ~ 0 for weakly bound biexcitons [73, 81] or negative for biexciton repulsion
[82].

If a biexciton is weakly bound, a lower driving force is required to unbind the biexciton.
Much research has been focused on increasing the number of carriers to get more efficient
nanocrystal solar cells [13, 83, 84]. In photovoltaic research, people are interested in biexciton
studies that might lead to potential applications if there is an efficient way to generate,

separate, and transport carriers in these materials.
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Figure 1.15: Illustration of exciton and biexcition dispersion for positive biexciton binding
energy

1.7.2 Introduction to Auger recombination

Auger recombination is a non-radiative process in which one electron-hole pair recombine
by transferring their energy and momentum to another electron or hole. Auger recombina-
tion usually happens rapidly (a few ps [75, 85]) in nanometer scale particles as the carrier
interactions are enhanced and momentum conservation constraints relaxed [86]. The in-
verse process can also occur. A semiconductor can absorb a high-energy photon, creating
a high-energy exciton from which multiple excitons can be created by transferring energy
and momentum among carriers. This process is called multiple exciton generation (MEG) or

carrier multiplication (CM). A schematic energy level diagram showing Auger recombination
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and carrier multiplication is illustrated in Figure 1.16 [13, 87, 88].
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Figure 1.16: Energy-level diagram illustrating carrier multiplication and Auger recombina-
tion (reproduced from Ref. [13]).

27



Chapter 2

Equipment and methods for the study

of GQDs

We use different time-resolved spectroscopy methods to investigate excitons in GQDs.
Transient absorption (TA) is the primary technique in the study of GQDs discussed in this
dissertation. The set up of the TA experiment is explained in this chapter as are some
the details of the TA experiment, such as how to determine key parameters. Besides the
TA measurement, we also used upconversion of photoluminescence (uPL) to explore exciton
dynamics in the GQDs. The result of these measurements will be presented in later chapters

where the experimental data is analyzed.

2.1 Comparison of measurement techniques

Time-resolved absorption and emission are often used for exploring the dynamics of
chemical and biological systems in the picosecond and femtosecond time domains [89]. In a
transient absorption measurement, an initial pulse, the “pump” excites the sample. Another
time delayed pulse, the “probe”, measures the absorption of the sample. The pump excites
some of the electrons, and state-filling reduces the probability of obsorbing a probe photon.
In our experiment, transient absorption is a convenient technique which provides us with

detailed information about different transitions.
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As for time-resolved emission methods, there are many different techniques, such as
single-photon counting (TCSPC), upconversion, streak camera, and Kerr gating, which are
suitable for different situations. TSCPC is a great method with 20-30 ps instrumental reso-
lution when the signal is coupled with a stable, high repetition rate laser [90]. When coupled
to a spectrograph with two-dimensional detection, streak cameras provide multichannel de-
tection with 2-10 ps resolution [91, 92, 93]. We are often focused on dynamics in the few
hundred fs range which requires better time resolution than TCSPC and streak camera can
provide. Both upconversion and Kerr gating can provide sub-picosecond resolution. We
performed both Kerr gating and upconversion. However, the Kerr gating method has a large
background signal from long-lived emission making it hard to get decent signal-noise ratio
in the experiment. We eventually chose upconversion to perform time-resolved emission

measurements in our study.

2.2 Transient absorption measurement

Transient absorption spectroscopy can be used to study many processes like photoinduced
chemical reactions, the behaviour of electrons that are freed from a molecule or crystalline
material, and the transfer of excitation energy between molecules [94]. The change in ab-
sorbance of a sample at a particular wavelength or range of wavelengths is measured as a
function of time after the system is excited by the pump. In a typical experiment, both the
light for initial excitation (pump) and the light for measuring the absorbance (probe) are
generated by a pulsed laser.

Our TA measurements are performed by exciting the samples with either high-energy

photons (3.1 eV photons generated by doubling the output of an amplified 1 kHz Ti:sapphire
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laser (Spectra-Physics Spitfire PRO-XP) producing ~ 100 fs pulses) or lower-energy photons
that are generated by doubling the output signal pulses of a custom built, beta barium borate
(BBO)-based optical parametric amplifier (OPA) producing tunable signal from 0.78 to 1.05
eV. The probe pulses consist of a supercontinuum generated by focusing ~ 1 pJ of the
800 nm fundamental in a 1-mm-long c-cut sapphire crystal. The combination of a half-
wave plate and thin film polarizer (TFP) before the sapphire crystal allows fine tuning of
the beam power focused in the sapphire crystal for optimizing the stability of the white
light continuum (WL). The continuum is partially compressed with a pair of Brewster-angle
fused-silica prisms. The angle between the colinearly polarized pump and probe is ~ 7.5°.
Broadband detection is performed with a charge-coupled-device (CCD) spectrometer (Ocean
Optics USB2000+, 600 lines/mm grating, 50 pm entrance slit, 2 nm resolution) synchronized
to an optical chopper (New Focus 3501) that modulates the pump pulses on and off with a 12
ms period. For single-wavelength dynamic traces and measurements where the spectrometer
is insensitive, detection is performed with an amplified Si or InGaAs photodiode at the
output of a spectrometer (Acton SP300i, typical resolution ~ 5 nm) and gated by a boxcar
integrator (Stanford Research Systems SR250). The frequency of the optical shopper is set

to half the repetition rate of the laser so that every other pump pulse excites our sample.

2.2.1 OPA-derived pump

In transient absorption experiments, we need to be able to vary the pump photon energy.
For this we built an optical parametric amplifier. Here we choose type-II phase matching
(signal and idler orthogonally polarized) in our OPA so that we can select signal (the short
wavelength) or idler (the long wavelength) simply with a polarizer. In our OPA, we use a

supercontinuum as the seed for parametric amplification in the first pass through the BBO
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crystal. After that, the amplified signal from the first pass is reflected back through the same
BBO crystal at a slightly different angle and amplified by another 800 nm beam. In most
cases, we need tunable visible light, so we pass the infrared beam through another BBO
crystal to generate the second harmonic of the signal or idler or mix it with the residual
800 nm beam from the second pass to produce visible sum-frequency. This visible output is
then sent through a compressor, which consists of two triangular Brewster-angle prisms and

a reflecting mirror, to temporally compress the visible light.

2.2.1.1 Optimization of the OPA

To maximize the power from the OPA we take the following steps [95]. Beginning with
the first pass, we adjust the 800 nm wave plate before the thin film polarizer and tweak
the translation stage that holds the lens which focuses on the sapphire crystal to generate
an intense, stable WL seed. The indicator of a good seed is a uniform central white spot
surrounded by a red ring. Adjusting the compressor of the 800 nm laser is also needed
to stabilize the WL. After getting a stable and intense WL, we adjust the last two turning
mirrors which the WL has not passed yet and DM1 which reflects the 800 nm pump of the first
pass to make the 800 nm beam go through the same path as the WL. With some adjustment
of the translation stage for the first-pass 800 nm beam, the 800 nm beam (the pump) and the
WL (the seed) temporally overlap. When spatially and temporally overlapped, the pump
and the seed generate infrared light. Through a cascaded second-order process, the amplified
infrared light doubles or mixes with the pump in the BBO crystal, and produces visible light
with a distinct, crystal-angle-dependent color. We also adjust the position and the angle of

the concave mirror behind the sapphire crystal to optimize the spatio-temporal overlap of
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Figure 2.1: Setup of the optical parametric amplifier. The power of the incoming 800 nm
beam before the OPA entrance is ~ 0.5 to 1 W. A\/2 represents the half wave plate. BS
represents a 20/80 beam splitter with 80 % of the power sent to the second pass. TFP
represents a thin film polarizer. DM represents dichroic mirrors. The boxes with dashed
lines represent translation stages in the OPA setup. All the beams that do not pass the TFP
have linear polarization parallel to the table surface and the beam after the TFP has linear
polarization vertical to the table surface. Typically we can get a few hundred mW out of
the OPA with the power depending on output wavelength.
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the seed and the pump. After the first pass has been optimized, we adjust the angle of the
concave mirror on the translation stage and two turning mirrors so that the second-pass 800
nm beam follows the same path as the reflected infrared beam from the first pass. After that,
we tweak the translation stage that holds the concave mirror that reflects and collimates the
IR from the first pass to create the same optical path length for the first and second passes.

The process above yields a high-power signal with vertical polarization and an idler
with horizontal polarization. There is also weak visible light from secondary, non-phase
matched, second-order processes (from infrared light doubling or mixing with 800 nm). We
eliminate the visible light by using an appropriate long pass filter and sending the infrared
light through another appropriately oriented BBO crystal (BBO2 marked in Figure 2.1)
to double the frequency or mix with 800 nm light in a sum-frequency process to and get
light from 470 nm to 730 nm. In this BBO crystal, the vertically polarized signal generates
horizontally polarized visible light.

In the experiment, when the surface of the BBO crystal is perpendicular to the incident
beam, the power of the infrared light is maximum. This is convenient for initially establishing
spatio-temporal overlap of the seed and first-pass pump.

The visible light is compressed by a pair of Brewster-angle prisms. The prism angles are
optimized by rotating a prism about an axis normal to the optical plane so that the lateral
displacement of the transmitted light is minimized. We then tweak the vertical knob of the
reflecting mirror (M6 in Figure 2.1) to get the reflection slightly higher than incident beam
so that it bypasses the turning mirror (M8 in Figure 2.1) which sends the beam into the

compressor. This WL then serves as the probe in our TA experiment.
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2.2.2 Data collection and Labview VlIs

As stated at the beginning of Section 2.1, we use the CCD spectrometer to perform broad-
band photon detection and we use an amplified Si or InGaAs photodiode at the output of
a spectrometer to perform single-wavelength photon detection where the CCD spectrometer

is insensitive. The experimental details are introduced in the following.

2.2.2.1 Broadband measurement by CCD

We use an Ocean Optics USB20004+ CCD array spectrometer that can detect photons
with wavelength from 340 nm to 1032 nm. As discussed at the beginning of Section 2.1, we
need to determine the difference in probe transmission of a sample between when it is excited
and when it is unexcited to get the change of the absorption coefficient. As we use an optical
chopper to turn the pump on and off, such measurement requires precise synchronization
between the CCD and the chopper.

The ideal scenario is one in which we can collect our entire probe spectrum on a shot-
by-shot basis while simultaneously chopping alternate pump pulses on and off. This would
minimize the impact of pulse-to-pulse fluctuations and also allow us to selectively throw out
pulses in which the probe energy shows abnormally large fluctuations (e.g., due to pulses
dropping out of the continuum generation or probe scattering by small particles when a
sample solution is stirred). Because the laser in our lab has a repetition rate of 1 kHz, we
would need to be able to perform a full cycle of triggered acquisition and readout in 1 ms. As
described below, this is not possible with the USB2000+, and we must carefully synchronize

slower chopping of the pump with slower CCD integration rates.
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The limits on the CCD timing are shown in Figure 2.2 [96]. The minimum trigger cycle
is 2.909 ms with a minimum integration time of 1 ms in hardware edge trigger mode. In
other words, for our measurement, the time that the spectrometer is not integrating signal

is about 1.909 ms per cycle.
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Read Detector 900 us
Minimum Idle States 1000 us
Min Trigger Cycle 2909 us
Min Trigger Cycle 2909 us
Max Trigger Rate 344 Hz

Figure 2.2: USB2000+ hardware edge trigger mode time table

If the measurement is performed with a period of 3 ms, the device can collect only 1
pulse and will drop 2 pulses in each cycle. When tested with the Labview program described
below, the system cannot stably acquire data so rapidly. This suggests that the device cannot
reach the minimum specified trigger cycle of 2.909 ms. Even though this is the best way to
reduce the impact of fluctuations on single pulses, one-third efficiency of data collection is a

high price to pay. In order to balance between data fluctuations and collection efficiency, we
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choose the collection period to be 6 ms, which means that we can get 4 pulses but only lose
2 pulses within each measurement. In practice, we choose the integration time to be 3.8 ms.
This choice of the integration time will be discussed later. However, when choosing the exact
integration time, we should also consider the signal level from a single pulse relative to the
saturation intensity of the detector. If the signal level is so high that saturation occurs in a

single pulse, then using the minimum integration time the system can handle is preferred.
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to collect 4 pulses and idle
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Figure 2.3: Timing of spectrometer trigger

Figure 2.4 shows the basic layout of all the connections between the measurement devices.
A pulse delay generator (Stanford Research Systems, Model DG535) is triggered by the laser
SYNCH pulse (a TTL output sequence from the laser synchronized with the laser output)
and is set to produce an output with a period of T = 6 ms. The optical chopper controller
receives the pulse generator output and chops the beam at half the pulse generator output
frequency. Thus, the pump is chopped with a period of 12 ms. Finally, the USB2000+
spectrometer is synchronized by the output of the pulse generator and produces spectra

every 6 ms.
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Figure 2.4: Layout of optical paths and electrical connections

Table 2.1: 22-pin accessory connector pinout diagram when facing the 22-pin Accessory
Connector on the front of the vertical wall of the USB2000+

20118 |16 (141210 |8 |6 4|2 | A2
191171513119 |7|5|3|1]Al

To collect data from the USB2000+, we use a Labview program to set the parameters
(number of scans, delays, etc.), read data, and write data to files. The program is based
on a Certified Labview Plug and Play (project-style) Instrument Driver [97]. A new driver
(NI-VISA) is required for using this Labview program. This driver is incompatible with the
SpectraSuite software from Ocean Optics, and drivers need to be reinstalled when switching
between the Labview program and SpectraSuite. In the Labview program, the VISA source
name for the connection will indicate a USB connection.

We adjust the delay in the pulse generator so the phase between the laser trigger pulse
and USB2000+ trigger sequence yields stable data acquisition. The phase between the
USB2000+ trigger sequence and the chopper sequence can be adjusted by adjusting the
phase control of the optical chopper. By monitoring the intensity of scattered pump light

collected by the spectrometer, we can tell whether the pulse is fully blocked or clipped by
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Table 2.2: Definitions and descriptions of pin 6 and 7, which are used to connect with the
USB2000+ trigger source [1]

Pin Function Input/Output Description
6 Ground Input/Output Ground
7 | External Trigger In Input TTL input trigger signal

22-Pin Connector

Figure 2.5: Location of USB2000+ Accessory connector

the chopper blade. If the spot size of the beam is not too big compared to the blade width
of the chopper, then during the 12 ms period of the chopper sequence, we can make the first
6 ms correspond to the chopper ON state (not blocking the pump beam) and the next 6 ms

to the chopper OFF state (blocking the pump beam), as illustrated in Figure 2.6.

6 ms
spectrometer

trigger
| chopper on |
[ 1
o - chopper
i i i status

veeens 1 N I N I O O N B
pulse 10 ms i6 ms i12ms

__________________________________________

chopper off

Figure 2.6: Timing diagram for chopper and spectrometer trigger

In general, if we wish to integrate N pulses per acquisition period and we lose two pulses
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due to readout and idle time, not too big means that the pump beam should have a diameter,
d, described as d < ]\?—41‘_’2, where w is the chopper slot width and the factor of 3 is calculated
from our 6 ms chopper on time and 1 ms pulse separation. In the present case, N=4 so the
beam diameter must be less than 1/2 of the blade width. If this criterion is not met, pulses
at the beginning and/or the end of the ON and OFF integration times may be clipped by
the edge of the chopper and might not be entirely ON or OFF. One must confirm that none
of the N pump pulses of interest should be clipped by the chopper. One way to confirm this
is to monitor the scattered pump spectrum and reduce the integration time in increments
of one laser period. If the intensity of the resulting spectrum decreases linearly, this means
that the chopper is not clipping the pump pulses of interest. If clipping is observed, the
phase of the chopper must be adjusted.

Suppose that we want to perform a TA measurement with each pump ON/OFF cycle
consisting of spectra from 4 pulses each with pump ON or OFF. Time counting in the Labview
program is used to confirm that the time we actually used matches the expectations. Based
on the device specifications, we may capture 4 pulses out of 6 by using an integration time
from 3.140 ms to 5.0-0 ms as long as the phase differences between the spectrometer trigger
sequence and the laser trigger pulse is appropriately set. We set the trigger sequence slightly
earlier (0.15 ms) than the laser trigger pulse sequence, and set the integration time to be 3.8
ms. According to the clock in the Labview program, it takes 6 ms for each acquisition, as
expected.

In reality, when the Labview TA program is running, one cannot rely completely on the
presumed timing described above. For unknown reasons, the detector may miss one laser
pulse due to the communication between the detector and the computer, so the determination

of the pump ON and pump OFF signal will occasionally fluctuate in the Labview program
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(typical probability of ~ 0.3%). To account for this, we use a reference light source (an
inexpensive 3 eV diode laser) to go through the chopper at the same location as the pump.
This ensures that our reference beam has the same ON/OFF status as the pump. We
scatter part of this this reference light into the CCD to serve as a monitor of the ON/OFF
status of the pump. The intensity of the reference beam should just have two different
levels, maximum when unblocked and zero when blocked; the CCD should not yield any
intermediate signal levels. We measure the intensity of these two levels of the reference
beam before every measurement and set a threshold for sorting each spectrum in LabView

according to whether the pump is ON or OFF.

2.2.2.2 Single-wavelength measurement by photodiodes

For single-wavelength dynamics traces and measurements where the spectrometer is in-
sensitive, detection is performed with an amplified Si (Thorlab DET36A) or InGaAs photo-
diode (Thorlab DET10D) at the output of a spectrometer (Acton SP300i, typical resolution
~ 5 nm) and gated by a boxcar integrator.

We apply different detector devices to cover as large a detection range as possible. Our
CCD spectrometer can detect signal from 340 nm to 1032 nm with 2 nm resolution. The
amplified InGaAs photodiode can detect signal from 1200 nm to 2600 nm. And the amplified
Si detector has a detection range from 350 nm to 1100 nm. The data acquisition is performed
by a data acquisition card (National Instruments PCIe-6321) which collects the voltage signal
from the boxcar (which reads the photodiode’s signal) and laser SYNCH. The collected
information is then transferred to the computer to be further processed and analyzed. The
frequency of the optical chopper for the pump is half of the laser repetition rate and our

Labview program is designed to record the signal from every laser pulse. The intensities of
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the sorted signals are Iy = I - e and Iog=1Ip-e” 0!, where « is the absorption
coefficient, A« is the change of the absorption coefficient, and [ is the path length of the
beam of light through the material sample. From these two quantities, we obtain the change

Aa from —Aa -1 = ln(f-g—n).

For TA measurements, we have developed different Labview VIs to integrate parameter
setup, data acquisition and data processing. A flow chart of the Labview data acquisition
and processing VI is shown in Figure 2.7. To make the Labview VIs more efficient, we process
data acquisition and data processing in parallel. For dynamics measurements, we acquire
data from the measurement device (CCD or photodiode) at one delay position, store the
data and process the data from last delay position which is stored previously at the same
time. For the measurement of a TA spectrum at a certain delay when using a single-channel
detector, the idea is similar to the dynamic measurement. we collect and store data at one

wavelength and the data are processed at the same time as we collect data at the next

wavelength.

2.2.3 TA setup optimization

The configuration of our TA measurement is shown in Figure 2.8.

2.2.3.1 TA setup

We use a 250 mm mechanical stage to adjust the temporal delay of the probe relative to
the fixed pump. One reason that we delay the probe is that the spot size of the pump is
larger than that of the probe. If there is a small change of probe position or size because of
the variable delay, our pump and probe are still spatially well overlapped. Also, we choose to

delay the weak 800 nm beam in the probe path before we generate the WL, because the 800
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Figure 2.7: Flow chart of Labview VI (dynamic measurement)
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Figure 2.8: Configuration of TA measurement

nm beam from the amplifier is the best collimated beam in our setup. This then minimizes
delay-dependent intensity changes associated with imperfect collimation.

Off-axis parabolic mirrors rather than lenses are used in TA setup to focus the WL into
the sample and then recollimate the light after the sample. Off-axis parabolic mirrors help us
to minimize the dispersion introduced in the WL probe, minimize chromaticity in focusing,
and also eliminate spherical aberration. This is especially useful when we use a CCD detector
to measure the transient absorption over a broad spectral range.

When chopping at half the laser repetition rate, adjustment of the chopper phase is
straightforward. If we place a white business card behind the chopper and look at the blades
from the back side while they are illuminated by the light scattered from the card, the blades
will appear stationary. The phase is then adjusted so that the stationary window between

blades is centered on the transmitted beam. Alternatively, we can set the chopper frequency
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to the repetition frequency of the laser. The phase is adjusted to the center of the range
where the pump is completely transmitted. When we go back to half the laser repetition
frequency, the chopper will be perfectly phased for chopping alternate pulses.

Sometimes, we observe a slight difference in the pump on and off signals at negative
delays, i.e., before the pump arrives. One possibility is that the reflection created by the
walls of the cuvette reflects the probe beam which generates an extra weak probe with
slightly longer delay. Another possible source of such a difference is photoluminescence,
which appears as a constant contribution to the difference of pump-on and pump-off signals.
This can be accounted for by taking the difference between positive- and negative-delay

signals.

2.2.3.2 Alignment procedure of our TA setup

Since the probe and pump beams may slightly shift day-to-day, we need to align the sys-
tem periodically, which includes optimizing the stability of the WL continuum, overlapping
the pump and the probe at the sample position and some other procedures.

The power of the Ti:sapphire regenerative amplifier drifts over time. This can cause
instabilities in the WL intensity and spectral shape but can be compensated by small changes
in intensity or spatial mode of the 800 nm pulse at the sapphire crystal. These changes
can be done by adjusting the focusing or delay-stage exit iris. Typical pulse-to-pulse WL
fluctuations are 0.4% to 0.6% (standard deviation).

A pinhole positioned at the focus of the WL probe is used to optimize the overlap of the
pump and probe and ensure that the delay stage is well aligned. We send the WL signal
through the pinhole and make sure that there is negligible change in the ratio of the power

through the pinhole to the power without pinhole at any delay position. When using a

44



1-mm-pathlength cuvette, the sample stage is moved about 0.3 mm closer to the WL source
to compensate the cuvette thickness. To find the optimized overlap position for our sample,
we fix the WL delay stage for maximum TA signal and then adjust the sample position to
further maximize the signal.

It is crucial to well align the probe beam into the delay stage so that the light hitting a
small spectrometer slit does not move during the experiment. If the alignment of the delay
stage is perfect, we should get the same fraction of power transmitted by the pinhole at any
delay position.

In order to determine the pump and probe spot sizes and determine the excitation flu-
ences, we record the fraction of WL and pump power transmitted by the pinhole. We
estimate spot sizes by assuming that they are circular Gaussian spatial modes for which the
intensity passing through a circle of radius r is I(r) = I exp(—QC;TQ). The spot size can be

described as:

1
2
d=D x {m(uﬂ)} (2.1)
Pro PH

where D is the diameter of the pinhole and Ppy and P, pg are the power measured with
and without the pinhole.

Usually, the spot size of the probe (WL) in our experiment is comparable to the 100 pym
diameter of the pinhole we use. The diameter of the pump is from 0.6 to 2 mm depending on
the available pump power and desired intensities for a particular measurement. We adjust
the WL focusing as tightly as possible and make the spot size of our pump large enough so
that in the absence of absorption there would be a roughly constant fluence over the probe
path.

Given the spot size and intensity of the pump and the cross section of our sample, we
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can estimate the average number of photons that are absorbed per pulse by each quantum
dot:

4P,

< Nope >= ————
abs “7 T2 R E,

In this equation, R is the repetition rate of the laser, E is the energy of a pump photon,
and o is the cross section of the sample at the pump wavelength. For the GQDs in our
experiments, the reported cross sections at 400 nm for C132 and C168 are respectively
2.0 x 10716 em™2 and 3.78 x 10716 cm™2 [8],

When the pump is generated by the OPA, to obtain a more stable WL and maximum
power from the OPA, tweaking the compression of the amplifier may be also needed. The
most stable WL and maximum power OPA may require different compressions, which means
that we need to find balance between the two by adjusting the compression.

There are a few subtle details that need to be kept in mind to ensure the accuracy of the
measurements. For example, the pump should not be too strong at the sample position. This
is because a high intensity pump can cause a refractive index change in the sample solution
that results in a delay-dependent shift of the probe position or spatial mode. If the shift
is sufficiently large, it may produce changes in spectrometer-slit transmission unconnected
to the quantum dot response may occur leading to inaccurate assessments of pump-induced
changes in probe transmission by the sample. We use an achromatic lens to focus the probe
into the detector to get the size as small as possible across the visible spectrum, so we can
reduce the effect from beam shifts if there are any. The resolution of the TA experiment
is determined not only by the pulse duration but also factors like crossing angle between
the pump and probe. When the pump and the probe are colinear (zero crossing angle), the

temporal cross-correlation between the overlap of these two beams is minimum. In reality,
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there is an angle (~ 7.5°) between the pump and the probe beams in our TA experiment,

but it only reduces our resolution to 150 fs, which is acceptable in our experiment.

2.3 Upconversion of photoluminescence

In a TA experiment, the change in absorption reflects presence of electrons and/or holes
in the states involved in a given transition, so Aa depends on the sum of electrons and
holes. In contrast, emission occurs only when an electron-hole pair recombines, so the
photoluminescence signal scales as the product of the number of electrons and holes in
the states between which emission takes place. By combining the results from these two
experiments, we get a clearer view of the electronic structure and the relaxation pathways
of our sample under different conditions.

The technique we use for temporally resolving the emission is upconversion of photolu-
minescence (uPL), which was described in detail by Jagdeep Shah [98]. Upconversion is a
nonlinear process in which one PL photon and one gate photon annihilate and generate light
at the sum frequency of the two annihilated photos. In contrast to TA, which has many dif-
ferent contributions, the upconversion measurement does not include any induced absorption
contributions, and the method is background-free, thus allowing for more straightforward
identification of the relevant states.

As shown in Figure 2.9, the 800 nm beam from the laser passes a wedge to generate a
weak reflection. The beam that goes through the wedge is split by a 50/50 beam splitter
(BS). After the beam splitter, one of the two beams goes through a 250 mm mechanical delay
stage controlled by computer and then a neutral density (ND) filter wheel for adjusting the

power. Eventually this beam is sent to the BBO crystal (type 11, theta=27.2 degree, 8x8x0.6
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Figure 2.9: Setup of uPL measurement

mm) used for upconversion. The other beam is sent through a BBO crystal to produce 400
nm light by second harmonic generation. The 400 nm beam serves as the excitation beam
in our experiment. A BG39 filter eliminates the residual 800 nm beam from the doubled
light. The 400 nm pump intensity is adjusted with a ND filter. A Galilean telescope is used
to set the proper spot size of the excitation beam on the sample. The optical chopper in

the 400 nm beam path is synchronized with the laser pulses and set to half the repetition
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rate of the laser. After excitation, the sample luminescences in all directions. We use a large
(2” in diameter) concave mirror with four-inch focal length to collect the luminescence and
redirect it to meet the 800 nm gate in the BBO upconversion crystal, which is tuned for
phase matching of the upconversion process. The distance from the sample to the concave
mirror is about 6 inches and that from the concave mirror to the BBO crystal is about 12
inches. In the end, several turning mirrors send the uPL signal to a spectrometer (SpectraPro
23001, Princeton Instruments) on which a thermoelectrically cooled CCD array (Princeton
Instruments model 1024HER) is mounted. The last mirror in front of the CCD is mounted
on a galvanometer that is synchronized with the optical chopper, so as to reflect the pump-on
(signal) and pump-off (background) signals to different heights at the entrance slit (and so on
the CCD) for background subtraction. Because the GQDs emit at 670 nm, the upconverted
light is close to the second-harmonic at 800 nm. Therefore, one of the main sources of
background noise is the second-harmonic generation (SHG) from the gate 800 nm pulse
in the upconversion crystal. Further background is due to cascaded parametric generation
and upconversion produced by the gate. These are critical issues particularly in studying the
graphene quantum dots because of their weak emission, which makes galvanometric detection
essential. A shortpass filter (Newport SP 385) just in the front of the spectrometer allows us
to reduce the background, especially that from SHG of the gate. Enclosure of the detection
allows us to further reduce the background.

The mixing process is efficient only if phase-matching. We adjust the angle of the crystal
to get phase matching for different photoluminescence wavelengths.

Since the luminescence from C132 graphene quantum dots is in the range of about 650
nm to 820 nm, the upconverted light is in the range of about 358 nm to 404 nm and weak

and so cannot be seen by eye. In order to align the optics after the upconversion crystal,

49



we remove the BG39 filter from the pump path and replace the sample with something
scatter the light. This provides an 800 nm beam that follows the exact same path as our
luminescence signal does. Even though the crystal angle may be slightly different from
the angle at which the luminescence is upconverted, there is little difference in the beam
direction. The 800 nm pulse is upconverted to 400 nm at the appropriate angle for phase
matching, and this can be seen by eye. By utilizing this upconverted 400 nm beam, we can
align the last 3 turning mirrors before the spectrometer and then return to the configuration
for upconverting luminescence from the sample. When adjusting the angle of the BBO
crystal back to the angle for upconversion of sample photoluminescence, we may slightly
translate the position of the crystal as well to ensure that these two beams are still spatially

overlapped well in the BBO crystal.

2.4 Samples studied in this thesis

C132 and C168 are synthesized by Liang-shi Li’s group [8]. We received dry GQDs and
dissolved the GQDs in anhydrous toluene. For the experiments I present in this dissertation,
all GQD solutions were prepared in a glove box with a nitrogen atmosphere. Both C132
and C168 GQDs were dissolved in 99.7% water-free toluene, and the solutions were sealed
in air-tight fused silica cuvettes with path lengths of 1 mm or 10 mm. We use the ground-
state absorption and photoluminescence spectra to regularly monitor the sample. Ground-
state absorption spectra are measured by a UV-visible spectrophotometer (Varian Cary 50
Bio UV-Visible Spectrophotometer) and the photoluminescence spectrum is measured by a

phosphorescence/fluorescence spectrofluorometer (PTT QuantaMaster 300).
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Chapter 3

Biexciton Binding

3.1 Introduction

3.1.1 Biexciton binding in quantum confined systems

The Coulomb interaction is inversely proportional to the distance between two charges
and to the dielectric constant. With reduced spatial separation of electron and hole, the
binding energy of an exciton can increase quickly [99]. Similarly, a reduction in the effective
dielectric constant in lower-dimensional materials can also enhance the binding energy. The-
oretical studies have shown that quantum confinement significantly increases the biexciton
binding energy of bulk semiconductors [100, 101, 102, 103]. In bulk GaAs, the binding energy
of an exciton is ~4.9 meV, while the exciton binding energy in GaAs-Al,;Ga;_,As quantum
wells can be three times as high as that in bulk (~ 13 meV with GaAs well thickness 42
A)[104]. Similarly, the biexciton binding energy rises from 0.5 meV in bulk GaAs [105] to 2.2
meV in GaAs-Al,Gaq_,As quantum wells with GaAs well thickness 100 A [103]. In semicon-
ductor quantum dots, confinement in three dimensions increases the binding of the biexciton
even more [106, 107]. Compared to other semiconducting systems, carbon-based quantum
dots are made of relatively light atoms. This results in even further reduced screening and
a smaller dielectric constant. The binding energy of a single exciton in single-walled carbon

nanotubes (SWCNTSs) is measured to be as large as 0.4 eV [72, 80]. The binding of biexcitons
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in SWCNTs is found to be correspondingly strong. In (9, 7) SWCNTSs (diameter=1.1 nm
[108]) in gelatin, the biexciton is bound by 105 meV, which is ~40% of the single-exciton

binding energy of 250 meV [109].
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Figure 3.1: (A) Experimental (blue) and theoretical (black) ground state absorption of C168.
(B) Calculated band-edge singlet exciton (X) and biexciton (XX) states (black lines) derived
from the degenerate HOMO and LUMO states. Grey lines show excited exciton states
accessible from X1 9. Dipole-allowed electronic transitions, which correspond to a change
in Am of 1, from the ground state and from the lowest singlet exciton states are shown
respectively by solid red and blue arrows. Dashed arrows indicate optically dark electronic
transitions. [14]

We described the theoretical calculation of the energies of different electronic transitions
in GQDs in Chapter 1 using a single-particle picture. To better understand the electronic

structure of such GQDs, Isil Ozfidan and Pawel Hawrylak [15] performed more detailed
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calculations. Because of the three-fold rotational symmetry of C168, the electronic states
can be labelled by the quantum numbers m =0, +1 with optically bright transitions occurring
only between states where Am= +1, as demonstrated by both tight-binding and ab-initio

calculations in Figure 3.1(B).

TR

Am = +1 Am = -1

ds wh

Figure 3.2: Single-pair excitation with total angular momentum Am==1 (optically bright
exciton) and Am=0 (optically dark exciton) (reproduced from Ref. [15]).

Because of the two-fold degeneracy of the HOMO and LUMO states, there are four differ-
ent band-edge singlet excitons as shown in Figure 3.2. The calculated absorption spectrum
is represented in Figure 3.1(A) by the solid black line, and the experimental absorption

spectrum is represented by the solid blue line in the same figure for comparison. The energy
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states from the theoretical calculation are marked in Figure 3.1(B) by solid black lines and
grey lines. The lowest-energy states (X; and Xg), which we denote collectively as LX, are
two-fold degenerate around 1.7 eV. Based on the calculation, the LX states are optically
dark in the absence of coupling to phonons [15, 65]. When coupled with phonons [11], LX
states can yield the absorption shoulder at 1.7 eV shown in Figure 3.1. The main peak at
2.1 eV in the experimental absorption spectrum is associated with the two-fold degenerate
band-edge bright singlet excitons (marked as X3 and X4 in the figure).

Ozfidan performed configuration interaction (CI) calculations of the low-energy single-
and biexciton electronic states of C168. The electronic tight-binding Hamiltonian of the

GQD describing interacting electrons in p, carbon orbitals is expressed as follows:

N
H = Z ZT’LZC@O‘C[O’_’_ Z Z Z]|V|k}l /Cko’ Lo (3.1)
g

i,l=1 0,9,k 5,07

+
where Ci o

represents the creation operator for an electron of spin ¢ in the ith orbital.
In the expression, the first term is the one-electron tight-binding Hamiltonian, and the
second term, (ij|V|kl), describes the screened electron-electron interactions, V(7" — v/ ) =
2/(k|r — 7'|) [15]. With this expression, the HF calculation is performed by rotating the
+

¢, . site operators into HF operators bj'g, where j are HF states. The ground and excited

states of the GQD are then expanded in multi-pair excitations out of the HF ground state

0}, [0)=Rol0)+3 5 0 ki B bj0l0) +30: 55t So102 Kyt b1 biyabkotbio2l0) + .. The CI
Hamiltonian matrix is built in the space of multi-pair excitations and diagonalized numer-
ically. There are many available states with high energy in GQDs. We focus on the states

with the lowest energies , which are the ones contributing to the low-energy excitons and
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biexcitons that we probe, by including only states below a cutoff energy. To account for
Auger coupling in CI calculations, HF states within an energy window of 3E; are kept in
the calculation. A cutoff of Fxx < 3E; for XX energies is used to reduce the CI-Hilbert
space. The tunneling matrix elements in Equation 3.1 are chosen as 7 = 4.2 eV for nearest
neighbors and 7/ = —0.1 eV for next-nearest neighbours to give bright singlet excitons at
2.128 eV, close to the strong absorption peak measured at 2.1 eV. Meanwhile, the dielectric
constant, which determines the bright-singlet-dark-triplet splitting, was chosen as Kk = 5,
similar to the expected value for extended graphene in toluene [71], to reflect screening
by sigma electrons and surrounding fluid. Similar to the characterization of single-exciton
states, biexciton states are characterized by total Am= 0, +1.

Extrapolated band-edge singlet exciton (X) and biexciton (XX) states derived from the
degenerate HOMO and LUMO states are illustrated in Figure 3.3. The transition from
X1,2 to XXy _3 is orbitally forbidden but becomes allowed due to electron-phonon coupling.
States XX4_7 can be formed by absorption of o+ or o— photons from the orbitally dark
Xy o states. XXg g states can be formed from the ground state by absorption of (0+,0+) or
(0—,0—) photons and X1 can be formed by absorption of (c+, c—) photons. The XXg_19
states quickly cool to the lowest (dark) states, so that they are only accessible before this

cooling.

3.1.2 Experimental techniques for measuring biexciton binding

Photoluminescence and transient absorption measurements are typical methods used in
the study of excitons and biexcitons in quantum confined systems. In a photoluminescence

measurement the amplitude of the photoluminescence is proportional to the average product
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Figure 3.3: Predicted exciton (X) and biexciton states (XX) in GQDs. Dipole-allowed
electronic transitions, corresponding to Am = +1, are labeled with arrows. Red(blue) arrow
represents Am = +1(-1) corresponding to o+(o—) photon polarization [14].
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of the number of electrons and holes per GQD. Hence, a photoluminescence signal can be
detected only when carriers populate both the valence and conduction bands. In principle,
we may obtain a higher signal-to-noise ratio (SNR) than that in TA, and with fewer states
involved in the generation of photoluminescence, it might be a more straightforward method
than TA to characterize the exciton transitions.

We set up an upconversion of photoluminescence (uPL) measurement as described in
Chapter 2. GQDs are pumped at 3.1 eV, and photoluminescence is detected at different

photon energies, as shown in Figure 3.4.
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Figure 3.4: Excitation, cooling, and optical transitions involved in photoluminescence in

GQDs

57



uPL measurement data from C132 are shown in Figure 3.5 with a pump fluence of 4.2

mJ cm ™2 per pulse. The dynamics data are normalized by the long-delay signals PL(t =

ry i
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Figure 3.5: Normalized dynamic data of C132 pumped at 3.1 eV and probed at 1.68 eV and
1.84 eV

100 — 1000 ps) of each trace. The small difference between the probe signals at 1.68 eV and
1.84 eV only exists for the first few ps, while the instrument response time is ~2 ps shown
in Figure 3.5. As discussed in Chapter 1, we were not able to completely separate these two

peaks (670 nm and 750 nm) from each other in our measurement with the needed temporal

resolution, and it is possible that the emission we measure in our uPL is from impurities [11].
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Considering both C132 and C168 have low photoluminescence quantum yields (less than 2%
and 0.2% respectively), impurity emission may be the dominant feature in such case. In TA
measurements, we can choose the probe energy to focus on GQD transitions with greater

oscillator strength so that the impurities have less impact on the data.

3.2 Experiment and results

3.2.1 Experimental setup

The experimental femtosecond TA setup was described in Chapter 2. C168 in toluene
was excited at 3.1 eV and probed with ~130 fs temporal resolution using either a broadband
continuum (for photon energies wpope >1.1 V) or the output of a BBO-based OPA (for
0.5 eV < hwprohe < 1.05 eV). The former was measured with a CCD spectrometer with 2
nm spectral resolution, while the latter was measured with a monochromator and InGaAs

photodiode with 5 nm spectral resolution.

3.2.2 Experimental results and discussion

Figure 3.6 shows a typical delay-dependent transient absorption spectrum obtained with
a CCD detector when exciting C168 at 3.1 eV with a pump fluence of 0.79 mJ cm ™2 per
pulse. There is little to no change in the shape of the absorption spectrum after the first
~10 ps. After that time, the main change in the spectrum is a decrease in amplitude, which
we attribute to the residual cooling of the lattice. For probing the BX electronic structure,
we focus on long delays, when the system has unquestionably cooled to the lowest-energy

singlet exciton states.
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Figure 3.6: —AalL as a function of wavelength and delay for C168 excited at 3.1 eV at an
intensity corresponding to < N,j,q >~1.2. The scale corresponds to the data at delays t<5.0
ps. The data in the right panel (t > 8 ps) are multiplied by 3. The black curves indicate
the AaL = 0 contours [14].

For interpreting the experimental data at long delays, we focus on the band-edge biex-
citons. High-energy excitons will relax to lower-energy excitons so that only Xy 9 is left at
long delays. The calculated singlet excitons and biexcitons in Figure 3.1(B) can be classi-
fied by examining whether the single-exciton states from which they are primarily derived
include two (XX;_3), one (XX4_7), or zero (XXg_19) LX excitons. Following the Am= +1
selection rule, the allowed transitions (solid blue arrows) are indicated in Figure 3.1(B).
The biexciton binding energy is the difference between the biexciton energy, EXXia and
the sum of the energies of single-excitons (X; and X) that primarily form the biexciton:
Axx, = (EXj + EXk) — Exx;- When there is a positive binding energy (as in our sample),

biexciton binding causes the the energy of transitions from a single-exciton state to biexciton
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state to be lower than that from the ground state to the exciton state corresponding to the
second exciton added to form the biexciton. The theoretical calculation described above
yields AXX1_3:56—82 meV, AXX475:142 meV and AXX6’7:104 meV.

Data for ¢ = 100 ps in Figure 3.6 are shown by blue circles in Figure 3.7. Bleaches
of the ground-state transitions (~1.7 and 2.1 eV) are accompanied by induced absorption
immediately to the red (~1.45 and 1.95 eV). Such patterns are characteristic signatures in
TA of biexciton binding [106]. Measurements under the same conditions but at lower probe
energies (0.5 eV to 1.1 eV) are used to probe intraband transitions, which are also illustrated
in Figure 3.7.

The population of X; 9 opens new transitions Xj 9 — XXXLQ—FXn? which requires less
energy than the 0 — X, transition because of the biexciton binding. However, induced
absorption (IA) below 1 eV provides clear evidence of intraband transitions. This raises the
possibility that such transitions may contribute to our TA signal in the visible region (1.3
to 2.5 eV)as well.

In the biexciton binding measurements, we used high intensity so that essentially all
the probed GQDs are excited. For those GQDs that are excited, there are three different
contributions to the TA spectrum. Each transition is bleached differently because of their
different degeneracies and occupations. This effect is illustrated in Figure 3.9a. When an
electron occupies an excited state, the transition probability decreases due to state filling.
Because of the two-fold orbitally degenerate HOMO and LUMO, the 0—X; transition can
occur from either of two available states in the valence band. Accounting for the different
two spins associated with each orbital state, we have 4 possible transitions as shown on
the left of Figure 3.8. After excitation, one state of conduction band has been occupied

which leaves only 2 possible transitions as shown on the right side of Figure 3.8. As a
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Figure 3.7: —AalL at delay t = 100 ps for C168 at < Ny > = 1.2 and Awpump = 3.1 eV
with TA spectrum of intraband transitions.
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Figure 3.8: Possible transitions of giving rise to X3 and Xy (left) and Xq 9 — Xq9 +X34
i.e., X192 — XXy_7 (right) showing the effects of state filling on the transitions to the lowest
bright singlet excitons

result, the probability of the X; 9 —Xj o+X; transition is 1/2 that of the 0—X; transition
in the single-particle picture (the ratio may be different when including correlations). The
spectrum is shifted as illustrated in Figure 3.9b because of biexciton binding. We start our
model from a fit of 5 Gaussian peaks to the ground-state absorption spectrum as illustrated
in Figure 3.9a in red. The green curve in Figure 3.9c shows the modeled spectrum with all
three contributions to the TA spectrum considered. The difference between the ground-and
excited-state absorption spectra yields the TA spectrum. The fitting of the experimental
data is illustrated in Figure 3.9d by the solid blue curve. There is a slight mismatch at the
peak, but all the characteristics of the TA spectrum are fitted well.

To clarify our interpretation of the experimental TA spectrum, Isil Ozfidan calculated the
spectrum ag,x —ag, which is shown by the black curve (50 mV gaussian broadening added) in
Figure 3.10. Induced absorption at ~1.95 eV is primarily caused by X1 9 —XX4_7. Because

of the orbitally forbidden nature of the transition Xy 9 —XX;_3, there is no similar feature
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in the calculated spectrum near the 1.7 eV peak. Calculated induced absorption at 0.65 eV,
1.0 eV and 1.35 eV roughly match the features seen in the experiment at 0.6 eV, 0.75 eV
and 1.45 eV and further suggest that caution should be exercised in interpreting the 1.45 eV

feature in the experimental spectrum as a signature of bound biexcitons X_3.
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Figure 3.10: Experimental and theoretical absorption spectra from the lowest singlet exciton
state. Blue circles indicate measured —AaL(t=100ps) of C168. The red bars indicate
calculated transitions from the states X o accounting for intra+interband transitions. The
black line is the theoretically calculated, Gaussian broadened —Aa = —(aq 2 — ) assuming
equally populated Xj o states. Top panel shows singlet excitons (light grey), band-edge
excitons (color corresponding to Figure 3.3) and higher XXs (dark grey) accessible from
Xi,2 [14].
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To quantitatively determine the biexciton binding energies of XXy 7, a fitting rou-
tine was written with Mathematica. We model the TA spectrum as follows. The ener-
gies of the ground-state optical transitions are determined by the positions of the peaks

of —[(d%ag)/(d(hv)?)] [110] as illustrated by the blue line in Figure 3.11 Such a derivative

Ground state absorption
015 = -[(dzau)fd(hv)z] -1 100
L | — fitted model
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Figure 3.11: Ground state absorption is plotted in black dots and the fitted model is presented
in red line. The peaks of —[(d%ag)/(d(hv)?)] indicates available transitions, which are shown
by dashed line in the figure.

yields two features in the low energy shoulder, one at 1.68 eV and a smaller one at 1.86 eV,

corresponding to X1 2, which is optically brightened by coupling to phonons [11]; two in the

66



peak around 2.1 eV, one at 2.09 eV and another of about half the amplitude at 2.22 eV,
corresponding to X3 4; and another around 2.6 eV, corresponding to excitons that are not
derived from a transition between the HOMO and LUMO states.

The spectral widths of the X—XX and 0—X transitions are set as equal since the main
source of additional broadening of Xj o —XXy_7 relative to 0—X34 is expected to be
biexciton Auger recombination, where 7xx = 0.3 ps [111]. The amplitude of the bleach (fx_)
of each transition 0—X; and the binding of the two pairs of optically bright (Am = £1) XX
are set as fitting parameters. To minimize the number of free parameters, we use a common
value of the biexciton binding (A1_3) for XX _3 and (A4_7) for XX4_7 so that the fit yields

an average binding energy for each set of states. The fitting function can be written as:

4
—Aa(w)L =6aL 4+ Bx[9x, (@) — Rigx, (W + Ay)] (3.2)
=1

where daL represents a spectrally flat induced absorption taken as -0.05, 9X; (w) are gaussians
taken from the fit to the ground-state absorption spectrum, BXz' represents the bleach of each
transition and R; is the ratio of the oscillator strength of the X o —X7 9+X; transition to the
0—X; transition. We assume that BXl = 5)(2 and 5X3 = 5X4- A best fit of the TA spectrum
in the spectral ranging from 1.5 to 2.4 eV is shown by the solid blue curve in Figure 3.10 with
AXX1_3 = 280£30 meV and AXX4_7 = 140£10 meV. We constrain R3 to 0.59 maximum
in the fitting because Isil’s calculations yield 0.43 and 0.59 for the transitions to the two
sets of biexcitons in this range. The fit yields 1 = 0.22 + 0.01 and R3 = 0.59 = 0.01. The
value of R3 is consistent with the value of 1/2 expected from state-filling in a single-particle

picture as discussed above.
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To confirm the origin of the spectral features in the experimental TA spectrum shown
in Figure 3.10, our collaborator calculate the TA spectrum —(apx(w) — ag(w)) shown by
the blue curve. The transition GS— X34 gives rise to the peak in the TA spectrum at
2.1 eV. The TA spectrum also involves optical transitions from the photoexcited state to
excited exciton, X*, and biexciton, XX, states shown by grey and black lines in the top
panel of Figure 3.10 and yielding —ag x(w). In particular, the dip at 1.95 eV is due to X; —
XXg—7 and X9 — XXy_5 transitions that involve addition of a bright X3 4 exciton to the
photoexcited LX. This supports the interpretation of the experimental feature at this energy
as due to a single-to-biexciton transition. The lower panel of Figure 3.10 shows negative
TA contributions at energies E < 1.5 eV, well below the XX transitions, due to intraband
excitations of photoexcited electrons and holes from LX to excited exciton states X*. While
the calculated and measured energy ranges of the X* contribution are in qualitative agree-
ment, the broadening of the experimental spectra prevents detailed comparison of energies
of excited exciton states X*. The positive contribution to the experimental TA spectrum in
Figure 3.10 at 1.7 eV corresponds to absorption to dark exciton states that are prohibited
in the calculated spectra, which do not account for electron-phonon coupling.

Compared to C168, C132 misses a corner of the triangular shape so it is less symmetric.
Our collaborators did not calculated the biexciton electronic structure of C132. Experimen-
tally, we apply the same TA measurements mentioned above to C132. The TA spectrum
of C132 from 0.4 eV to 2.3 eV is shown in Figure 3.12. On the high energy end of the TA
spectrum, the oscillation pattern indicates the presence of biexcitons between 1.7 and 2.0
eV. We tried to fit the experimental TA spectrum of C132 similarly as we did with C168, and
got a biexciton biding energy of 0.20 meV at the main peak. With more peaks (transitions)

involved, the ground state spectrum and TA spectrum of C132 have more structure than
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Figure 3.12: —AalL at delay t = 100 ps for C132 at < Ny > = 1.2 and hwpump = 3.1 eV

with TA spectrum of intraband transitions
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those of C168, which makes the interpretation of experimental data more tenuous than in

the case of C168.

3.3 Conclusion

These experiments and theories demonstrate the interaction of excitons in graphene quan-
tum dots. The degeneracy of HOMO and LUMO states leads to a pair of bright singlet
excitons and orbitally dark singlet excitons and a corresponding band of strongly correlated
biexciton states. For C168, the exciton-exciton interaction lowers the energy of the XXy _7
biexcitons, with values exceeding the binding energy of the lowest-energy XX (105 meV)
measured in (9,7) single-wall carbon nanotubes [109]. The strong interaction between car-
riers and rapid biexciton Auger recombination [111] suggest that GQDs could be efficient
materials for carrier multiplication. This allow generation of multiple carriers occurring be-
fore excess carrier energy is lost, which could be useful in photovoltaic. Such multiple-carrier
generation could makes it possible for the efficiency of a solar cell to exceed the Shockley-
Queisser limit. The strong binding of higher biexciton states demonstrated in our study
highlights the central role of many-body effects in reduced-dimensional materials. As stated
above, the less symmetric C132 has not yet been well studied theoretically. Further study
on C132 may help us better understand how structure and symmetry affect the exciton and

biexciton binding in these quantum confined systems.
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Chapter 4

Biexciton Auger recombination

In this Chapter, TA measurements of Auger recombination are discussed in detail. The
study of this nonradioactive recombination helps us better understand the biexciton be-
havior in GQDs and may provide more information when GQDs are used as materials in

photovoltaics.

4.1 Carrier relaxation in quantum confined system

When carriers in quantum dots or other quantum confined system are excited by high-
energy photons, they relax by various mechanisms. One of the mechanisms is phonon e-
mission. Such relaxation in, for example, PbSe and CdSe quantum dots, is usually fast
(subpicosecond) [112, 113, 114]. When the highest energy phonon has lower energy than
the difference between quantized energy levels, phonon emission is possible only by simul-
taneous emission of multiple phonons. The slowing of cooling when simultaneous emission
of multiple phonons is required is known as the phonon bottleneck [115, 116]. After optical
excitation, carriers are in a nonthermal distribution that then thermalizes in 10 - 150 fs [16].
This is followed by intraband carrier-phonon scattering between 150 fs and 1 ps. After 1
ps, electrons and holes recombine until the equilibrium distribution is restored as illustrated
in Figure 4.1. People have done experimental studies on ultrafast relaxation dynamics in

graphene [16, 117, 118, 119, 120]. Among them, Winnerl et al. excited epitaxial graphene
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with different excitation energies [120]. An Optical-phonon bottleneck is observed in the

excitation range from 30 - 245 meV. Carrier relaxation becomes slower when the excitation

energy is below the optical-phonon energy.

Rapid Carrier Carrier
Thermalization Cooling Recombination
150 fs 1 ps N 15 ps ;

=
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Optical pulse
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: v L
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excitation ———— time ———— o cjUiliDrium

Figure 4.1: A schematic of the processes by which optically excited electron and hole distribu-
tions approach equilibrium in epitaxial graphene. Distribution at the time of excitation near
the Dirac point shows an intrinsic thermal population of electrons and holes. (Reproduced

from Ref. [16]).

Besides phonon-assisted process, electron and holes can recombine and give their energy
to a third carrier, which is Auger recombination (AR) (illustrated as carrier cooling in

Figure 4.1). Auger recombination can be significantly different in quantum confined systems
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than in bulk. Relaxation of crystal momentum conservation in nanoscale lattices [86, 121]
can lead to rapid AR of multi-excitons [75, 122]. In bulk semiconductors, the rate of AR is
significantly different between direct-gap and indirect-gap materials. In direct-gap materials,
AR is a three-carrier process while in indirect-gap materials, AR is a four-particle process
involving three carriers and emission (or absorption) of a momentum conserving phonon
[123]. The truncation of the periodic lattice in nanocrystal leads to relaxation of translational
momentum conservation [86]. In CdSe nanocrystal quantum dots, the BX AR lifetime
decreases from ~ 1 ns to less than 10 ps as the nanocrystal radius decreases from 5 to ~
1 nm [75]. In single-walled carbon nanotubes (SWCNTs) with diameters of ~ 1 nm and
lengths of ~ 400-500 nm, the exciton-exciton annihilation time is only of the order of 1
ps [85, 109, 124]. Because our GQDs have similar size as the circumference of common
SWCNTs but are only one atom thick, the BX AR lifetime in GQDs about 2 nm in spatial

extent might then be expected to be much shorter than 0.1 ps.

4.2 Experiment and data analysis

4.2.1 Experimental setup

uPL measurements were performed as describe earlier. As illustrated in Figure 3.5, after
the first few ps, there is barely any difference between these two traces. In addition, two
relatively slow decays can be observed (~10 ps and ~280 ps) during this process as well.
We attribute the cooling of hot carriers within less than 2 ps to carrier-phonon scattering.
This 2 ps window might only be an upper limit because it’s approaching the limit of our
instrument response time (around 1 ps).

We applied the TA measurements described in Chapter 2 to explore the dynamics of
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GQDs. The TA instrument response is ~ 130 fs. Residual dispersion across the probe
spectrum was determined by acquiring TA spectra in a BBO crystal placed at the sample
position. To account for the solvent response, identical measurements were performed on
a cuvette filled with the solvent alone. The result was subtracted from the data for the
GQD solution. Measurements on samples in which the solution was stirred to remove GQDs
from the excitation volume between laser pulses showed no difference in dynamics from
static solutions, indicating that photochemical processes such as the generation of long-lived
charge-separated states did not distort the results. We focused on pump excitation with the
lowest photon energies since the low-fluence dynamics of the main absorption peak are flattest

when exciting low-energy carriers, making interpretation and analysis more straightforward.

4.2.2 Data analysis

The pump-induced sample response is reported as —AalL, where —Aa« is the change in
absorption coefficient and L is the sample length. As described in Chapter 2, we used the
CCD to measure TA in the visible region of the spectrum. Raw data from the CCD has a
wavelength step of 0.3 nm while the resolution of the spectrometer is 2 nm. In this case,
we wrote a Labview program to average data in 2 nm bins. The data from excitation of
C132 at hwpump = 1.94 eV are plotted in Figure 4.2(a) and 4.2(b) for pump fluences in the
multiple- and single-photon absorption regimes respectively. For further analysis,, we focus
on the large bleach around the main peak in the ground-state absorption spectrum where
the signal-to-noise ratio is the highest. Bleaching at energies above Awpump is a consequence
of ground-state depletion. Figure 4.3 shows the evolution of —Aa«aL up to 100 ps in C132 at
hwpump = 2.34 eV at different excitation fluences. Each trace is normalized by the signal

at the longest delay shown in Figure 4.4 to weight low-and high-fluence data equally. To
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Figure 4.2: —AalL as a function of probe energy and delay for C132 pumped at 1.94 eV
and fluences of (a) 1.3 x 1016 and (b) 1.4 x 10 photons cm™2per pulse. The color scale
corresponds to the data for t < 5.0 ps in (a). The data in the other three quadrants are
multiplied by the factors shown to match the scales.

highlight the relaxation dynamics, we subtracted the normalized signal at the longest delay
and present these in Figure 4.3. The dynamics of the lowest-fluence traces (dark yellow
and magenta legends in Figure 4.4) are identical in shape within the uncertainty of the
measurements. This is expected in the linear excitation regime. When absorption of more
than one photon per GQD per pulse can be neglected, the dynamics only reflect single-
exciton dynamics. At low fluences, the signal decays by a total of 20% with an initial decay
of several percents on a time scale of the order of 0.1 ps followed by sub-10% decays on

time scales of a few ps and tens of ps. We attribute these dynamics to cooling within the
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Figure 4.3: —Aa(®,t)L versus probe delay for C132 pumped at 1.94 eV and probed at
2.34 eV. Solid curves are the fits described in the text. The dashed curve represents the
instrument response function.
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low-energy vibronic manifold and solvation dynamics.
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Figure 4.4: Aa(t)/Aa(tong) versus probe delay for C132 in toluene excited at iwpump = 1.94
eV and probed at hwpope = 2.34€V.

As the excitation fluence ® increases, new dynamics emerge. Specifically, the amplitude
of the subpicosecond decay increases by more than 2 orders of magnitude while the long-
delay signal increases by only a factor of 9. We analyzed the data presented in Figure 4.4

by a global fit with a triexponential form:

—Aa(®, )L = Ap(@)e T 4 A (B)e TS 4 Ag(@)e T2 4+ Ag(®)  (4.1)

The triexponential fit is executed in Origin with its built-in fitting function. To perform a
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global fit on our data, we shared time constants (Tf,TSl and 74 ) across all traces of the
fitting. This fit yields the time constants 77 = 0.34 £0.01 ps, 751 = 2.5+0.1 ps, 759 = 22£1
ps and the amplitudes plotted in Figure 4.5 (all reported uncertainties are the standard
errors of the fits). According to studies of other strongly confined nanoscale systems, at long
delays, multi-excitons can recombine and only single excitons remain[75, 85, 124]. Hence,

Ag should be well fit by the Poisson probability for absorption of at least one pump photon:

(0. ¢]

AO(qD) = AO,sat Z PR(UOCD) = AO,sat[l - PnzO(UOCD)] = AO,sat(l - 6_00@> (4'2)
n=1,2,...

where Ag ¢q¢ is the saturated single-exciton response at 100 ps, Pp(o¢®) is the Poisson
probability for absorbing n photons given an average number of absorbed photons per GQD
per pulse of n = og®, and o is the effective GQD absorption cross section at the pump
wavelength. The fit of Ag(®) (solid black curve in Figure 4.5) implies an effective og(hw =
1.94 eV) of 7.4 x 10710 c¢m?. This is different from the value reported by Xin et al. [8],
which is 9.9 x 10717 cm2. We can estimate the cross section of GQDs from the area of the
lattice. The longest length of C168 is 2.4 nm, according to which we calculated the area
of the triangular-shape C168 is 2.49 x 10714 ¢m?. Since the area of C132 is 3/4 of C168,
using the same formula, we get the result of 1.87 x 10~ ¢m? for the area of C132. At 4.1
eV, where quantum confinement effects are less pronounced, the absorption of graphene is
~ 7% [125]. Considering our experiment uses a linearly polarized pump to excite the GQDs
and our GQDs are oriented randomly in solution, 1/3 of our dots are oriented with their
two-dimensional lattice perpendicular to the polarization of the pump and so are not excited
in the TA measurement. So the effective o of C132 at 4.1 €V is expected to be 1.87 x 10714

cm? x 0.07 x % = 8.7 x 10716 ¢m?. From the ground-state absorption spectrum in Figure
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1.8, the ratio of the cross section of C132 at 1.94 eV to that at 4.1 eV is ~ 0.31 to 0.05, so
oo of C132 at 1.94 eV is expected to be 8.7 x 10716 ¢m? x % = x10716 cm?2, which is

close to our fitting result.
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Figure 4.5: Amplitudes A; from Eq. 4.1 describing the fits of —A«a(®,t)L of C132 in Figure
4.3. The inset shows the quantity A f! defined in the text and associated with multiexcitons
and uses the horizontal scale of the main figure. Curves show the fits described in the text.

Ap® is linear at low fluences in Figure 4.5, and at ® < 3 x 10! photons cm™2 per

pulse, the amplitude of the fastest decay term (A f), is superlinear. This is a characteristic
of multi-exciton AR. Ay will then have contributions from both single- and multi-excitons

and can be characterized by the form:

Ap=As x[1 = Py(00®)] + Af prx P>1(0'®) (4.3)
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where ¢/ is the absorption cross section of GQDs after absorption of one photon; A £,X 18
associated with the small-amplitude decay of single excitons seen most clearly at low fluences
as described earlier; and Ay prx is associated with relaxation of multiexcitons. The dashed
red curve in Figure 4.5 shows a fit of Ay by Eq. 4.3 with Ay x, Af prx, and o' as fitting
parameters and o( fixed by the earlier fit of Ay. The best fit yields o/ = (0.41 4 0.07)0y.
Because of the two-fold degeneracy of the HOMO and LUMO, the strength of the transition
should be reduced by half (in a single-particle picture) when an electron-hole pair is created
at the band edge. Our fitting result matches the expected value of 0.5. The contribution of
the Ay x term to Ay is illustrated by the red dotted curve and is seen to be much less than

ol4 photons cm 2 per pulse. The multi-exciton

the multi-exciton contribution at ® > 5 x 1
contribution to the fast decay is highlighted by the inset of Figure 4.5, where we plot the
points Ay = Ay — Ay x[1—=Py(og®)]. The inset also shows the fitted term A ysx Ps1(0'®)
(solid curve). The multiphoton fit shows excellent agreement with the data, and as expected
for a process associated with absorption of more than one photon, A £ is perfectly aligned
with a quadratic scaling with pump fluence (dashed curve in the inset) in the lower fluence
range.

To rule out non-Auger processes being responsible for the rapid decay observed at high flu-
ences, we analyzed the data by alternative approaches. One approach is to use the same pro-
cedure as described above without normalizing the data. We subtracted —Aa«(t = 100 ps)L
from the data and performed a global fit of the resulting data to a triexponential form with
shared time constants. This weights higher-fluence data more heavily than low-fluence data.
For C132, we obtained 77 = 0.34(0.01) ps, 751 = 2.4(0.1) ps, and 752 = 22(1) ps. Another

approach is to fit the lowest-fluence data independently, normalize that fit at long delay, and

subtract the normalized fit from the normalized data at other fluences. The difference data
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are then fit to a triexponential form decaying to zero with global time constants. For C132,
this yields 77 = 0.34(0.01) ps, 751 = 2.3(0.1) ps, and 752 = 18(1) ps. The different fitting
procedures produce values of the primary timescale of interest, Tf, differing by only 0.02 ps
from the values obtained from the first analysis. In the case of C132, neither 741 nor 749
changes substantially.

Similar measurements were performed on C168. Figure 4.6 shows the TA data for C168
at hwpump = 1.70 eV (near the absorption edge) with pump fluences in the multiple- and

single-photon absorption regimes respectively. Single-wavelength dynamics and fitting are

I 0.27

0.18

0.09

0.00

-0.09

0 1 2 3 4 5 20 40 60 80
Delay (ps)

Figure 4.6: —AalL as a function of probe energy and delay for C168 excited at 1.70 eV at
fluences of 2.0 x 1015 photons cm™2 per pulse (a) and 2.4 x 1013 photons cm~2 per pulse
(b). The color scale corresponds to the data for t < 5.0 ps in panel (a). The data in the
other three quadrants are multiplied by the factors shown to match the scales.
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plotted in Figure 4.7. The data presented in the plot are analyzed with the same methods
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Figure 4.7: (a)—AaL for C168 in toluene excited at fiwpump = 1.70 eV and probed at fwprope

— 2.21 eV at a series of excitation fluences from 2.4 x 10 to 2.0 x 101 photons cm~2 per
pulse. Solid curves are triexponential fits described by Eq. 4.1, and the dashed curve is the
instrument response function.

we use for C132. Dynamic data normalized by the signal at the longest delay are shown in
Figure 4.8 to weigh low-and high-fluence data equally as well.

Using the same fitting process as described for C132, the fits to Eq. 4.1 yield 7, =
0.33+£0.01 ps, 751 = 2.9£0.2 ps, and 752 = 39 £ 3 ps. The fit amplitudes Ag, Ar, As1, and
Aso are plotted in Figure 4.9, and the A are found to be well described by the same model
we used to described C132.

Similarly, we used the same three fitting approaches as we used for C132 to analyze

the C168 data. The fitting procedure outlined above without normalization yields 7 =
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Figure 4.8: Aa(t)/Aa(tigng) versus probe delay for C168 in toluene excited at fwpump = 1.70
eV and probed at hwppohe = 2.21€V.

0.31(0.01) ps, 751 = 2.1(0.1) ps, and 759 = 24.9(0.3) ps. The third procedure yields 7; =
0.32(0.01) ps, 751 = 2.3(0.1) ps, and 7450 = 15.6(0.5) ps. In general, 741 and 740 from different
fitting models do not match well. This difference is caused by the different weights to the
high-fluence data in these different approaches. Different fitting procedures yield values of
Ts1 ranging from 2.1 to 2.9 ps and values of 742 ranging from 16 to 39 ps. 77 barely changes,
though, because it is predominantly a consequence of the generation of multiple excitons,
whereas the dynamics at 741 and 749 have contributions from both single- and multiple-
photon absorption. The variations in the slow decays may result from the increased excess
heat deposited in the GQD lattice following AR in the multiple-exciton regime.

Figure 4.9 shows the excitation-fluence dependence of the parameters Ag, Ay, As1, and
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Figure 4.9: Amplitudes A; from Eq. 4.1 describing the fits of —Aa/(®,t)L of C168 in Figure
4.7. The inset shows the quantity A £ defined in the text and associated with multiexcitons
and uses the horizontal scale of the main figure. Curves show the fits described in the text.

Ago derived from the triexponential fit from Eq. 4.1 to the data of Figure 4.7. The fluence-
dependence of Ay is fit (solid black curve) by the Poisson form described by Eq. 4.2 and
corresponds to an effective absorption cross section of og(fiw = 1.70eV) = (2.1 £ 0.3) x
10715 em?2. A fit of Ay to the form described by Eq. 4.3 is shown by the dashed red curve
and corresponds to o/ = (0.6 & 0.15)0. The ratio also matches the expected value of 0.5
as we discussed for C132. The contribution to Ay of the fitting term associated with the
amplitude Ay x in Eq. 4.3 is shown by the red dotted curve, which illustrates that the
multiexciton contribution is much greater than the single-exciton contribution at fluences

® > 1 x 1014 cm~2. The inset of Figure 4.9 explicitly shows the multiexciton contribution
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to the amplitude of the fast decay by plotting the quantity Af/ =Ar—Arx [1— Py(og®)],
L.e., subtracting the single-exciton contribution to the fast decay represented from Ay. The
solid curve shown in the inset is the contribution of the multiexciton term in the fit of the
Ay fluence-dependence.

Besides the TA measurements in the visible spectral range, we also probed the sample in
the infrared range as discussed in Chapter 3. This probes the intraband transitions of the
GQDs. We excited C168 at 3.1 eV and probed the sample at the induced absorption peak
(0.75 eV). Figure 4.10 shows the excitation data of C168 at hwpump = 3.10 eV with pump
fluences in the multiple- and single-photon absorption regimes respectively. Comparing with
the interband data we showed previously, we did not find much difference in the first few ps
between multiple- and single-photon absorption. It is unclear why Auger recombination is
less pronounced at this energy. Further study is needed to better understand the intraband

transitions of the GQDs.

4.2.3 Discussion on Auger recombination of GQDs

The fluence-dependence of Ay (fast decay amplitude) supports the assignment of the
superlinear fluence-dependent initial TA response to BXs decaying with an AR lifetime of
TArR,BX = Tf = 0.3 ps. In our GQDs, AR generates a hot exciton that rapidly (i.e.,
faster than Tf) cools to the lowest-energy exciton state and deposits in the lattice about
one band gap of energy. After this, the last stage of electronic and vibronic cooling or
solvent orientation proceeds on similar time scales (741 and 743) as observed at low excitation
fluences. The energy of the pump photons in the TA experiments is set to be slightly higher

than the band gap of the sample. In the case of absorption of a single photon by a C132
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Figure 4.10: Aa(t)/Aa(tiong) versus probe delay for C168 in toluene excited at fiwpump =
3.10 eV and probed at fwpohe = 0.76€V.

GQD, only ~ 0.2 eV of excess energy is dissipated during relaxation to the lowest-energy
exciton state. AR is an additional source of heating of the carriers, and consequently, the
amplitudes Agy and Agzo should depend superlinearly on @, as we observed from the TA
experiment.

The fact that we observed fast decay amplitudes that have superlinear fluence-dependence
is not sufficient to assign 7¢ to BXs decay by AR. It is possible that two-photon absorption
creates a high-energy single exciton instead of a biexciton. 7, could be the time constant

of the cooling process of this high-energy single exciton to the bright exciton peak (570 nm
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for C132) or to the lower-energy exciton states. It is also possible that AR occurs on a time
scale below the temporal resolution of our measurements and is followed by cooling of a hot
single-exciton with the time scale of 7¢. Further analysis of the TA spectrum can rule out
these alternatives. If 7y corresponds to cooling to the bright singlet excitons, the bleach of
the main peak should increase with time constant 7, before decreasing on the time scale for
cooling into the lower-energy states (X1 and Xy for C132 and C168, respectively). If 7¢ was
the time scale for cooling from the main peak to X; and X9, then the bleach of the latter
should build up on the time scale 7¢, which we did not observe.

Despite the commonly observed reduction of AR lifetimes with decreasing nanoparticle
size, further considerations allow us to understand why GQD BX AR lifetimes can be similar
to BX AR lifetimes in SWCNTs. AR of directly generated BXs in (9,7) SWCNTSs occurs in
0.5 ps [109]. The “universality” of BX AR lifetimes in nanocrystal quantum dots is largely
due to relaxation of momentum conservation [86]. A SWCNT retains long-range periodicity
in one dimension, but in (6,5) SWCNTSs the “diameter” of the single exciton along the axis of
the SWCNT is only ~ 2.4 nm [72], which is similar to the spatial size (~ 2.4 nm) of the GQDs
studied here. Moreover, the BX length in SWCNTs is predicted to be similar to the length
of a single exciton [126]. The small size of the SWCNT biexciton means that substantial
amplitude over a large range of momenta. From this perspective, momentum conservation
should not be much more restrictive for BX decay in a SWCNT than in GQDs of 2-3 nm
(the longest edge length for C132 and C168 is 2.4 nm). Other prominent factors determining
the BX AR rate are the strength of the screened Coulomb interaction and the single-exciton
density of states (DOSx) at the energy of the BX. Coulombic interactions may be somewhat
stronger in GQDs compared to SWCNTs because of the weaker screening associated with a

lattice of more limited extent [127]. With respect to DOSx, in SWCNTS, the E99 transition
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is near twice the energy of the F; resonance, but there is not such a general enhancement in
the GQD DOSx near the energy of the lowest-energy BX. More precise assessments of these
factors will require detailed theoretical calculations. In particular, the similarity in BX AR
times for C132 and C168 is contrary to the usual reduction in AR lifetime with reduction
in quantum dot size. This may be because of the differences in the density of final states
(DOSXhot ) in C132 or C168 and/or the symmetries of initial (BX) and final (Xj,.;) states.
The latter may be important given the distinct symmetries of C132 and C168 because it

impacts the magnitude of the AR transition matrix element between a pair of states [128].

4.3 Conclusion

In summary, we measured BX AR lifetime of ~ 0.3 ps in graphene quantum dots with
132 and 168 carbon atoms, the results of which suggest that the GQDs have the potential to
enhance photovoltaic efficiencies through carrier multiplication. Observation of moderately
faster BX AR in GQDs suggests that GQDs may demonstrate CM efficiencies comparable
to or greater than those of SWCNTSs [129, 130]. Electron transfer from ruthenium dyes
[131, 132] and PbSe nanocrystal quantum dots [76] to TiO2 occurs on time scales less than
100 and ~ 10 fs, respectively, and hot-electron injection from C132 covalently linked to the
TiO9(110) surface has been measured to occur with a time constant < 15 fs [133]. This
implies that the 0.3 ps BX AR lifetimes measured here do not rule out the extraction of

multiple carriers.

88



Chapter 5

Summary

5.1 General summary

The methods and results of this research establish a foundation for exploring electronic
structure in GQDs and other low-dimensional materials. The study of electronic structure
in this work has been restricted to GQDs of C132 and C168. Because of the more symmetric
form of its lattice, C168 has a less-structured spectrum and transitions that are easier to
interpret. In Chapter 3, biexciton binding of C168 is measured optically and calculated
theoretically. The binding from our measurement is relatively strong and is comparable with
single-wall carbon nanotubes. Chapter 4 reports on measured Auger recombination rates
in C132 and C168. The model matches the experimental data quite well. As the Auger
process is fast (0.3 ps) in the GQDs, this suggests that the inverse process, namely carrier
multiplication, can be efficient. And electron injection from C132 covalently linked to the
TiO9(110) surface has been measured to occur on a timescale of < 15 fs, which is much less
than Auger time from our study, fast Auger recombination might not prevent the extraction
of multiple carriers from a GQD. Combined with the fact that the absorption spectrum of
the GQDs covering most of UV and visible range of solar spectrum, GQDs may be good

candidates for sensitizers in solar cells.
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5.2 Future work

The completion of this work opens the door to the next set of experiments exploring
GQDs. There are still many issues worth further theoretical and experimental study. Based
on our analysis, the electron-phonon interaction is important to fully understand the struc-
ture and behaviors of the GQDs. The intensity of photoluminescence features is strongly
dependent on the excitation wavelength based on Riesen’s experiment [11] and Mullen et al
[67]. This behavior is strong evidence of the presence of impurity species. Further insights
may be possible if we can separate impurities from the main species. Given the fact that the
studied GQDs have low PL quantum yield, it is also important to understand the optically
allowed and forbidden states in the system. In our study, we focus more on the symmetric
GQD C168 as it has fewer distinct transitions which can be better distinguished. The less
symmetric GQD, C132, requires more investigation to understand its complicated absorp-
tion spectrum and electronic structure. This can also help people better understand how
structure and symmetry affect the exciton/biexciton behaviors in such a low-dimensional

system.
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