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Preface

Scientific context

Graphene, i.e. single layer of carbon atoms arranged in a honeycomb lattice, plays a very
important part in the domain of nanoscience and nanotechnology. The first experimen-
tal realization of graphene was done by Geim and Novoselov through the mechanical
exfoliation of graphite in 2004 [1]. Since then, important studies have been done on
graphene, revealing many intriguing properties. For example, it has been demonstrated
that graphene shows quantum Hall effect even at room temperature [2, 3]. Electron
mobility of ~2.5 x 10% cm?/V-s has been measured on suspended graphene [1], 1000
times larger than standard silicon. Further, graphene transistors with an intrinsic cut-off
frequency as high as 300 GHz has already been achieved [5]. These observations make
graphene to be considered as a potentially revolutionary material for future electronic
applications [0]. Besides, graphene has revealed other exceptional physical properties
such as high thermal conductivity of 3000 — 5000 W/mK [7,&] ultrahigh Young’s modu-
lus of ~1 TPa and intrinsic tensile strength of ~130 GPa [9], as well as high transparency
of 97.7% to incident light for wide wavelength range [10, [ 1]. Only 6 year after the first
isolation of graphene, Geim and Novselov were awarded the Nobel Prize in Physics 2010
“for groundbreaking experiments regarding the two-dimensional material graphene”.

Despite all these fascinating results, graphene has a significant drawback that is the
lack of a bandgap. Due to this, it is difficult to obtain a large enough on-off current ratio
(Ion/ L) in a graphene field-effect transistor (FET) and thus limits its implementation in
conventional integrated logic circuits [0]. Moreover, since graphene has no bandgap, when
it is excited by light, the induced carriers rapidly relax to the bottom of the band with
no energy left. It thus limits its use as light harvesting devices such as photodetectors
and solar cells.

Various strategies have been investigated to open a gap in graphene. For exam-
ple, it has been demonstrated that by applying a perpendicular electric field on bilayer
graphene, the bandgap can be tuned up to 0.25 eV [12]. However, this value only corre-
spond to an I, /It ratio of ~10%, much less than the required 10° for operating digital
logic devices [13]. Moreover, the preparation of bilayer graphene with the required A-B
stacking style is relatively complicated, limiting the practicability of such method. Chem-
ical modifications of graphene (n-type doping by potassium [I1], hydrogenation [15] and
fluorination [16]) have also been able to open a gap, but at the same time, the electron
mobility is severely degraded. Besides, application of uni-axial strain on graphene has
been proposed for opening a bandgap [17]. However, to obtain a rational bandgap a
global uni-axial strain of 20% is required, which makes it impractical.

Compared to the approaches described above, reduction in the dimensionality of
graphene in the form of 1D graphene nanoribbons (GNRs) and 0D graphene quantum
dots (GQDs) as shown in Fig. 0.1 is extremely promising. Over the last decades, many
theoretical studies have been performed on these two types of low dimensional graphene
materials. It is predicted that GNRs and GQDs cannot only have a large bandgap but
also display an exceptional degree of tunability of their optoelectronic properties. In
principle, a widely tunable bandgap (from semi-metallic to several eV) and the presence
or absence of correlated low-dimensional magnetism are determined by the size, sym-



metry and edge structure, i.e. the boundary conditions. In combination with additional
controllable parameters such as the presence of heteroatoms, tailored strain and the
formation of heterostructure, it would be possible to design the electronic properties of
GNRs and GQDs according to our needs.

0D 1D 2D
benzene graphene graphene graphene
quantum dots nanoribbons

1nm 5nm 100 nm 10 pm

Figure 0.1: Classification of graphenes based on lateral size. 2D graphene (sheets or
flakes) exceeds 100 nm in both dimensions. Graphene nanoribbons (GNRs) are quasi-1D
graphene strips with a width < 10 nm, while maintaining a length/width ratio of > 10.
Graphene quantum dots (GQDs, or also called nanographene molecules) are a subset
of graphene with size between 1-5 nm (quasi-0D). The scanning tunneling microscopy
(STM) images of GNRs are adapted from [18]. The atomic force microscopy (AFM)
image of graphene sheet is adapted from [19].

To really benefit from this tunability and harness the opportunities offered by GQDs
and GNRs, in the first step one should be able to synthesis them with atomic preci-
sion. This now can be achieved by the so called bottom-up chemistry approach. In this
approach, starting from the appropriately designed small building blocks (molecule pre-
cursors), people let them assemble in a selective way to the final target GNR or GQD
structure. By correctly designing specific precursors and the assembly route, bottom-up
synthesis approach opens the possibility to obtain a variety of desired structures.

The successful synthesis of GNRs and GQDs with defined structure allows us to go
to the second step that is to probe their intrinsic properties and make the link between
their structure and intrinsic properties. However, as sp? carbon materials, GQDs and
GNRs suffer from strong 77 inter-molecular interactions inducing aggregations. This
aggregation effect hinders especially the study of their intrinsic optical properties. To
date, the photoluminescence (PL) properties of GNRs and GQDs have remained largely
underexplored.

Manuscript organization

In this context, my thesis considers the PL spectroscopy of bottom-up synthesized GNRs
and GQDs at both ensemble and single-particle levels. The manuscript is organized in
4 chapters:

Chapter I gives a detailed introduction on the current research progress of GNRs and
GQDs. I will first explain in theory why the electronic and optical properties of GQDs
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and GNRs can be tuned by their structure. The two different synthesis approaches
(top-down and bottom-up) are briefly described. Then the characterization results such
as STM, XPS and Raman are shown, to suggest the defined structure obtained by
the bottom-up approach. The results of optical study results on bottom-up synthesized
GNRs and GQDs are also discussed. Finally, the potential applications of GNRs and
GQDs are proposed.

Chapter II describes the different experimental techniques employed in this work: op-
tical absorption spectroscopy, photoluminescence spectroscopy and time-resolved photo-
luminescence for ensemble measurements. Atomic force microscope (AFM), micropho-
toluminescence and second order photon correlation measurements for single-particle
measurements. Finally this chapter describes the suspension preparation protocols as
well as the sample preparation procedures for optical microscopy experiments.

Chapter III shows our optical characterization results on the bottom-up synthesized
GNRs. In the first section of this chapter, I show the spectroscopy results on two different
GNR structures synthesized via the solution-mediated method. I then discuss the nature
of the observed emission. Some possible approaches to individualize GNRs are proposed.
In the second section, I present our studies on the effect of strain on the optical properties
of GNRs. Combing experimental and theoretical results, modulation of the bandgap
of GNRs by controlling over the structural distortion is demonstrated. In the third
section, I present our optical characterizations of GNRs synthesized by the on-surface
approach. Since the grown metal surface is not suitable for the PL measurements, I first
describe the transfer procedure to an insulated substrate. Then I present the microPL
and AFM results on the transferred sample. We discuss the nature of the unexpected
broad emission in the high-energy region. Finally, some distinct Raman features observed
on GNRs is also discussed.

In Chapter IV, we study the optical properties of bottom-up synthesized GQDs. In
the first part, we show the results of steady-state and time-resolved photoluminescence
spectroscopy at ensemble level. These results imply that the individual GQDs are indeed
present in the dispersion. In the second part, we go down to the single-particle level by
performing microphotoluminescence spectroscopy. The nature of the observed emission
from GQDs is discussed, implying that the emission originates from their intrinsic quan-
tum states. Then a detailed study of photophysical properties including second order
photon correlation ¢(® measurements of GQDs is presented.
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12 OPENING A BANDGAP FROM GRAPHENE

Introduction

This chapter gives an overview of the state of the art knowledge on the properties
of graphene nanoribbons (GNRs) and graphene quantum dots (GQDs), and also their
synthesis methods. I will first describe the theoretical works performed on GNRs and
GQDs. T will present in theory how the electronic properties of GNRs and GQDs are
derived from those of graphene, and how their properties can be tuned via the control
of the structure. Secondly, I will present the so-called bottom-up synthesis method,
which allows producing GNRs and GQDs with defined structures. Finally, I will discuss
the recent results on the structural and electronic characterizations, as well as optical
measurements on bottom-up synthesized GNRs and GQDs.

1 Opening a bandgap from graphene

Graphene nanoribbons (GNRs) and Graphene quantum dots (GQDs) can be considered
as one-dimensional and zero-dimensional graphene sheets, respectively. In analogy to
single wall carbon nanotubes (SWCNTs) [20], the general electronic structure of GNRs
and GQDs can be derived from the one-electron model of graphene by applying proper
boundary conditions on the wave functions. This simple method is called zone-folding
or confinement approximation.

1.1 Tight-binding model of graphene

(@ o sublattice A (b)
o sublattice B b,
K
\‘ M
y aC-c ‘ be « ky
b, |

Figure 1.1: (a) - Real-space graphene honeycomb lattice with the two sublattices A and
B. a; and ay are its two primitive vectors with the norm a = v/3ac.c = 0.246 nm. (b) -
Reciprocal lattice of graphene (grey dots) with by and bs the two reciprocal primitive
vectors (grey arrows). Its first Brillouin zone (FBZ) is hexagonal (indicated by the black
lines). High symmetry points are shown with black dots and labeled as I, M, K and
K’, in which K and K’ are the two inequivalent corners.

In a graphene sheet, the carbon atoms arrange in a honeycomb network with a bond
distance ac.c = 1.42 nm to their nearest neighbors (see Fig. 1.1). The honeycomb lattice
itself is not a Bravais lattice, but it can be considered as a triangular lattice with a basis
of two two atoms A and B or two triangular (or hexagonal) sublattices made of atoms
A and B, respectively (shown in blue and red). From a crystallographic point of view,
A and B are different: atoms A have their nearest neighbors (atoms B) at 0°, 120° and
240°, while atoms B have their nearest neighbors (atoms A) at 60°, 180° and 300°. This
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triangular lattice is generated by the primitive basis vectors a; and as with

1
_( d oag=[ 2 11
a; = 0 an g = \/T?:al ( . )

where the norm of the vectors a = v3ac.c = 0.246 nm.

For a triangular lattice in the real space, the reciprocal lattice is still triangular,
which is rotated by 90° with respect to the real space one. The primitive basis vectors
of the reciprocal lattice in momentum space are expressed as

2n 0
b1 = < 2(; ) and bg = ( ar > (12)
V3a V3a

As shown in Fig. 1.1 right, the first Brillouin zone (FBZ) of graphene is the Wigner-Seitz
cell of the reciprocal lattice and has a hexagonal shape. It is characterized by four high
symmetry points labeled as I'; M, K and K’. We note that the two corner points K and
K’ are inequivalent, as they are not connected by a reciprocal lattice vector. We also
note that the four other corners of the Brillouin zone can be connected to one of these
two points by a vector of the reciprocal lattice. Thus, we have three identical K points
and three K’ at the corner. Following [21], the positions of K and K’ are given by the

vectors: ) )
2 3 2 3

K:1<f) and K’:1<3> (1.3)
“\ @\ 0

As we will see later, these two points play an important role for the electronic properties
of graphene.

Carbon atom possesses four valence electrons placed into four atomic orbitals: 2s,
2pz, 2p, and 2p,. In a graphene sheet, the s-orbitals and in-plane p, ,-orbitals of the
carbon atoms hybridize to form a strongly bound o bond (spy hybridization) with an
bond angle of 120°. The non hybridized orbital 2p, is perpendicular to this plane. The
combination of the p, orbitals of adjacent carbon atoms give rise to the m bond of
graphene. Since the bonding and anti-bonding ¢ bands are energetically well separated
(~10 eV at the I' point), it is sufficient to consider only the electrons in 7 bond to
describe the electronic properties of graphene [22].

The band structure of graphene is commonly modeled using a one-electron tight-
binding approach [23,24]. In such approach, the electron-electron interactions is ne-
glected, as well as the curvature effect. Under these hypotheses, the global wavefunction
of m electrons ¥(r) can be expressed as [21]

U(r) =Y Uu(Ra)P.(r—Ra)+ Y Up(Rp)P.(r — Rp) (1.4)
R4 Rp

where ®,(r) is the wavefunction of the p,-orbital of a carbon atom located at the origin,
R4 and Rp are a lattice vector for the sublattice A and B, respectively. ¥, and Vg are
the corresponding coefficients of ..

We further restrict the coupling to the nearest neighbor carbon atoms only. We
denote the corresponding hopping energy 7o and the three vectors 7;, [ = 1,2,3 that



14 OPENING A BANDGAP FROM GRAPHENE

connect the nearest neighbor carbon atoms:

0 -1 L
7'1:a<1> , ng&( ? ) and ng&( ) ) (1.5)
V3 C2V3 C2V3

Neglecting the atomic orbital wavefunction overlap between neighbor atoms A and B,
we obtain the linear system for the eigenstates:

N

eV4(RaA) _—’YOZ‘I’B A—T)

€\IJB(RB) = —% Z \I/A(RB + Tl) (16)

=1

Applying Bloch’s theorem, we decompose the coefficients ¥4 5 in a product of a slowly
varying envelope and a planewave component of wavevector k:

qu,B(RA,B) = fA,B(k) exp(ik : RA,B) (17)

By combining Eq. 1.7 and 1.6 and performing straightforward simplifications, we obtain
the following matrix equation:

()5 b)) (1Y ((1t0) iy

hap(k) ==y Y exp(—ik - 7) (1.9)

=1

with

Solving the eigenvalue equation, we finally obtain the energy dispersion of the 7 electron

in graphene:
ky 3ak k.
ei(k) = i%\/1 a2 \/_2@ Y 4 4 cos? a2 (1.10)

with the nearest neighbor hopping energy vy &~ 2.7 eV. The band structure of graphene
is thus obtained from this formula (Fig. 1.2). It is easily to see that, within the nearest-
neighbor approximation, the band structure is symmetric with respect to the zero-energy
plane. In addition, the lower band and the upper band touch at each K and K’ point at
the six corners of the Brillouin zone (i.e., K and K points), showing a six-fold rotation
symmetry. In neutral graphene, the lower band is totally filled (valence band), while
the upper band is completely empty. As a result, the Fermi Energy Ef is located at the
touching points K and K’ of the two bands, which means F(K) = E(K') = Er = 0.
Graphene therefore has a zero bandgap, which is called a semi-metal.

Around the K and K’ points. The wavevector k can be rewritten as: k = K() + dk,
if |[0k|a << 1. In this condition, the first order Taylor development of the dispersion
relation Eq. 1.10 is

E(K + 6k) = E(K' + k) ~ i%@|6k| (1.11)

So we can see that the dispersion relation is linear with dk around the Fermi level. In
contrast, for classical solid, the dispersion is parabolic. This linear dispersion makes the
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electrons behave as massless relativistic particles, leading to many remarkable electronic
properties, e.g. high electron mobility [/, 25] and quantum fermion properties [3, 20].
One should note that since the dispersion relation is identical near the two inequivalent
K and K' points, for the electrons with energy close to the Fermi level there is a
double degenerated state. Therefore, in addition to the spin, electrons in graphene has
an additional degree of freedom called valley degree of freedom (K and K’ valley).

Energy (units of yq)

K T M K
Wave Vector

Figure 1.2: Band structure of graphene displayed in a 2-dimensional representation (left)
and 1-dimensional cut along the main direction (right). Adapted from [21].

1.2 Zone folding approximation for GNRs and GQDs

For infinite size 2D graphene sheet, the wavevector k can vary continuously in the first
Brillouin zone. For GNRs and GQDs, due to the presence of boundary conditions (-
electron wave functions on the edges vanish), the wavevectors were further quantized
to fulfill the boundary conditions. As a first approximation, the dispersion relations of
GNRs and GQDs can be obtained by using the graphene band structure and restricting
it to the values of k that respect the boundary conditions. This simple method is called
zone-folding approximation, and has been used to interpret the electronic structure of

carbon nanotubes [20]. Zigzag

Armchair

Figure 1.3: Two basic edge structures of nanoscale graphene.

Generally, the edge structure of GNRs and GQDs can be classified into armchair
and zigzag types (see Fig. 1.3). According to the edge structure, the way to quantitize
wavevector k is different and thus the electronic structure is different. We will first look
at the electronic structure for armchair edge GNRs and GQDs. For armchair GNRs and
GQDs, all the 7 electrons are paired, thus the total spin is equal to zero and they have
a quasi-particle bandgap.
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Figure 1.5: (a) - Schematic illustration of triangular shap armchair GQD. (b) - Schematic
illustration of the one half of the hexagonal Brillouin zone of 2D graphene sheet. The
Dirac cone of the conduction and valence bands of graphene are shown in blue and light
blue, respectively. The dots are the allowed k values of triangular GQDs with armchair
edges, which are also projected onto the Dirac cone. Adapted from [29,30].

2 Tuning the electronic properties

It is easy to see that depending on the structure of GNRs or GQDs, the boundary
conditions will be different and thus the electronic properties will be different. In this
section, I will show several ways to tune the electronic properties of GNRs and GQDs,
which are proposed by theoretical calculations.

2.1 Tuning through size control

The electronic structure of GNRs and GQDs displays a remarkable dependence on their
size. For armchair GNRs, we have seen that the band structure of N-AGNRs can be
pictured as a series of cutting lines across the band structure of graphene at N equidis-
tant k; values and these cutting lines are given by Eq. 1.12. As the bandgap of graphene
vanishes at the K points, the closer those cutting lines get to the K point, the lower
the bandgap of the AGNR will be. From Fig. 1.4 - (b) we can see that by doing the
1D-projection, the K and K’ are located at k, = %%’T and k, = %%’r, respectively. The
factor 3 in the denominator classify the AGNRs into three families: AGNR with NV equal
to 3p, 3p+1 or 3p+ 2 with p an integer, where N is the number of carbon atoms across
the width (Fig. 1.4 - (a)). From Eq. 1.12, we can see that for the 3p + 2 family there
is always a cutting line going through the K point. Thus, as a first approximation, this
family has a zero bandgap. In contrast, for the other two families, there are no cutting
lines across the K point. Moreover, the wider the AGNR, the higher value of N, thus
the smaller the spacing between the cutting lines and the closer it gets to the K point.
As a result, the bandgap is inversely proportional to the width of the ribbon, within
each family' (see Fig. 2.1 - (a)). One should note that by increasing the ribbon width
by just one atom, the electronic properties of GNRs are deeply modified, which implies
the importance of the fabrication of GNRs with a atomic precision.

'We should note that this tight-binding approach assumes the carbon atoms are equivalent through-
out the GNR. As a results, the 3p and 3p+1 families follow a very similar trend and are semiconducting,
while the 3p + 2 family are all metallic. However, this assumption is inaccurate for the carbon atoms
closer to the edge. Taking into account for the bond length distortions and the associated changes in
the hopping energy -, the resulting bandgap values would be changed a lot: opening of a bandgap for
the 3p + 2 family, as well as an obvious splitting of the bandgap trends between 3p and 3p + 1 families.
A more refined ab initio calculations thus revealed a relation of E4(3p + 1) > E,(3p) > E4(3p + 2) of
the three different families [31].
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Figure 2.1: (a) - Values of bandgap as a function of the width of armchair GNRs (AG-
NRs), which are obtained from zone-folding approximation. According to the number
of carbon atoms across the width, the AGNRs can be classified into three families: 3p,
3p + 1 and 3p + 2, showing different trend of bandgap. Adapted from [31]. (b) - Values
of bandgap of armchair GQDs as a function of their size (number of C atoms), showing
an inverse-square-root relation. Adapted from [32].

For armchair GQDs, according to Eq. 1.13 and 1.14, the states at K point are
not allowed. Thus the armchair GQDs always have a non-zero bandgap. In [32], the
authors performed an analytic calculations on the hexagonal armchair edge GQDs by
a combination of tight-binding approach with a self-consistent Hartree-Fock method
(TB-HF). They found that the bandgap values of hexagonal GQDs deduced from their
calculations are very similar to the ones obtained by the zone-folding approximation
for the triangular GQDs with a similar number of sp? carbon atoms. For example, for
(€222 hexagonal GQD, their calculation leads to E, = 0.427, where <, is the hopping
energy, while using Eq. 1.15 the obtained bandgap value of C216 triangular GQD is
E, =~ 0.46y. This shows that the zone-folding approximation is a relatively efficient
approach to predict the bandgap of armchair GQDs. Moreover, the authors indicated
that the bandgap of armchair GQDs follows a 1/y/n scaling, with n the total number
of sp? carbon atoms (see Fig. 2.1 - (b)).

2.2 Tuning through edge control

As seen from fig. 1.3, GNRs and GQDs can have the so-called zigzag typed edge. Such
zigzag GNRs and GQDs have unpaired 7 electrons present at their edges, which results
in the appearance of localized edge states within the bandgap [33,31]. Moreover, due to
the presence of unpaired electrons, the total spin of zigzag GNRs and GQDs are non-zero,
giving rise to many peculiar spin properties. For example, zigzag GNRs are predicted
to show ferromagnetic ordering at each zigzag edge and anti-parallel spin orientation in
between [35](see Fig. 2.2 - (a)). By combining alternated zigzag and armchair segments
along the ribbon edges, i.e. the chiral edge GNRs (see Fig. 2.2 - (b)), it is possible
to further modulate the spin properties of GNRs. Similarly, by designing the shape of
zigzag GQDs, their spin properties can also be modulated [36]. These make zigzag GNRs
and GQDs very promising for potential applications in spintronics.
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In addition to the size and edge structure of GNRs and GQDs, some external pa-
rameters such as doping [37,38], strain [39] and heterostructure formation [10] are also
predicted to be able to tune their electronic properties. However, to realize such fine
tunability, it is essential to fabricate GNRs and GQDs in a controlled manner and with
an atomic precision.

(a) Zigzag nanoribbon (b) Chiral GNR

1

Figure 2.2: (a) - Zigzag GNR predicted to show ferromagnetic ordering at each zigzag
edge and anti-parallel spin orientation in between. Adapted from [11]. (b) - Schematic
illustration of chiral GNRs, which displays an alternative zigzag and armchair segments
along the edges. The spin properties of chiral GNRs are thus different from both armchair
and zigzag GNRs. Adapted from [39].

3 Synthesis methods

3.1 Top-down fabrications

Fabrication of GQDs and GNRs has been previously performed through top-down meth-
ods. This kind of fabrication method can be likened to sculpting from a block of stone.
A piece of the base material is gradually eroded until the desired shape is achieved.

As seen from Fig. 3.1 - (a), GQDs can be carved from graphene sheets by means
of electron beam lithography. In such approach, by designing the PMMA masks,
GQDs with desired geometries can be produced with diameter down to 10 nm. Pono-
marenko et al. [12] have revealed a confinement bandgap up to 0.5 eV from the GQDs
fabricated by this technique. However, nanolithography requires a relative complex pro-
cesses that hinder applying this technique to a large scale fabrication of GQDs. Due to
the irregularities in PMMA, GQDs with diameter smaller than 10 nm cannot be reliably
fabricated, and moreover the edge structure can neither be controlled. Another top-down
method is the solution-based chemical approaches, which can produce GQDs in a large
scale. For instance, GQDs can be derived from carbon fibers [13], graphenes [11], double-
walled carbon nanotubes [15] and fullerenes (C60) [10,17], by cutting these materials
via acid or oxidation treatments (Fig. 3.1 - (b)). The GQDs fabricated by these chem-
ical approaches could have a diameter down to several nm with a very good solubility
in water and strong photoluminescence, showing the potentials in bioimaging [13] and
light-emitting diodes (LEDs) [18]. However, these GQDs obviously do not have a defined
structure and severely present defects, which makes it impossible to get access to the
intrinsic properties predicted by theoretical calculations.
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Similarly, GNRs can be fabricated by cutting of graphene sheets and unzipping of
carbon nanotubes (CNTs) (Fig. 3.1 - (¢)). Li et al. [19] have shown that by sonicating
expanded graphite in PmPV conjugated polymer solution, GNRs with various widths
between (£2-60 nm) were obtained. The narrowest 2 nm-wide GNR exhibited a bandgap
of about ~0.4 eV and an on-off ratio of 10° in a FET configuration. One should note
that the width of GNRs resulting from this sonochemical method is not uniform. It is
also possible to fabricate uniform GNRs by patterning graphene sheets with nanolithog-
raphy techniques, e.g. scanning tunneling microscope lithography [50], electron-beam
lithography, helium-ion-beam lithography and plasma etching [51]. Similar to the case
of GQDs, nanolithography can produce GNRs with width only down to 10 nm. In ad-
dition to cutting of graphene, unzipping of CNTs can produce GNRs by solution-based
oxidation treatment [52] as well as through plasma etching with PMMA films [53]. Using
such approaches, the produced GNRs can have apparently smooth edges and with width
between 10-30 nm, showing charge-carrier mobility up to 1500 cm?/V.s. [52]. Neverthe-
less, smooth edges produced by top-down methods are not precise at the atomic level,
i.e. there could be undefined structural disorders and defects of 1 nm or more.

As we have seen in the previous section, GNRs and GQDs are predicted to have an
exceptional degree of tunability of their electronic, optical and even magnetic properties
via the controlling of the structure, especially when their size and/or width are as
narrow as 1-3 nm. To study the link between their intrinsic properties and structure, and
eventually engineer the properties in a accurate and reproducible way for optoelectronic
and spintronic applications, it is essential to produce nanometer-width/size GNRs and
GQDs with an atomic precision. However, realizing such structural precision by means
of top-down methods is still highly challenging.

(a) ‘ Electron beam

PMMA mask

Figure 3.1: Top-down fabrication methods of GNRs and GQDs, including cutting from
graphene sheets by lithography (a), solution based oxidation of carbon fibers (b) and
unzipping of carbon nanotubes (c). Adapted respectively from [54], [43] and [55].

3.2 Bottom-up syntheses

To this end, bottom-up organic synthesis method appears very promising. This method
can be likened to building a brick house. Here small molecular precursors (as the bricks)
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react in a selective way to obtain final assembled GQDs or GNRs (the house). In princi-
ple, by appropriately designing the molecular precursors, it is possible to obtain GQDs
and GNRs with desired structure (see Fig. 3.2).

Molecular precursor Final assembled GNR

Bottom-up Fabrication: B-B+-B-+0 = RN
o [-0-0-0 = (D
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Edge functionalization ﬁ+ﬁ+ﬁ+i =) %

Figure 3.2: Schematic illustration of the principle of bottom-up synthesis method.
Adapted from [50].

In-solution approach

As shown in Fig. 3.3 - (a), the bottom-up synthesis of GQDs typically consits in a
two-step solution-based chemical reaction route: 1. polymerization of the molecular pre-
cursors into intermediate oligophenylenes or polyphenylenes. 2. oxidative intramolecular
cyclodehydrogenation (graphitization) of the tailor-made polyphenylenes. A variety of
GQDs with defined molecular structures have thus been obtained, ranging from small
nanographene molecules such as hexaperi-hexabenzocoronene (HBC, C42) to a larger
hexagonal GQD with 222 sp? carbons and a diameter of ~3 nm (C222) [77] (see Fig. 3.3

- (b)

for some examples).? Since GQDs tends to stack together due to the strong m-m
interactions, alkyl chains are usually installed at the peripheral positions of GQDs to
increase the steric hindrance and enhance the solubility. Further edge functionalizations
with complex structures have also been reported. Yan et al. have shown the attaching
of trisubstituted phenyl groups on the edge of two large GQDs (132 and 168 conjugated

carbon atoms) [59]. In this way, the GQDs are expected to be shielded from one an-
other in three dimensions, reducing the aggregation effect (Fig. 3.3 - (c¢)). More recently,
atomic precise edge chlorination of GQDs has also been realized [60]. Since the chlo-

rine atoms induce severe steric hindrance, the edge-chlorinated GQDs are non-planar
(Fig. 3.3 - (d)) and thus show enhanced solubility. The vast majority of synthesized
GQDs have armchair edges as they are chemically stable, but an increasing number of
zigzag-edged structures exhibiting distinct properties have recently been reported. For
instance, quateranthene (Fig. 3.3 - (e) left), which can be regarded as a short segment of
8-ZGNR, has been synthesized in 2013 [61]. Analyses of this structure revealed indeed
the presence of unpaired electrons localized at the zigzag edges as well as ferromagnetic
correlation at room temperature. However, such nanographene molecules with zigzag

2Unfortunately, the concept of planarizing large oligophenylene precursors to obtain GQDs reaches
its limit in solution. Partial cyclodehydrogenation will occur when the size of target GQD is bigger C222,
because of poor solubility of precursors, as well as a mismatching of topology for large oligophenylene
precursors [58].
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edges are often prone to oxidation due to the unpaired electrons, which limits their fur-
ther investigation and applications. Stable nanographene molecules with zigzag edges
but no biradical ground states have also been synthesized. For example, dibenzo|hi,st]
ovalene (DBO) (Fig. 3.3 - (e) right) is highly stable under ambient conditions and ex-
hibits strong red emission [62].

(a)
I O O o-xylene, A

FeCl;MeNO,
+ —® CioHys —_—
2 O

Z7N CH,Cl, Ar

CioHas CioHos
2

Figure 3.3: (a) - Typical reaction route for producing bottom-up synthesized GQDs.
Adapted from [03]. (b) - Examples of bottom-up synthesized armchair-edge GQDs
(nanographene molecules). Adapted from [64]. (¢) - Edge functionalized GQD with
trisubstituted phenyl groups, which fully shield the aromatic core. Adapted from [59]. (d)
- Edge-chlorinated GQD, showing non planar structure. (e) - Nanographene molecules
with zigzag-typed edges (shown in red). Left: with a biradical ground state. Right: with-
out biradical ground state. Adapted from [(1] and [62], respectively.

This bottom-up synthesis can be further applied to produce longitudinally extended
GNRs. Similarly to the synthesis of GQDs, the synthesis of GNRs is also based on
such in-solution two-step reaction (polymerization and graphitization). There are several
different polymerization methods to obtain the intermediate polyphenylenes, for example
Diels-Alder [65], Yamamoto [66] and Suzuki [67] polymerizations. These polymerization
methods can efficiently prepare appropriate polymer precursors and led to a variety
of GNR structures. Among these methods, the DielsAlder polymerization of an AB-
type monomer (a cyclopentadienone moiety as the diene and an ethynyl group as the
dienophile) could produce polyphenylenes with extremely high molecular weight (up



3.2 - Bottom-up syntheses 23

to 60 kg/mol), which lead to the final GNRs with a width of around 1 nm and an
average length >100 nm (Fig. 3.4 - (a)) [65]. Such solution-based synthesis approach
is highly scalable, and it has been shown to be possible to prepare over 1 g of GNRs
in the laboratory, suggesting the potential for industry-scale production [68]. Moreover,
based on the structural defined GNRs, people have also attempted to perform edge
functionalization and now it is possible to precisely graft a variety of groups at the
edges of GNRs, such as chlorine atoms [00], poly(ethylene oxide) (PEO) chains [69],
naphthalene/perylene monoimide [70], porphyrin [71] and more recently a type of spin-
bearing radical groups [72], which open the ways to realize the coherent coupling between
molecule structures and GNR aromatic cores. One should note that the solution-phase
synthesis method finally affords GNRs in powder form. Since the aromatic size of GNRs
is much larger than GQDs, they are more difficult to be processed. GNR powders can
be dispersed in aqueous surfactants or organic solvents by means of mild sonication.
However large portions of the powders often remain undispersed.
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Figure 3.4: (a) - In-solution AB-type Diels-Alder polymerization leads to long graphene
nanoribbons. Adapted from [65]. (b) - On-surface reaction scheme for the synthesis of
straight GNRs from dihalogen substituted molecular precursors. Adapted from [15].
(c) - In situ high-resolution STM image of on-surface synthesized GNRs, showing the
defined and uniform GNR sturcture. Adapted from [18]. (d) - Boron-doped GNR and its
corresponding non-contact atomic force microscopy (nc-AFM) image. Adapted from [38].
(e) - Synthetic scheme for the fully zigzag edge GNR. Adapted from [73].
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On-surface approach

In this regard, the direct synthesis of GNRs on metal (mostly gold) surfaces under
ultra-high vacuum (UHV) conditions serves as an alternative approach. Similar to the
solution-based approach, the surface-assisted approach also consists in two steps: 1. ho-
mocoupling (Ullmann coupling) polymerization of dihalogen substituted precursors. 2.
thermally induced and surface-catalyzed cyclodehydrogenation (Fig. 3.4 - (b)). Typ-
ically, atomically precise GNRs with a quantity of less than one monolayer coverage
(sub-monolayer) can be obtained, flatly lying on the gold surface (Fig. 3.4 - (c)). Their
chemical structure can be in situ imaged using high-resolution STM (Fig. 3.4 - (c))
and non-contact atomic force microscopy (nc-AFM)(Fig. 3.4 - (d)). The first on-surface
synthesis of GNR was realized by Cai et al. in 2010 [18]. Since then, a series of armchair-
edge GNR with different width (5-, 7-, 9- and 13-AGNR) have been synthesized on gold
surfaces by varying the molecular precursors. Besides pristine GNRs, GNRs doped with
boron [38, 74], nitrogen [75] or sulfur [70] have also been synthesized with pre-designed
molecular precursors (Fig. 3.4 - (d)), providing an additional parameter for tuning the
electronic properties of GNRs. Graphene nanoribbon heterojunctions and heterostruc-
tures have also been realized in single GNR strands by combining two different molecular
precursors [77,78], which emerges as a promising way to modulate the electronic prop-
erties as people have done with inorganic semiconductors [79]. Notably, long-awaited
atomically precise zigzag-edge GNR with defined and uniform structures were recently
achieved by Ruffieux et al. in 2016 [73]. As shown in Fig. 3.4 - (e), they carefully designed
an ‘“umbrella”-shape molecule precursor and thus the precursors connects together in
an up-and-down configuration forming the full zigzag edge structure. Although a variety
of GNRs with different width and edge structures have been synthesized with atomic
precision via surface-assisted method, such GNRs need to be transferred from the metal
surfaces onto dielectric substrates for further studies on their electronic and optical prop-
erties as well as integration into electronic devices. It is thus very necessary to develop
an efficient, non-destructive, and clean transfer method.

4 Characterization results on bottom-up synthe-
sized GNRs and GQDs

4.1 Characterization of chemical structure

In principle, bottom-up chemistry method allows us to produce GQDs or GNRs with de-
fined and uniform structure. To support this, there are some characterization techniques
that have been employed according to the synthesis approach.

For in-solution synthesized GQDs, since they have defined chemical formula, their
structure perfection can be demonstrated directly by matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass spectrometry (MS). In these mea-
surements, one single intense signal with an ensemble of very narrow peaks is found
around the position corresponding to the molecular mass of GQD (Fig. 4.1 - (a)), which
means the produced GQDs have the exact structure and there is no detectable amount
of side products (unreacted or partially graphitized oligophenylenes) present in the fi-
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nal powder product. Besides, liquid-state (for soluble compounds, high resolution) and
solid-state (for less soluble compounds, low resolution) 'H NMR measurements can give
information on the chemical environment of the groups in intermediate oligophenylenes
and final GQDs, and demonstrate the structural perfection of GQDs at an ensemble
level (Fig. 4.1 - (b)). Moreover, as we can see in Fig. 4.1 - (c), single GQDs can be
visualized using STM by depositing the hot GQD solution [66,80] or “sublimating”
GQD powders [21] on the Au(111) substrate or highly oriented pyrolitic graphite sub-
strate (HOPG). However, to date such measurements have been performed on few GQD
structures and most of them have a small core size.
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Figure 4.1: (a) - (c): Structural characterizations of bottom-up synthesized GQDs
via in-solution method. (a) - Matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrum (MS) of the GQDs. The obtained spectrum is com-
pared with the simulation, demonstrating the exact structure of the produced GQDs.
Adapted from [66]. (b) - Liquide-state "H NMR, of the GQDs. Adapted from [66]. (c)
- STM image of the GQDs deposited on the Au(111) substrate. (d) - (e): Structural
characterizations of bottom-up synthesized GNRs via in-solution method. (d) - MALDI-
TOF mass spectrum of the intermediate polyphenylene precursors, showing a series of
equally separated peaks. Adapted from [32]. (e) - Raman spectrum on the GQD powders.
Adapted from [65]. (f) - STM image of the GNRs on HOPG, showing a well-organized
self-assembled monolayer of straight and uniform nanoribbons. Adapted from [65].

For in-solution synthesized GNRs, since the polymerization step does not control
the length of the produced polyphenylenes, the final GNR structure has a certain length
distribution. As a result, the MALDI-TOF mass spectrum of GNRs displays a series of
peaks with an equal interval corresponding to the mass of one repeating unit (see Fig. 4.1
- (d)).? The total absence of the peaks inside the intervals suggests the GNRs are fully

3The long GNRs that have high molecular mass cannot be detected by MALDI-TOF MS. To char-
acterize the average length of GNRs, people often uses size-exclusion chromatography (SEC).
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graphitized. However, one should note that the MALDI-TOF mass spectra of these in-
solution synthesized GNR samples also indicate the presence of a very small amount of
short GNR dimer and trimer (can be considered as GQDs), which could have different
behaviors, especially a larger bandgap than the sufficient long GNRs. Similar to the
case of GQDs, the solid-state 'H NMR spectra of GNRs display some distinct features
suggesting their defined structures. Besides, GNRs display distinct vibrational proper-
ties, which are directly linked to their structure. Raman spectroscopy measurements
on the GNR powders show prominent D and G modes and corresponding second order
modes, which are the characteristic features of sp? carbon structures. Remarkably, a dis-
tinct peak from a width-specific low-frequency mode called radial-breathing-like mode
(RBLM) is resolved in the spectrum (see inset of Fig. 4.1 - (e) and for this specific GNR
structure, it is at 235 cm™!), indicating high homogeneity of the width of produced
GNRs. One should note that this Raman mode has never been observed on the top-
down fabricated GNRs [19]. In addition, Fourier transform infrared (FTIR) spectroscopy
is also a powerful method to characterize the vibrational properties of sp? carbon struc-
tures. The FTIR spectra on the final GNR structures always show very different modes
compared with the spectra on the intermediate polyphenylenes supporting the successful
conversion of polyphenylene precursors into GNRs. STM measurements have also been
performed to visualize the in-solution synthesized GNRs. Due to the sever aggregation
(m-7 stacking) issues of GNRs in suspension, the visualization of GNRs synthesized
by in-solution approach becomes extremely hard. To perform STM measurements on
such GNRs, the authors in [65] applied a very tricky method, in which they extracted
only a tiny amount of short and soluble GNRs from the produced powders using hot
TCB solvent and deposited them on the HOPG surface. The STM images of the ob-
tained samples show self-assembled and highly ordered domains of uniform and mostly
straight GNRs (see Fig. 4.1 - (f)), which implies the full graphitization of polypheny-
lene precursors. In addition, several attempts have been performed to visualize single
isolated GNRs synthesized by this in-solution approach [33,81]. However, an efficient
and reliable method is still elusive.

For on-surface synthesized GNRs, as they are isolated and extended on gold surface,
their chemical structure is usually in-situ visualized with STM and nc-AFM under UHV.
For molecular visualization with STM, since it is sensitive to the density of states near
the Fermi level, which are typically delocalized over the entire molecule, the correlation
between bonding structure and STM image contrast is not very straightforward. To
solve this problem, simulations of STM images using DFT are usually performed. As we
can see in Fig. 4.2 - (a), the very good agreement between the simulated STM image
(shown in white) and the experimental results, confirms that the produced GNRs are
atomically precise with fully hydrogen-terminated edges. For nc-AFM visualization, the
probe is functionalized with a single carbon monoxide (CO) molecule. Since the probe
senses the short range forces, the signal is very sensitive to the charge distribution on the
sample. Moreover, to reduce the vibration of the measured molecule and to obtain an
higher resolution, the measurements are commonly operated at low temperature (~5 K).
As we can see in Fig. 3.4 - (d), the bonding structure of pristine and doped GNRs can
be clearly resolved by nc-AFM, which confirms again their structural perfection. X-ray
photoemission spectroscopy (XPS) is a powerful technique to study the chemical com-
position of a material. For on-surface synthesized GNRs, it has been used to monitor
the evolution of the chemical compounds and analyze the kinetic during the two-step
reaction. Moreover, this technique has been used to study the stability of on-surface
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synthesized GNRs (with hydrogenated edges) under ambient conditions. Fig. 4.2 shows
the XPS spectrum of the GNR sample after exposure to air, the only peak for carbon
atom is at 284.5 eV that corresponds to the sp? bonded carbon. There are no signs of
carbon in other chemical environments, especially, no CO, C=0 or COOH components
(indicated by the blue lines), supporting that the GNRs are inert under ambient con-
ditions. Similar to the in-solution synthesized GNRs, the Raman spectra of on-surface
synthesized GNRs also display the width specific RBLM mode. Notably, the width of
the peak is much narrower than the in-solution GNRs, since the edges are terminated
by single hydrogen atoms instead of long alkyl chains [85].
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Figure 4.2: (a) - In-situ high resolution STM image of the on-surfaced synthesized GNRs.
The white part at the bottom left is a DFT-based STM simulation. The very good
agreement confirms their exact structure with hydrogen-terminated edges (the molecular
model is shown at the bottom left). Adapted from [L&]. (b) - XPS spectrum of the on-
surface synthesized GNRs after exposure to air. The absence of the peaks corresponding
to CO, C=0 or COOH components (indicated by the blue lines in the inset) suggests
the GNRs are inert under ambient conditions. Adapted from [15].

4.2 Characterization of electronic properties

Due to sever aggregation effects of in-solution synthesized GNRs and large size GQDs,
the characterizations of electronic properties have been mainly performed on the on-
surface synthesized GNRs. Their electronic structure and in particular the bandgap size
(E,) and the values of bands’ effective mass (myp and mcg), have been investigated lo-
cally with scanning tunneling spectroscopy (STS) and with averaging experimental tech-
niques such as angle-resolved photoemission spectroscopy (ARPES) and high-resolution
electron energy loss spectroscopy (HREELS).

The most widespread method used so far is STS. As illustrated by Fig. 4.3 - (a), a
scanning tunneling spectrum is obtained by placing a tip above a particular place on the
sample. With the height of the tip fixed, the electron tunneling current is then measured
as a function of electron energy by varying the voltage between the tip and the sample
(the tip to sample voltage sets the electron energy). The obtained curve is thus referred
to as an [ — V curve. From the I — V curve, the dI/dV — V curve is finally obtained,
which corresponds to the electron density of states at the local position of the tip, the
LDOS. Two peaks at the sides of V' = 0 can be resolved, corresponding to the valence
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band and conduction band, respectively. From the onset of valence and conduction
bands, an electronic band gap (Ey) is thus inferred. Bandgap values of E, = 2.37 eV,
E, =1.38¢eV and E; = 1.40 eV have been measured for the armchair edge 7-AGNR [%0],
9-AGNR [258] and 13-AGNR [27] grown on Au(111), respectively. As shown in Fig. 4.3 -
(b), these values (indicated by hollow triangles) have been compared with the predicted
bandgap using many-body perturbation theory (GW) calculations with image charge
(IC) corrections (indicated by solid signs), which are used to account for the polarization
effect of the gold substrate [39,30,588]. The good agreement between the measured values
and theoretical calculations thus demonstrates the tunability of the electronic properties
of GNRs via the control of structure bv the bottom-un chemistrv.
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Figure 4.3: (a) - Schematic illustration of scanning tunneling spectroscopy (STS) for the
measurements of local electron density of states (LDOS). Adapted from [56]. (b) - Ex-
perimental STS results and theoretical calculation prediction of the electronic bandgap
(E,) of armchair GNRs with different width. Colored hollow signs: GW calculation re-
sults predicting the bandgap of isolated GNRs. Solid signs: GW + image charge (IC)
corrections results predicting the bandgap of GNRs supported on Au surface. Black
hollow triangles: the experimental STS results of the GNRs on Au surface. Adapted
from [38] together with the data in [28]. (c¢) - ARPES spectrum of 7-AGNRs grown on
Au(788) substrate along the GNR axis. Adapted from [30].

Another common way to investigate the electronic properties of on-surface synthe-
sized GNRs is angle resolved photoemission spectroscopy (ARPES), which gives access
to the whole energy versus parallel momentum dispersion of occupied states (as shown
in Fig. 4.3 - (¢)) [26]. Being an ensemble averaging technique, domains of GNRs with
the same orientation are required to obtain kj-resolved ARPES spectrum. This has been
realized by growing GNRs on vicinal Au surfaces that display a periodic array of steps.
This type of surface can act as templates and drive the uniaxially oriented growth of the
GNRs along the terraces direction (Fig. 4.8 - (a)). We will see in the next section that



4.3 - Characterization of optical properties 29

such samples with aligned GNRs are also very useful to perform optical characterization.

4.3 Characterization of optical properties

Some theoretical calculations have been perform on the GQDs and GNRs to investigate
their optical properties, such as the optical absorption spectra of different GQD [389-91]
and GNR [92-01] structures, and scaling effect of exciton binding energy in GNRs [97].
In contrast, the intrinsic optical properties of GQDs and GNRs are almost unexplored
experimentally. In this section, I will present the only few reports on the experimental
study of their optical properties.

In-solution synthesized GQDs

Optical absorption spectroscopy is one of the most common way to characterize the
optical properties of a material. To do this, the produced GQD powders are usually
dispersed in organic solvents. However, when the size of GQD becomes larger, it is more
insoluble and the aggregation effect is more sever. In consequence, with the increase of
the size of GQD, the absorption spectra broaden and become structureless (Fig. 4.4 -
(a)) [96]. Despite of this broadening, one can still distinguish that the larger GQDs have
an absorption maximum at a lower energy. As shown in Fig. 4.4 - (a)) [97], from benzene
to the GQD with 222 7 conjugated electrons (thus 222/6 = 37 aromatic sextets), Eqz
roughly has an inverse relation with the number of aromatic sextets*, in agreement with
lower quantum confinement for the larger GQDs.
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Figure 4.4: (a) - Optical absorption spectra of GQDs in different size. Adapted from [96].
(b) - The energy of maximum (E,,,,) in the optical absorption spectrum as a function
of the GQD size (number of aromatic sextet). Adapted from [97].

Photoluminescence is another important optical properties for a semiconducting ma-
terial. However, due to the aggregation effect, no pertinent photoluminescence results
have been reported on the simple alkyl substituted GQDs with size larger than 60 7-
electrons.

In 2010, the group of Dr. Liang-Li Shi at Indiana University developed a method to
install 1,3,5-trialkyl phenyl groups at the edges of large C132 and C168 GQDs (Fig. 4.5
- (a)) [09]. These large substituted groups could wrap around the aromatic core of
GQD forming a shell-like structure. In this way, the m — 7 interactions between the

4All the GQDs shown here are armchair edge GQD.
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GQD aromatic cores are reduced. Thus, such GQDs show enhanced solubility and lower
aggregation compared to the GQDs with simple alkyl chains. They then performed a
series of optical characterizations on dispersions of C132 GQD (Mueller et al., 2010 [98]).
In contrast to the simple alkyl chain substituted GQDs, the absorption spectrum of
this “core-shell” GQD is more structured and the authors attributed the absorption
lines to the transitions to the different singlet excited states (Si, Se, Ss, and S,). The
PL spectrum mainly consists of two lines, one at 670 nm the other at 740 nm. They
also found that the time-resolved PL when detected at 670 nm is bi-exponential with
two relative fast decay times of 1.7 ns and 5.4 ns, while the decay curve for the line
at 740 nm is mono-exponential with a extreme long characteristic time of ~4 us. To
explain these observations, the authors proposed that the spin-orbit coupling is very
strong and singlet-triplet energy separation is very small in this large GQD. Thus the
inter-system crossing (ISC) is very efficient and the emission at 670 nm corresponds to
the fluorescence (relaxation from the singlet state S;), while the emission at 740 nm
corresponds to the phosphorescence (relaxation from the triplet state T;) (as shown in
Fig. 4.5 - (¢)). Moreover, the authors performed photoluminescence excitation (PLE)
measurements on these two PL lines (Fig. 4.5 - (d)). The PLE curve detected at 740 nm
(red line) is in very good agreement with the absorption spectrum. However, the PLE
detected at 670 nm (blue line) is broad and in resonance at higher energy (lower than
500 nm). The authors left an open question on this strange behavior. After that, the
group of Dr. John A. McGuire at Michigan State University continued to investigate the
optical properties of these large “core-shell” GQDs in collaboration with the group of
Dr. Liang-Li Shi. By means of transient absorption spectroscopy, they observed efficient
biexciton formation and fast biexciton Auger recombination rates, which implied strong
carrier interactions in these large GQDs [99, 100].

In 2014, Riesen et al. [101] re-investigate the same C132 GQD by combining optical
measurements and theoretical calculations. Using DF'T based quantum chemical calcula-
tions, the measured absorption spectrum was well reproduced (Fig 4.6 -(a)). Moreover,
as shown in Fig 4.6 -(b), the authors indicated that the two high energy transitions
have strong oscillator strength, while the two low energy lines are nearly dark (very
low oscillator strength). However, these two “dark ” transitions could be brightened by
the significant electron-vibrational intensity borrowing. Notably, in contradiction with
the initial assignments by Mueller et al. [98], the authors in this paper proposed that
the observed emission at 740 nm, which has long mono-exponential decay and the PLE
similar to the absorption, arises from the lowest “dark” singlet transition instead of
phosphorescence from the triplet state, while the emission at 670 nm, which has short
multi-exponential decay and the PLE different to the absorption, arises from the impuri-
ties in the dispersion instead of the fluorescence of the C132 GQDs. This proposition was
further supported by the experiment of adding external heavy atoms. It is known that
by adding the heavy atoms in the solution, the inter-system crossing rate of molecules
could be strongly enhanced [102]. Thus if the emission at 740 nm originated from the
triplet state, an increase of the emission intensity would be expected when adding heavy
atoms. However, after adding dibromoethane in the GQD dispersion, the intensity of
emission at 740 nm was decreased a lot with even a much greater extent than the emis-
sion at 670 nm (Fig. 4.6 - (c)). This observation is in contradiction with the assignment
of the emission at 740 nm as phosphorescence.

So we can see that to date, the photoluminescence properties of large bottom-up
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synthesized GQDs are not clear (only one structure have been studied, and there are
two totally different explanations on the observed results.). To this end, more systematic
experimental studies and theoretical calculations on the GQDs with different structures
are very needed.
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Figure 4.5: (a) - Chemical structure of C132 GQD. The three large chains could wrap
around the aromatic core of GQD forming a “protective shell”. (b - d) Optical charac-
terizations of C132 GQD performed by Muelller et al. [98]. (b) - Optical absorption and
PL spectra of C132 GQD dispersion. (c¢) - Schematic illustration of the proposed energy
levels of C132 GQD. (d) - PLE curves of C132 GQD dispersion. Adapted from [98].

(a) Riesen et al., 2014 (b) g (©

Y. S

Y W S

Sg=>53 3
o 0.6 So>54 g < 151 o g_
g ) 2z "g
"g 0.4 1 51 '351.0— g
_% z 1400
< 02 , 3
,dark 0.5 =
-600
500 600 700 800 Lo
Wavelength/nm SO 600 650 700 750 800 850
Wavelength/nm

Figure 4.6: Optical investigations of C132 GQD performed by Riesen et al. [101]. (a) -
Simulated absorption spectrum computed using the nuclear-ensemble approach, partly
taking into account electron vibrational coupling. (b) - Schematic illustration of the four
lowest optical singlet-singlet transitions. The two low energy transitions are “dark” (grey
arrows), while the two high energy transitions are bright (red arrows). (c¢) - PL spectra
of the C132 GQD dispersion before (bb) and after (ab) adding of dibromoethane. The
grey curve is the difference spectrum. Adapted from [101].
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In-solution synthesized GNRs

Similar to the case of GQDs, there are very few optical characterization results of in-
solution synthesized GNRs that have been reported. The absorption spectra of cove-type
edge GNRs with different width have been reported in [103, 104]. We can see in Fig. 4.7
-(a) that the absorption band of the wide cove-edge GNRs is red-shifted compared to
the narrow ones, which is in agreement with the fact that the m electrons are more
delocalized. However, these two papers just showed the absorption spectra without go-
ing into details. Apart from that, no results on the photoluminescence properties of
such GNRs have been reported, which is presumably due to their very low insolubility.
To date, there is only one paper that is dedicated to the optical characterizations of
in-solution synthesized GNRs. In 2016, Soavi et al. [105] performed transient absorp-
tion spectroscopy on the suspension of four-atom-wide cove-edge GNRs (4-CGNRs). As
shown in Fig. 4.7 - (b) left, they found positive differential transmission (AT'/T) signal
around 650 nm when the GNR suspension was excited with a high fluence (indicated
by the black arrow). Since it does not correspond to any resonant feature in the linear
absorption spectrum and it is red-shifted compared to the lowest optical transition, the
authors attributed this positive AT/T signal to the stimulated emission (SE). They
proposed that at high excitation fluence, the excitons in GNRs undergo exciton-exciton
annihilation effect and biexcitons could be efficiently formed (an Auger-like process,
indicated by the green arrow in Fig. 4.7 - (b) right). Thus the observed SE signal is
attributed to the radiative relaxation from the biexciton state to the one-exciton state
of GNRs (the green waved line). From this point, the authors concluded that the GNRs
is very promising in view of light-emission applications such as lasers and light-emitting
diodes (LEDs). However, one should note that in this paper the authors did not show
any steady-state photoluminescence spectra. Moreover, they also admitted that there
might be GNR aggregates present in the suspension. Since the inter-molecular couplings
could alter a lot the behavior of exciton, one can question on the influence of aggregation
on these experimental results.
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Figure 4.7: (a) - Optical absorption spectra of cove-edge GNRs with different width.
Adapted from [103]. (b) - Left panel: Normalized AT'/T spectra of four-atom-wide cove-
edge GNR (4-CGNR) suspension for different excitation fluences at a fixed pump-probe
delay of 5 ps. Right panel: Proposed exciton-biexciton model. Adapted from [105].
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On-solution synthesized GNRs

(c)

(a)

A€2
L ON b O ®

— i i B 6
—- A==y .
= —4
> !

—~
o
—

g /B :
g 17 2 -~

i} 2 -
g | Eyew [
) e l 2
& J 22 1 w

I " L
0 1 2 3 4 5
Photon energy (eV)

x

Figure 4.8: (a) - Schematic illustration of reflectance difference spectroscopy (RDS).
PEM stands for photoelastic modulator that modulates polarization of light. One should
note that in reality the laser beam size is far larger than a single nanoribbon. Thus RDS
is an ensemble averaging technique. (b) - STM image of the aligned 7-AGNRs grown
on Au(788). Scale bar: 20 nm. (c) - Dielectric response function Aey of 7-AGNRs on
Au(788) obtained from the measured RD spectra. (d) - Left: GW + BSE calculated
optical absorption spectrum of 7-AGNR (light is polarized along the ribbon axis). Right:
Calculated electronic band structure of 7-AGNR within the GW approach. Adapted
from [106].

As we have seen, the on-surface synthesis approach can grow isolated GNRs. How-
ever, due the metal (Au) substrate, it is impossible to directly perform optical ab-
sorption and photoluminescence spectroscopy®. The only reported method to character-
ize the optical property of GNRs on Au surface is reflectance difference spectroscopy
(RDS) [106,107]. RDS measures the sample’s reflectance difference Ar for light polar-
ized along two orthogonal directions x and y, which gives the anisotropic absorption
information of the sample (Fig. 4.8 - (a)). Since it is an ensemble averaging technique,
the measurement should be performed on the sample with GNRs grown in the same
orientation (like the ARPES measurement that we previously discussed)(see Fig. 4.8 -
(b)). In 2014, Denk et al. firstly performed RDS on seven-carbon-wide armchair GNRS
(TAGNRs) [106]. As shown in Fig. 4.8 - (c), the obtained differential dielectric response
Aegy from the RDS measurement is dominated by three positive peaks at 2.1, 2.3 and
4.2 eV, respectively. The positive sign of Aey indicates that these transitions arise from
the absorption of light polarized along the ribbon axis. Since there are no features
relevant to the absorption of light polarized perpendicularly to the ribbon axis, such
armchair edge GNRs show strong polarization anisotropy as observed in a similar quasi-
1D system CNTs [108]. Moreover, the authors in this paper also performed GW + BSE

5The metal surface quenches the PL of GNRs
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calculations to simulate the optical absorption spectrum of 7-AGNR, where the GW
approximation was used to calculate the gas-phase bandgap, while the BSE equations
was used to further including excitonic effects. As shown in Fig. 4.8 - (d) left, the sim-
ulated optical absorption spectrum shows three strong excitonic transitions located at
1.9, 2.3, 4.1 ¢V and they are both polarized along the ribbon axis, which are in excellent
agreement with the experimental results. The computed data also indicate that the low-
est two transitions around 2 eV arise from optical transitions between the last valence
and first conduction bands (F1;), and the second valence and second conduction bands
(E9) (Fig. 4.8 - (d) right). Moreover, by comparing with the gas phase band gap value
E, cw (= 3.7 eV), the exciton binding energy for Ey; and Ey, is thus equal to 1.8 and
1.4 eV, respectively, which correspond to Wannier-like quasi-1D excitons fully delocal-
ized along the nanoribbon width. This paper is the first demonstration that the intrinsic
optical properties of GNRs predicted by the theory can be observed in the bottom-up
synthesized GNRs.

In 2017, Senkovskiy et al. performed the transfer procedures of such Au-surface-
grown 7-AGNRs in order to investigate their photoluminescence properties [109]. As
shown in Fig. 4.9 - (a), by performing the electrochemical delamination process, the
whole as-grown 7-AGNR film together with the spin-coated PMMA support layer were
transferred onto a SiOy/Si substrate. The PMMA was finally removed by acetic acid
and methanol. However, as seen in Fig. 4.9 - (b), the PL spectrum of the transferred
7-AGNRs is dominated by the Raman peaks of GNRs and there is only a very weak
and broad PL background instead of the expected strong emission from the lowest E1;
excitonic transition as revealed by the RDS. The theoretical calculations predicted that
there could be a dark state with energy very closed to the lowest Ey; transition [92,93].
The author thus proposed that the observed weak and broad PL is the signature of the
existence of such dark states. However, we should note that the photoluminescence is
usually very sensitive. Many factors could quench it. For example, the transfer procedure
in this paper involved base solution NaOH and acetic acid. As people have observed in
CNTs [110], such base and acid solutions could be a possible reason to quench the PL.
Thus in view of a more detailed PL investigation, a transfer method in a clean and mild
condition should be developed in the future. However, to date, the photoluminescence
properties of the on-surface synthesized GNRs are still not clear.
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Figure 4.9: (a) - Schematic illustration of the electrochemical delamination transfer of
7-AGNR sample from a Au(788) substrate to a SiO./Si substrate. PMMA is used as
the support layer for the transfer. (b) - PL spectra of the transferred 7-AGNRs on the
Si04/Si substrate. Adapted from [109].
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In addition to this PL measurement, we note that recently Chong et al. re-
ported bright electroluminescence from the individual 7-AGNRs with specific edge
structure [111]. In this paper, the authors first synthesized relatively short 7-AGNRs
(~10 nm) with zigzag shape terminus on Au surface. They then performed the dehy-
drogenation of the central carbon atom of the ribbon zigzag terminus (indicated by the
red arrow in Fig. 4.10 - (a)). By lifting such an individual GNR with the gold-capped
STM tip (see Fig. 4.10 - (b)) and applying voltage, they observed a bight and narrow
band emission with energy lower than the optical bandgap of infinite 7-AGNRs (see
Fig. 4.10 - (c¢)). Their GW-BSE calculations indicated that the emission is related to
the electronic states localized at such specific GNR termini. This observation provides
a novel way to investigate optical properties of on-surface synthesized GNRs.
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Figure 4.10: (a) - STM image of a 7-AGNR with the central carbon atom of the zigzag
terminus dehydrogenated (indicated by the red arrow). The sample is on Au surface.
(b) - Schematic illustration of the electroluminescence from a lifted 7-AGNR by a gold-
capped STM tip. (¢) - Corresponding emission spectrum. Adapted from [111].
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5 Conclusion and objective of thesis

In this chapter, we have seen that by reducing the dimensionality of 2D graphene sheet
in the form of 1D GNRs and 0D GQDs, it possible to open a bandgap. Moreover, theo-
retical calculations predicted that GNRs and GQDs display a large degree of tunability
of their optoelectronic properties by controlling of the structure, e.g. a widely tunable
bandgap (from semi-metallic to several eV) via the control of size and creation of spin
polarized states via the control of edge structure. Now the bottom-up chemistry method
could synthesize GNRs and GQDs with defined structure, making it possible to address
the intrinsic properties predicted by theory. However, to date people have very little
knowledge on their optical properties. In particular, as one of the key optical properties,
the photoluminescence of individualized GQDs and GNRs is still not clear. If we look
back on the research history of the very similar sp? carbon structure, carbon nanotubes
(CNTs), we will find that during the first ten years after the discovery of CNTs in
1991 [112], there were very few optical characterizations of CNTs that had been re-
ported, very similar to the present situation of GNRs and GQDs. In 2002, O’Connell
et al. reported the efficient individualization of CNTs and the observation of the in-
trinsic photoluminescence from the individualized CNTs [113]. This observation can be
regard as a millstone for the domain of the research of CNTs. After that, thousands
of papers on the optical characterization of CNTs have been reported each year and
now people have a very clear idea on the optical properties of CNTs. So, in analogy
to the research progress of CNTs, in order to go deeper into the optical properties of
GNRs and GQDs, it is essential to probe and study the intrinsic photoluminescence of
single GNRs and GQDs, which is the main objective of this thesis. For this purpose,
I present works on the solution preparation method used to dissolve and individualize
in-solution synthesized GNRs and GQDs. Then I show results of optical spectroscopy
measurements on their solutions, as well as the single-particle measurements by means
of microphotoluminescence. In addition, the on-gold-surface synthesized GNRs are also
investigated after transferring onto a dielectric substrate.
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the probability of the optical transition at a given wavelength A. Reversely, we can also
calculate the concentration of the species by absorption spectroscopy, if we know its
molar extinction coefficient.

When referring to an individual object, the equivalent of the molar extinction coeffi-
cient is the absorption cross-section o. In a naive picture, the absorption cross-section o
means that every photon passing the molecule within the area of o would get absorbed
by the molecule. The Beer-Lambert’s law can then be written as [I 1]

N
1= [0 exp(—val)) (13)

where N/V' is the volume concentration of the absorbers (molecules). By convention,
the absorption cross-section is in cm?. Then it can be calculated from the extinction

coefficient as
o =1000In(10)e/N, = 3.82 x 10~ ¢ (1.4)

with N4 being Avogadros constant.

1.2 Photoluminescence spectroscopy
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Figure 1.2: Schematic illustrations of the photoluminescence process in an organic
molecule using a Jablonski diagram (a) and a bulk semiconductor using a simplified
energy band diagram (b). Wavy arrows depict non-radiative processes.

The photoluminescence (PL) spectroscopy corresponds to the spectral study of the
photons emitted by the sample after an optical excitation. A simplified energy level di-
agram (Jablonski diagram) explains the mechanism of photoluminescence in a molecule
(see Fig. 1.2-(a)). The molecule is first excited, by absorbing a photon, from its singlet
ground electronic state Sy to one of the vibrational states in the excited electronic state
S1 or even higher excited states. Then it rapidly relaxes to the lowest vibrational level
of S;, which is called internal conversion. After that, the molecule drops down to one
of the vibrational levels of the ground electronic state again by emitting a photon. We
call this emission from the singlet state S; is fluorescence, in contrast to phosphores-
cence that is emission from the excited triplet state. For semiconductors, the process is
similar, whereas their emission spectrum generally does not present vibronic structures
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is fiber-coupled, we also have a good quality of the beam profile compared with the
one filtered by the monochromators. When just performing simple PL. measurements,
several continuous-wave lasers can also be used as the excitation source: 405 nm (LBX,
Oxxius), 532 nm (Sapphire, Coherent) and 635 nm (LDM, Thorlabs). The emission
from the sample is dispersed by a monochromator (SP2300i, Princeton Instruments)
and detected by a Peletier-cooled CCD camera (PIXIS100B, Princeton Instruments)
operating at -75 °C.

1.3 Time-resolved photoluminescence

The time-resolved photoluminescence measurements can give us the dynamics of the
light emission, which is not possible with the steady-state measurements. As shown in
Fig. 1.2, from the excited state, molecules can generally decay either radiatively (straight
lines) or non-radiatively (wavy lines) from the excited state, and decay rates are donated
as k, and k,,., respectively. Suppose a sample of molecules is excited by a pulse of light
with an infinitely sharp width (d-function). This results in an initial population (ng)
of molecules in the excited state. The excited-state population will decay with a rate
k. + k,, according to

dn(t)

dt

where n(t) is the number of the excited molecules at time ¢ following excitation. Thus,
the excited-state population decay is exponential and expressed as

= —(ky + kny)n(2) (1.5)

n(t) = ngexp(—t/7) (1.6)

In reality, we do not observe the number of excited molecules but rather the emission
intensity, which is proportion to n(t). Hence, the emission intensity I(t) decays in the
same way as n(t):

I(t) = Iyexp(—t/T) (1.7)

where Ij is the intensity at zero time (upon excitation) and 7 is the lifetime, which is
given by

1
ket Koy
Similarly, the emission quantum yield 7¢g that is the ratio of the number of emitted
photons to the number of absorbed photons, can be also expressed by the rate constants
k, and k,, as

T

(1.8)

B kr + knr
Thus, if the sample is mono-dispersed, we can deduced its radiative rate k, from the

measured intensity decay rate and the quantum yield, which can be independently de-
termined by the steady-state spectroscopy [115].

nQ (1.9)

For organic fluorescent molecules, the intensity decay often exhibits a mono-
exponential behavior, with a lifetime between one and a few tens of nanoseconds [110].
However, in many cases, the intensity decay could be more complex. For example, the
presence of aggregates may modify the relaxation pathways (either radiative or non-
radiative). As a consequence, the quantum yield and the luminescent dynamics of the
molecule will change [117]. Since the aggregation is inhomogeneous, the intensity decay
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Figure 1.5: Schematic illustration for the principle of TCSPC.

In practice, we can directly determine the excited lifetime from the recorded decay
curve if the lifetime 7 is higher than the order of ns. However, the counter and the APD
both have a timing resolution (12 ps and 40 ps, respectively), which results in a so-
called time jitter and thus limits the global resolution of the measurement. If the decay
curve exhibits a fast decay component, to precisely extract the dynamic information
we should perform a deconvolution process between the recorded decay curve and the
instrumental response function (IRF), which is the response of the instrument to a
zero lifetime sample. To measure the IRF, attenuated laser pulses (scattered by an
empty cuvette) are sent to the APD and then the corresponding histogram is built.
Fig. 1.6 display the measured IRF of our setup at 700 nm, which possesses a very short
component of 40 ps and a long component of 800 ps.
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Figure 1.6: Instrument response function (IRF) of the time-resolved PL setup acquired
at 700 nm.
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Fig. 2.1 represents the scheme of our home-built microphotoluminescence setup based
on a confocal microscope. We adapt an infinity-corrected optical system, for which we
use an infinity-corrected objective. Since in this system the excitation beam and the
emission beam are both collimated, it shows almost no distortion even when many
different optical components or equipment are inserted onto the parallel light path. This
inherent expandability gives us ample freedom to construct or modify the system in a
way that meets our specific requirements.

Microscope objective In order to excite a small volume of the sample and to collect
a maximum of photons, we use a high numerical aperture oil-immersion microscope ob-
jective (PLAPON 60XO, Olympus). Its numerical aperture (NA) is 1.42 with a working
distance of 0.15 mm, an effective focal length of 3 mm and a magnification of x60.

For an infinity-corrected microscope objective, the magnification of x60 corresponds
to the magnification of the object into an image formed at the focus of a tube lens of
180 mm focal length (180 mm is convention of Olympus). This means that the magnifi-
cation M = 180 mm/f}, ., hence an effective focal length f!; of 3 mm for this objective’.

The focal excitation laser spot size is an important factor that determines the spatial
resolution of confocal microscopy. Assuming the excitation laser beam is a Gaussian
beam, which fully fills the pupil of the objective, the focal spot diameter can be expressed
by the Rayleigh criteria:

)\exc
NA

Spot diameter = 1.22 x (2.1)

Thus, in our case, for NA = 1.42 and an excitation wavelength of 594 nm, we obtain
a focused lase spot diameter of about 510 nm.®

To achieve the numerical apertures greater than unity, we use immersion oil whose
refractive index is almost the same as the glass. The immersion oil must have a low
level of fluorescence, because even if we do not focus directly in the oil, it is responsible
for some of the parasitic fluorescence. The model of the immersion oil we used is 10976
(Fluka), which is designed to be UV-transparent and fluorescent-free. Its refractive index
is 1.52. For an excitation beam of 1 mW at 405 nm that focused directly in the oil, only
a few thousand photons are detected. Conversely, standard oil emits more than 10°
photons per second under the same conditions.

Sometimes we study the samples on a non-transparent substrate (for example, sili-
cium substrate) or a thick substrate. In this case, we use also a classical objective
(MAPLON100X, Olympus). Its numerical aperture (NA) is 0.95 with a working dis-
tance of 0.35 mm, a magnification of X100 and thus an effective focal length of 1.8 mm.

Confocal pinhole As we discussed above, the confocal pinhole can spatially reject
out-of-focal-plane light, which defines the collection volume at the sample level. This
volume is also called confocal volume and now we try to estimate it in our case. Fig. 2.2

"For more detail see https://www.microscopyu.com/microscopy-basics/infinity-optical-systems.
8This formula considers the beam with a homogeneous intensity distribution. Actually, the resulting
size for a Gaussian beam should be slightly larger.
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Figure 2.2: Schematic illustration of the principle of confocal pinhole using geometrical
optics.

represents the relation between the confocal pinhole and the confocal volume using
geometrical optics. For simplicity of the calculation, we can consider the confocal volume
as a cylinder with a diameter ¢ and a height A (called depth of field). We can easily see
that the diameter ¢ is given by

/

(b = de X Olljj (22)

fi
with dpy the diameter of the confocal pinhole, ff;. the focal length of the objective
and f] the focal length of the lens in front of the confocal pinhole. Then, as a first

approximation, the depth of field A can be expressed as

¢

A=-2
NA

(2.3)
In our setup, we use a pinhole of dpy = 50 um and the focal length of the lens in
front of the pinhole is 100 mm (AC-254-100 B, tholabs). Thus, we obtain the confocal
volume V:
T 7 x (1.5 um)? 1.5 um
V —_— e— A pr
Vi 1 * 142
when the oil immersion objective is used. This value is in the same order of the excitation
2
laser spot size (diameter 2wy = 510 nm and Rayleigh length zz = 5% = 1.6 pm).
Therefore, we collect only the light coming exactly from the place that is excited by the
laser.

~ 2 pum® (2.4)

Excitation 4 continuous-wave diode lasers operating at 405 nm, 532 nm, 594 nm
and 635 nm, respectively can be used to excite the sample at different wavelengths.
The supercontinuum coupled with the AOTF can also be used here for the pulsed
excitation. Each laser line has a telescope system that collimates and expands the beam
to cover the whole pupil of the objective®. A pinhole can be optionally added as the
spatial filtering. In addition, we also put a clean-up filter on the optical path of each
laser line to spectrally purify the excitation beam and thus eliminate the unwanted

9pupil diameter ~ 2 x NA x f =2 x 1.42 x 3 mm ~ 8 mm.
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laser background for detection. An optical polarizer/half-wave plate system controls the
polarization of the excitation beam conserving a constant power. The polarizer used
here is a Glan-Taylor prism (Thorlabs), which has high polarization purity (more than
100:1) and high damage threshold. Finally, a variable neutral density filter is put just in
front of the dichroic mirrors to control the excitation power. The dichroic mirror for each
laser line is mounted on a locking magnet base. We can thus easily switch the excitation
source. Tab. 1 shows the model of the dichroic mirror and the emission filter!? for each
excitation laser line. The corresponding transmission curves are shown in Fig. 2.3. The
data are measured using the optical absorption setup presented previously.

Laser

Dichroic mirror

Emission filter

LBX 405, Oxxius
Sapphire 532, Coherent
Mambo 594, Cobolt
LDM 635, Thorlabs

DCLP436
LaserMUX552, Semrock
7'T'594rdc, Chroma
721640rdc, Chroma

BLP01-405R, Semrock
RazorEdgeb32, Semrock
FEHL600, Thorlabs
BLP01-635R, Semrock

Table 1: Laser sources and corresponding dichroic mirrors and emission filters

—~
Y
-~

(b)
1.0 1.0
S 0.81 S 0.81
2] 2]
R K]
g 0.6 g 0.6
2 2
© 0.4 © .
2 0.4 S 0.4
02) 021
0.04+= , . . . , 0.0 . , , .
400 500 600 700 800 900 1000 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)
(c) (d)
1.0 1.0
M
S 08 5 08 a
2 3 '
€ 0.6 € 0.6 |
[%2] [72]
c c |
© 0.4 © 0.41 |
(= [ |
0 . 2 T -[I;oi;ilmic 0 - 2 T : -I:r)?tt:ilroic
Emission | Emission
0.0 . . . 0.04+==—t i i
600 700 800 900 1000 600 700 800 900 1000

Wavelength (nm) Wavelength (nm)

Figure 2.3: Transmission curves of filter sets for each laser line: (a) - 405 nm, (b) -
532 nm, (c) - 594 nm and (d) - 635 nm. Transmission curve for each dichroic mirror and
emission filter is in dashed line and their total contribution is in solid line.

Collection We use two types of detectors: On the one hand, avalanche photodiodes
allow us to measure photon fluxes to realize the optical scanning, and moreover to per-
form the photon correlation measurements. On the other hand, a CCD camera permits

10The emission filter in the detection path serves to block the residual excitation laser and transmit
the emission from the sample.
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us to measure the photoluminescence spectra. The switch between the two detection
systems is realized by a flip mirror.

Awalanche photodiodes (APDs): the model of the two APDs that we used here is
PerkinElmer SPCM-AQRH-13. It delivers a TTL pulse (0-5 V) when detecting a photon.
This detector has a typical temporal resolution of 350 ps and a relatively low dark counts
(about 200-300 counts/s). Its dead time after detection of a photon is typically 50 ns.
The detection efficiency is defined as the overall probability to deliver a TTL pulse for
one incident photon. For the photon at 650 nm, its detection efficiency is about 70 %
and for the photon at 950 nm, it still has an efficiency of 25 %.

Charged-coupled device (CCD) camera: At the beginning of my thesis, the set-up
was equipped with a PIXIS 100 (Princeton Instruments) coupled with a 150 mm focal
length monochromator (SP2150i, Princeton Instrument). The aperture ratio (f-number)
of the monochromator is 3.9 and the beam is focalized into the monochromator with
a 50 mm achromatic lens!'. The CCD camera is cooled down to -75 °C by Peltier
effect. Concerning the sensibility, this CCD camera is able to resolve the spectrum of
emission with a lower intensity limit of 5 000 counts/s on the APD. In this thesis, all the
measurements on graphene nanoribbons are performed using this Peltier-cooled camera.

We received a new liquid-nitrogen-cooled CCD camera (PyLoN-100BRX, Princeton
Instruments) at the end of the second year of my thesis. This CCD camera is operated at
-120 °C and coupled with a 300 nm monochromator (SP2300i, Princeton Instruments)
with silver coated optics. It has low electronics noise and high quantum efficiency over the
range of 400-1000 nm. Compared to the Peltier-cooled camera, the quantum efficiency
is enhanced about 5 times and we can resolve the spectrum of emission with a lower
intensity limit of 1000-2000 counts/s on the APD. Moreover, since the focal length is
longer, we have also less deformation of the spectrum on the edge CCD pixels.

To analyze the polarization of the emission beam, we use an achromatic half-wave
plate/optical polarizer (Glan-Taylor prism) system. By fixing the polarizer and turning
the half-wave plate, we can resolve the polarization of the emission beam. Since detectors
always have their intrinsic polarization response, in this way, the response of detector
does not affect the measured polarization diagram.

Scanning system In order to perform the optical mapping of the sample, we can
scan the sample by moving the focal laser spot. To realize this, the microscope objective
is mounted on a xyz piezoelectric scanner (Nano-PDQ, Mad City Labs). This scanner
allows a motion range of 50 um for all the zyz directions with a sub-nm resolution
(0.1 nm). It is controlled by a Labview program via an acquisition card (PCle-6323,
National Instruments), which also serves as the counter of TTL impulsions from the
APDs!2. Thus, with the same Labview program, we can do the positioning of the laser
spot, scan the sample and record the intensity trace with a minimum bin width of 1 ms.
Moreover, when we want to do a long acquisition on a stable photoluminescent objet, a
tracking subprogram can help us to overcome the mechanical and thermal drifts of the

Hdetermined by the relation: f-number = focal length/beam size.

12The signal from the two APDs is firstly sent to an electronic box to do the sum. Then the output
(sum of two APDs) is sent to the National Instruments module. This electronic box can also do the
copy of the input signal, thus we can monitor the correlation measurement using the Labview scan
program.
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setup. It is a control loop of the photoluminescence intensity by random displacing the
spot in xyz directions with a small step.

Estimation of the total collection efficiency In the previous paragraphs we have
described our microphotoluminescence set-up. We can now give a rough estimate of its
overall collection efficiency.

The collection angle of the objective (one-half angular aperture) € is determined by
the numerical aperture of the objective:

NA =nsind (2.5)

Thus the collection efficiency of the objective is the ratio between the solid angle
corresponding to 6 and 47 sr (entire sphere):

I 1—cost
orsina do = — " (2.6)

e = 4x |, 2

For the oil immersion objective, NA=1.42 and n=1.52. We thus obtain the collection
efficiency 1,=33%.

Once the light is collected, it is also necessary to take into account the propaga-
tion efficiency of the light through the different optical elements and also the detection
efficiency of the APDs. For a beam at 650 nm, their contributions are listed as follows:

transmission of the objective: 90%

e reflectance of the mirrors: 96% x 96%

e transmission of the dichroic mirror: 98%

e transmission of the beamsplitter of the HBT: 95%

e transmission of the optical filters (emission filter + IR filters (HBT)): 98% x 90%
e transmission of the lenses: 98% x 98% x 98%

e detection efficiency of the APD: 70%

Thus we obtain the upper limit of the overall collection efficiency of our microphotolu-
minescence setup 7, ~ 15%%.

13The values listed here are theoretical designed values from constructor. In practice, we may have
more losses and moreover, during the optical path there are also some aberrations. Thus the estimated
collection efficiency should be the upper limit.
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2.2 Second-order photon correlation measurements

In order to perform the second-order photon correlation measurements, a single detector
is needed. However, every detector has a dead time - a time during which it cannot detect
a second photon after the detection of the first one. As this dead time is much higher
than the typical characteristic time of anti-bunching for most emitters, resolving the anti-
bunching using one detection is impossible. To contour this problem, a two detectors
configuration is commonly used. The Hanbury-Brown and Twiss (HBT) interferometer
was designed by the two eponymous astronomers, in order to record intensity correlations
between stars [120]. Even though it was not its primary goal, this configuration is now
widely used to assess if a light emitter behaves as a single-photon source.

Principle of HBT interferometer and “start-stop” method

—_— 50/50
@ @ @ [I @01 APD1
Counter/timer
F
—® START
® _® STOP
\. I]. 1 APD 2 —IWL/

F Delay line

Figure 2.4: Schematic illustration of the HBT setup.

As shown in the Fig. 2.4, the setup of HBT interferometer is made of a 50/50
beamsplitter and two APDs in photon counting regime used to detect the light from our
confocal microscope. The two APD detectors emit a TTL impulsion when they detect a
photon. Then a so-called start-stop method is used to measure the second-order photon
correlation function g (7).

The start-stop method is based on the TCSPC, which is similar with the lifetime
measurement (see Sec. 1.3). The signal from the two APDs is sent to the START channel
and the STOP channel, respectively, of a counter/timer (Picoharp 300**). As shown in
the Fig. 2.5 - (a), when a photon is detected by the APD 1, the START channel starts
timing and then when a photon is detected by the APD 2, the STOP channel stops
the timing. The time elapsed between the START and the STOP is then recorded: it
is the time delay 7. In practice, a variable resistance is added between the APD 2 and
the counter to introduce a time delay. This enables us to arbitrarily shift the position of
the zero delay (in our case, the zero time delay between two photons is tuned at 260 ns
on the counter). The experiment then runs during a time sufficiently long to build a
histogram K (7) of the delays (see Fig. 2.5 - (b)).

The K (1) reflects the probability density that the next photon is recorded at time ¢
provided that there was a photon at #y. If the emitter is actually a single photon emitter,

M Ay inverter and an attenuator of 50 © should be connected with the module.
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Figure 2.5: Principle the HBT setup.(a) - “start-stop” method enables to measure the
delay between two consecutive single-photon detections. (b) - A histogram of K(7) of
the time delay 7 is built. The figure here shows the evolution of this histogram when
the integration time increases. The data are taken from [121].

it can emit only one photon at a time. We thus expect a dip at zero time delay of the
histogram, reflecting the fact that two single photons emitted one after the other are at
least separated temporally by duration of the order of its excited state lifetime.

By a first approximation [122], the ¢®(7) function can be obtained by a proper
normalization of K (7) histogram. As for a Poissonian source the value of g is always
equal to 1. The normalization process is thus to compare the studied light source with
a Poissonian source of the same average intensity. Under continuous excitation, the
relation between the ¢(®)(7) function and the recorded photon coincidence K (7) is [122]

K(7)

= - 2-7
RleTw ( )

9@ (7)
with R; o the count rates on each APD, T' total integration time and w time bin width.
Here the factor Ry RoTw corresponds to the coincidence rate for an equivalent Poissonian
photon number distribution with the same count rate on the two detector. We note
that this relation between K(7) and ¢®(7) neglects any contribution from random
background light emission.

In an ideal case, the value of ¢ (0) associated with N single-photon emitters is given

by [123] ) )
g7 (0)=1- N (2.8)

Thus, in general, ¢ (0) < 0.5 is the criteria for a single quantum emitter'®.

15Tn very rare cases, two emitters with different count rates could also lead to g (0) < 0.5.
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Crosstalk phenomena

Here we use silicon avalanche photodiodes as single photon detectors because of their
low dark count rate and high quantum efficiency. In order to detect efficiently single
photons, the diode is reversely biased above breakdown voltage. When a photon arrives,
it triggers a discharge and a current but also a luminescence signal called after-pulse.
As shown in Fig. 2.6 [124], the emission of the APD ranges from 700 nm to 1000 nm,
which falls in the same spectral range of most single-photon emitters.
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Figure 2.6: After-pulse emission spectrum of a typical avalanche photodiode, taken
from [124].

This after-pulse emission is quite weak, but if the APDs are not carefully optically
decoupled, this emission can be reflected by the beamsplitter and detected by the other
APD. Thus the recorded histogram contains a number of detection events which are not
related to the emission from the studied object. Fig. 2.7 presents a recorded coincidence
histogram from a Poisonnian light (laser scattering by the substrate) with a 15 kcount/s
count rate on each APD. We can clearly observe two non-negligible peaks on both
sides of zero time delay with a characteristic time of about 10 ns due to the crosstalk
phenomena.
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Figure 2.7: Influence of the after-pulse emission on the coincidence measurement of our
setup.

The probability of getting a crosstalk count on one APD is proportional to the count
rate in the other. As a consequence, the total crosstalk count rate is proportional to the
sum of the count rates of both APDs. Since the coincidence rate is proportional to the
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Figure 2.9: Influence of the instrument response function on the measured correlation
function. (a) - The case when anti-bunching characteristic time 7y is significantly higher
than the width of the IRF. (b) - The case when 73 and the width of the IRF are of the

same order of magnitude.

As shown in the Fig. 2.9 - (b), the measured correlation function is deformed at the
proximity of the zero time delay and the corresponding value of g (0) becomes evidently
higher than zero.

In practice, we measured the IRF by sending attenuated pulses of supercontinuum
to our HBT setup. The resulting coincidence histogram is then fitted by a Gaussian
function with FWHM = 0.9 ns (Fig. 2.10). A precise analysis of the measured correlation
function can then be done by performing a deconvolution process.
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4 2 0 2 4
Time delay (ns)

Figure 2.10: Measured instrument response function (IRF) of our HBT setup. Data is
fitted by a Gaussian function with FWHM = 0.9 ns. Time bin width: 0.25 ns.
HBT under pulsed excitation

We can also perform the correlation measurement under pulsed excitation. In this way,
the anti-bunching signature will not be affected by the time jitter of the detectors.
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Figure 2.11: (a) - Schematic illustration for the principle of the “start-stop” method
under pulsed excitation. (b) - Resulted auto-correlation function under pulsed excitation.
A series of peaks are separated by the repetition period 75 of the excitation laser (in our
case, Tp = 16.7 ns for the supercontinuum). The central peak (dashed line) disappears
for a single-photon source.

As shown in Fig 2.11 - (a), the principle is as follow: When the emitter is illuminated
by a sufficiently intense excitation pulse, at least one photon is absorbed. It leads to
the emission of either zero photon (non-radiative decay), one photon (anti-bunching)
or several photons (no anti-bunching). Regarding the HBT setup, if a photon arrives
on the START channel, either a photon arrives on the STOP channel from the same
excitation pulse or the photon arrives with a later excitation pulse (the two photons
are separated by m times the repetition rate of the laser, with m an integer). This
means that the auto-correlation signal under pulsed excitation is composed of a series
of peaks!'® and separated by the repetition period of the excitation source (see Fig. 2.11
- (b)). Anti-bunching is marked by the vanishing of the peak at zero delay, which means
that it never happens that the same excitation pulse leads to the emission of more than
one photon for a single-photon emitter. Thus, it does not depend on the resolution of
the detectors and can drop down to zero for a perfect single-photon emitter.

In practice, to obtain the ¢ function and estimate the quality of a single-photon
emitter, normalization on the peak area (total photon counts within the peak) should

16The peaks can be fitted by double-side exponential functions with a decay constant determined by
the excited lifetime of the emitter and the timing resolution of the APDs.
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be performed. The ¢ value associated with peak m is obtain as

c(m)

@m) = —~ 2.11
o (m) = .11
with ¢(m) the total number of coincidence counts of the peak m, Ry and R, the count
rates of the two detectors, T' the total acquisition time and 7r excitation laser repetition

period.

Similar to the case of using continuous excitation, if the normalized central peak area
is less than 0.5, it implies that the measured signal originates from a single quantum
emitter!”.

Correlation measurements with “start-record” method

A detailed photon statistics study using the second-order correlation measurement can
give us insight into the photophysical properties of the emitter [126]. However, at longer
time scales, the “start-stop” method, which measures the coincidence histogram K (1),
no longer delivers the second order correlation function ¢ (7). Indeed, if the time delay
is too high, the counter will have a high probability of being stopped before this delay is
reached. The coincidence histogram thus presents an exponential decaying envelop with
a characteristic time R~!, where R is the photon count rate on the detector [122,127]. As
a consequence, the “start-stop” method is limited to correlation measurements at very
short time scales compared with R~!. Fig. 2.12 presents this significant deviation from
the equivalence between the measured K(7) of a Poissonnian light (R = 25 kcounts/s)
and the corresponding ¢®(7) that should be equal to 1.

Deviation
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0.04 . ;
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Figure 2.12: Inequivalence between the normalized coincidence histogram (black line)
and its auto-correlation function (red dotted line) at long time scale.

In order to mesure the second-order correlation function g (7) over a long time
delay, here we use the HBT setup to rather measure J(7) — the histogram of photons
detected at time ¢ provided that a photon is detected at time ¢t = 0. To record J(7), the
two APDs are connected to a wide-range time digitizer (P7887, FastComtec). When a
photon is detected on APD 1 (START channel), it triggers an acquisition on the APD
2 (RECORD channel) to record arrival time with respect to the START event of each

1"Without considering the intensity fluctuation, the area of the central peak can be simply normalized
to the area of a side peak.
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START

RECORD

Figure 2.13: Schematic illustration of the “start-record” method to measure the correla-
tion function. A detection event on the START channel triggers an acquisition sequence
on the RECORD channel, which records the photon arrival times with respect to the
START event of this sequence. The duration of the sequence T is adjustable.

detected photon over a time T'. After time 7', the RECORD channel stops record and
waits for another detection event on START channel to trigger again the record. Over
N repetitions of the measurement, the resulting histogram J(7) is directly linked to the
g () function through [122]

_J)
_.fVULRQ

g (7) (2.12)

where w is the time bin width and Ry is the photon count rate on APD 2. Fig. 2.13
schematically illustrates the principle of this so called “start-record” method.

Using this method to mesure the photon correlation function is first proposed and
experimentally validated by Huang et al. [127]. In this paper, the authors used this
method to measure the correlation of a pseudo-thermal light source, which displays
a long time scale bunching behavior. Moreover, this method has been also applied to
study the single-photon emission from defects in h-BN crystal by Martinez et al. [128],
suggesting that the “start-record” method can also be used without limitation at short
time scale (< 50 ns).

2.3 Time tagged time-resolved (TTTR) measurements

Our PicoHarp 300 module possesses another measurement mode called time-tagged
time-resolved (TTTR). The TTTR mode records the arrival time of all photons relative
to the beginning of the experiment. A large “First In First Out” (FIFO) buffer is used
in this mode to avoid data overflow when photon count rates are high. PicoHarp 300
actually supports two different time-tagging modes, T2 and T3 mode.

T2 mode In T2 mode both START and STOP channel of PicoHarp 300 are func-
tionally identical. That means the detection events from the two channels are recorded
independently and treated equally. A recorded event contains information about the
channel it came from and the arrival time of the event with respect to the overall mea-
surement start. Dead times exist only within each channel with a typical value of 90 ns,
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but not across the channels. With T2 measurement mode, it allows us to analyze the
photon statics of the emitter in a variety ways. we can plot the intensity time trace with
time bin width down to microsecond. Furthermore, from the obtained time trace, we can
also calculate the long-time scale ¢g(®(7) function for lag times 7 larger than the dead
time. The ¢ function is thus obtained by employing its classical definition (intensity
auto-correlation function):

(IOt + 7))
(1(1))”
with I(t) the photon counts of the bin at time ¢ in intensity time trace. In this way, we

can also calculate the cross correlations. As the two channels are independent, for cross
correlation functions the lag time can be down to zero.

g?(r) = (2.13)

Moreover, from the recorded time-tags we can build the histogram of the waiting
time between successive photon detection events, which also allow us to analyze the
photon statics. In fact, for a Poissonian light source the waiting time should obey ex-
ponential distribution with the characteristic parameter (time) equal to the inverse of
count rate [122]. A multi-exponential behavior of the waiting time distribution implies
the existence of intensity fluctuation for a quantum emitter [129](due to either energy
transfer from the local environment or passage to the metastable state).

T3 mode In this mode one channel is the signal channel and the other one is the sync
channel which is connected to a periodic excitation laser. The main objective of T3 mode
is to allow high sync rates which could not be handled in T2 mode. As in conventional
TCSPC, this mode performs a picosecond timing between START photon and STOP
photon. In addition, it records the arrival time of the photon with respect to the overall
experiment time. In contrast to T2 mode, this time-tag is not directly measured. It
rather measures the start-stop timing difference between the photon event and the last
sync event and it determines which sync period the photon event belongs to. Since the
sync period is known precisely, the arrival time is then reconstructed. T3 mode is very
useful in lifetime measurements. For instance, it allows us to record the intensity time
trace and corresponding real-time fluorescence lifetime, which is very useful in single-
molecule measurements. Furthermore, in this mode the measurement can be extended
to contain markers for synchronization information derived from an imaging device (for
example a piezo scanner). In this way, it allows us to perform lifetime imaging.

2.4 Atomic force microscope

Developed in the 1980s by the IBM researchers in Zurich, the atomic force microscopy
(AFM) can be used to image nanoparticles with nanometric spatial resolution [101].
Since its birth, this technique has developed rapidly and today, high performance AFM
microscopes are available commercially. The device used here is a commercial AFM
system (MFP3D standalone, Asylum Research), which has been used to characterize
non-linear crystals and nanodiamonds by the former PhD students [130, 131]. We use
silicon tips (AC160TS, Olympus) to perform the imaging in tapping mode (also called
intermittent contact or dynamic contact). During scanning, the cantilever of the tip is
driven to oscillate up and down at its resonance frequency f ~ 300 kHz by a piezoelectric
crystal. This oscillation is optically detected by recording the deflection of a laser beam
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is 80 um wide. The inverted configuration of the objective makes it possible to perform
AFM and optical measurements simultaneously if we use a transparent substrate. To
realize this, it is important to align precisely the AFM tip with the spot of the excitation
laser. The imaging system of the AFM permits us to visualize the sample surface at the
proximity of the tip and to do the alignment. As we can see in the 2.14 - (b), the sample
surface is illuminated by a fiber white light. Turning the micrometric screws can move
the AFM tip relative to the objective. It is also possible to move the objective relative
to the AFM tip using the piezo mounted with the objective. When the AFM tip and
the spot of the excitation laser are superimposed, the diffraction of the excitation laser
beam by the AFM tip can be observed. This simple procedure provides AFM and optical
system alignment with accuracy of a few hundred nanometers. Once this alignment has
been achieved, the scan can be performed by moving the sample with the xy piezo stage
of the AFM system and we obtain topographic and optical images on the same zone of
the sample (Fig. 2.15).
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Figure 2.16: Emission spectrum of the diode laser used for AFM measurements.

Nevertheless, this AFM combined with optics system has two restrictions. The emis-
sion wavelength of the diode laser used to illuminate and detect the deflection of the
cantilever is ~ 800 nm (See Fig. 2.16). When we want to perform the optical measure-
ment at the same time, it needs to eliminate this signal by adding an optical filter on
the detection path. So we also lose a part of optical signal from the sample due to the
additional filter. Another restriction in the present configuration is that when we use
the oil immersion objective, the objective touches the sample. It is not a stable con-
figuration for the AFM measurements. As a result, vibration patterns can be clearly
observed on the AFM image. Thus, in practice, after the alignment of the two systems,
we first performed the optical measurement with the diode laser off. Then we retract
the objective and switch on the diode laser to perform the AFM measurement.
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3 Sample preparation

3.1 Suspension preparation

The produced GNRs and GQDs via in-solution approach are under a powder form in
which they stacks together due to strong m-7 interactions. To perform optical mea-
surements we need to break apart the aggregates and solubilize these nano pieces of
graphene.

GQDs in organic solvents Previous optical spectroscopy studies on hexabenzo-
coronene [132] and STM measurements on unsubstituted CisoH 34 GQDs [80] have
demonstrated that 1,2,4-trichlorobenzene (TCB) is a very efficient solvent to individu-
alize molecular graphenes. Inspired by these results, we utilized TCB as the solvent for
our GQDs. TCB has a relatively low polarity with a high density (1.46 g/cm?), a high
boiling point (214.4 °C) and low volatility. However, as ultrasonication can promote
oxidative degradation of the organochlorine compound (termed sonochemical degrada-
tion) [133], TCB becomes yellow and intensely fluorescent (broad band in visible as seen
in Fig. 3.1) just after several minutes of mild sonication using ultrasonic bath.

Considering the degradation of TCB, we adapted the following protocol to dissolve
GQD particles: First, a small quantity of GQD powders is added into a vial of spec-
troscopy grade TCB solvent (256412, Sigma-Aldrich) to reach approximately a concen-
tration of 0.1 mg/mL. The vial is sealed with parafilm. Then sonication using ultrasonic
bath (Brancion) for 30 s is applied to break big particles. After that the solution is
stirred (magnetic stirring at ~ 600 rpm) for at least 24 h. The obtained stock solution
is diluted by x10 with stirring for another 24 h. In the same way, the dilution x100 is
obtained from the dilution x10.
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Figure 3.1: PL spectra of TCB solvent before (bleu line) and after 10 min of sonication
using ultrasonic bath (red line). The peak at 463 nm present in both spectra is the Raman
line of TCB. Excitation wavelength: 405 nm. Excitation Power: 300 uW. Acquisition
time: 1s.

GNR micellar suspensions At first, we tried to disperse the GNRs into organic
solvents such as TCB and NMP (the installement of side alkyl chains is for enhancing
the solubility in organic solvents). However, as the solubility of GNRs decreases with
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increasing of the length, it seems that the GNR dispersion might have been “fraction-
ated”, where only shorter and more soluble GNRs could be brought into the dispersion
while longer and less soluble GNRs remained inside the particles. This “fraction” effect
when using organic solvents has been put in evidence by our chemistry collaborators
in Mainz: The average length of the produced GNRs has been estimated to be several
hundreds of nm by measuring the length of polyphenylene precursors with laser light
scattering experiments. In contrast, the STM measurements of GNRs by deposition from
organic solvents show an average length of only several tens of nm [65,532]. The produced
GNR powders could contains a very small quantity of shortest GNR dimers and trimers
(as shown by the MALDI-TOF mass spectrum in Chap. I Fig. 4.1 - (d)), which have
very high fluorescence quantum yield, high band gap and also good solubility in organic
solvents. Due to the “fraction” effect, the contribution from these dimers and trimers
is amplified and the observed PL signal of GNRs in organic solvent is dominated by a
intense band in the blue region.

Figure 3.2: (a) - Chemical structure of sodium dodecyl sulfate (SDS). (b) - Schematic
representation of SDS molecules around a carbon nanotube forming a micelle, taken
from [113].

Besides organic solvents, another way to solubilize nanoparticles is using surfactants,
for which we are not expected to show the preference to the lenght of GNRs. One
mostly used surfactant is sodium dodecyl sulfate (SDS). As shown in Fig. 3.2 - (a), SDS
molecules are amphilic, which means that they contains both hydrophobic groups (their
tails) and hydrophilic groups (their heads). Indeed, the first true isolation of carbon
nanotubes was achieved in aqueous suspension of this surfactant by O’Connell et al. in
2002 [113]. They performed ultrasonic agitation of raw nanotubes powders in presence
of SDS. Upon strong sonication, SDS molecules forms a protective shell (micelle) around
the nanotube with the hydrocarbon tails pointing toward the nanotube walls and the
ionic heads connecting with water molecules (Fig. 3.2 - (b)). Thus, the SDS micelle
prevents nanotube from re-aggregation and also eases the solubilization. As GNRs have
the similar structure to carbon nanotubes, one would expect that SDS could also form
micelles to solubilize GNRs. Moreover, as SDS do not degrade under sonication, we
can perform strong tip sonication to mechanically break apart the aggregates. For these
reasons above, we used SDS to prepare GNR suspensions.

The preparation protocol of GNRs in SDS micelles suspension is present as follows:
We first prepare a 2 wt% suspension of SDS surfactant agents (L6025, Sigma-Aldrich)
into a pH = 8 borate buffer (1072 mol/L). We then add a small quantity of GNRs pow-
ders to reach a concentration of ~ 0.1 mg/mL. Placing the sample into a 10 °C thermo-
static water bath, a strong tip sonication (100% amplitude) is applied for 1h30. Finally,
to remove larger aggregates and undispersed particles we perform a centrifugation of
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2 min at 14 800 rpm and take the supernatant. The obtained GNR suspension is stable
(without visible particles) from a few days or a few weeks depending on the type of
GNR structures.

3.2 Spin coating

For the single-object level study using microPL set-up, the studied objects should be
immobilized (avoid Brownian diffusion) and spatially individualized (single object per
optical spot). A deposition technique called spin coating is thus used. As shown in
Fig. 3.3 - (a), it consists in putting a drop of the solvent on a substrate and spin this
substrate very quickly (usually > 10 rotations per second = 600 rpm). The majority of
the solution is flung off the side. The centripetal force combined with the surface tension
of the solution pulls the liquid coating into an flat covering. During this time the solvent
evaporates to leave the desired objects on the substrate in an homogeneous covering.
The speed of the spinning and the concentration of the solution are the two parameters
that one can adjust to tune the density of objects.

At first, we directly spin-coated our GQDs in TCB solution onto the glass coverslip.
However, the photoluminescence was very weak and blinking a lot. There are two possible
reasons that can affect the photoluminescence of GQDs: 1. Oxygen and atmospheric
water could react with GQDs and open efficient channels for photobleaching. 2. Due
to its planar and mono-layer structure, interactions with the substrate could be very
strong and the GQDs could be very sensible to the local environment (i.e. local charge
fluctuation). In order to reduce these perturbations (protect from oxygen and water,
and disrupt the interaction with the substrate), one method is to embed GQDs in a
polymer matrix (Fig. 3.3 - (b)). Indeed, this method has been demonstrated to be very
effective in enhancing the photoluminescence properties of carbon nanotubes [134,135].

P |

Deposition Spinning Drying
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® o © o o PS
Glass substrate

Figure 3.3: (a) - Schematic illustration of spin-coating. (b) - Schematic illustration of
GQDs embedded in a polystyrene (PS) matrix.

Here we use the polystyrene (PS) (Sigma-Aldrich) as the host matrix. The procedure
to prepare the sample for microPL measurements is as follow: Firstly, glass coverslips
(Schott Nexterion) are treated by oxygen plasma for 5 min to remove organic contamina-
tions on the surface, which could be fluorescent and disturb our optical measurements.
PS grains are dissolved in TCB by heating at 40 °C for 1 h for a concentration of
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5 wt% (0.075 mg/mL). 2 mL GQD solution is then mixed with 2 mL PS solution under
ultrasonic bath for 10 s. Approximately 20 uL of the GQD-PS-TCB mixture is then
spin-coated on the glass coverslip at 2000 rpm for 180 s.'® The sample is dried by heat-
ing to 90 °C for 1 h on a hot plate. We thus obtain a film of PS with GQDs embedded
in it. The PS film thickness has been measured by profilometry'®. It turns to be in the
order of 25 - 50 nm.

8To obtain good coverage we use dynamic dispense method. That means we dispense the solution
after the substrate have reached its desired rotational speed. Moreover, when dropping the solution,
we only use pipettors to the first stop in order to avoid additional drops or bubbles being cast onto
the surface. As TCB has very high boiling point, we set a long spin coating duration to ensure that
the sample is fully dried. A detailed guide on spin coating is in https://www.ossila.com/pages/
spin-coating#dynamic-dispense-spin-coating-technique.

19This measurement is performed in the clean room of ENS Cachan


https://www.ossila.com/pages/spin-coating#dynamic-dispense-spin-coating-technique
https://www.ossila.com/pages/spin-coating#dynamic-dispense-spin-coating-technique
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Introduction

Graphene nanoribbons (GNRs) have attracted much attention as good candidates for
the next-generation of semiconductor materials. As we have already seen in the first
Chapter, GNRs have strong assets as we can engineering most of their properties (gap
energy, electronic band structure, optical selection rules, magnetic order, etc...) via their

structure [94,95,136,137]. In the past few years, solution-mediated [00,65,08] and surface-
assisted [18,77,138] bottom-up chemical synthesis have been shown to produce GNRs
that, unlike the one obtained via top-down fabrication [139, 10], possess a uniform

width and a precise edge periphery. Moreover, since the structure of GNR produced by
this approach is defined by the precursor monomers, it gives us access to a wide range
of different graphene nanoribbon structures. The electronic and transport properties of
bottom-up synthesized GNRs have been intensively studied, revealing finite band gaps
that nicely confirm the theoretical predictions [$3,56,141]. Nevertheless, the information
on the optical properties especially the photoluminescence (PL) are still unexplored. For
this reason, we decided to study the optical properties on the bottom-up synthesized
GNRs in collaboration with the synthesis group at MPIP, Mainz led by Dr. Akimitsu
Narita and Prof. Klaus Miillen and the group at EMPA, Diibendorf led by Dr. Pascal
Ruffieux and Pr. Roman Fasel.

In the first section of this chapter, I will show the spectroscopy results on two different
GNR structures synthesized via the solution-mediated method. I will then discuss the
nature of the observed emission. Some possible approaches to individualize GNRs will
be proposed. In the second section, I will present our studies on the effect of strain on the
optical properties of GNRs. Combing experimental and theoretical results, modulation
of the bandgap of GNRs by controlling over the structural distortion is demonstrated.
In the third section, I will present our optical characterizations of GNRs synthesized
by the on-surface approach. Since the grown metal surface is not suitable for the PL
measurements, [ will first describe the transfer procedure to an insulated substrate.
Then I will present the microPL. and AFM results on the transferred sample. We will
discuss the nature of the unexpected broad emission at high-energy region. Finally, some
distinct Raman features observed on GNRs will also be discussed.

1 Optical study of solution-mediated synthesized
GNRs

1.1 General sample information

GNRs samples studied here were synthesized by the group of Dr. Akimitsu Narita and
Prof. Klaus Miillen at Max Planck Institute for Polymer Research in Mainz. As we
seen in Chap. I Sec. 3.2, the longitudinally extended GNRs were synthesized through
the solution-mediated intramolecular oxidative cyclodehydrogenation of tailor-made
polyphenylene precursors. The produced GNRs are in powder form with defined width
and edge structure®, in contrast to carbon nanotubes (CNTSs), which are unavoidably

20The structure was supported by Fourier transform infrared (FTIR), Raman, solid-state nuclear
magnetic resonance (NMR) spectroscopies.
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obtained as a mixture of different diameters and chiralities [112].
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Figure 1.1: Chemical structure of different GNR structures and corresponding optical
absorption spectra in SDS micelle. “R” stands for a -C12Hs5 (dodecyl) chain.

Fig. 1.1 shows the GNR structures that we possess and the corresponding optical
absorption spectra. Unlike the GNRs synthesized via top-down method [110], here the
bottom-up synthesized GNRs show distinct absorption lines, suggesting that the tran-
sition are intrinsic to the GNR structure. As the band gap of semiconducting GNRs
originates from quantum confinement, the value of the gap generally decreases when the

width of GNRs becomes larger [31]. Moreover, Yang et al. [113] predict that the value
of quasi-particle band gap E, of GNRs shows an inverse relation with the width w:
a
E,=—— 1.1
7w+ wy (1.1)

where a and wq are two constants®!. This relation is very similar to the case of single-wall

21Depending on the family that GNRs belong to, the values of a and wq would be different
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carbon nanotubes (SWNTs). For SWNTs, when drawing the optical transition energy
as a function of their diameter d; (the well-known Kataura plot), we can roughly find a
1/d, relation which is predicted by the tight-binding model [144, [15]. Inspired by this,
we plot the energy of the first optical transition of the GNR structures as a function
of their width in order to compare with the predicted F, oc — +1w0 relation (Fig. 1.2).
Here the energy of the first optical transition of each GNR structure is obtained from
the wavelength at the maximum of the absorption spectrum. Since the width of GNR
presented here are modulated, we employee rather the effective width defined as the
weighted average of the different widths composing the unit cell of GNR [25]). The red
curve in Fig. 1.2 is the fit using the inverse relation described by Eq. 1.1. We can see
that the trend of optical transition energy obtained from absorption spectrum follows
well the inverse relation.
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Figure 1.2: The first optical transition energy as a function of the effective width of
GNRs. The optical transition energies are obtained from the wavelength of the maximum
in absorption spectrum. The red curve is the fit using the inverse relation (Eq. 1.1).

1.2 Optical spectroscopy on 4-CNR and p-ANR suspensions

We now go into details of the optical properties of 4-CNR and p-ANR, which have
different edge structures and widths. The 4-CNR, described on Fig. 1.3 - (a), has a
structure based on N = 4 zigzag edge GNRs, where N stands for the number of carbon
atoms across the nanoribbon. In addition, benzo-fused rings are regularly added on the
edges to make all the elctrons paired [65]. It thus forms a “cove”-type edge configuration
that leads to a semiconducting nanostructure with a visible optical band gap [94]. The
p-ANR (“p” stands for “para”) is based on a N = 9 armchair GNR with partially
extended edges having the width a of N = 15 armchair GNR at the widest (see Fig. 1.3
- (b)) [69]. This GNR geometry is expected to have a near-infrared gap [91]. For both
two GNR structures, alkyl groups (-C12Hgs) are regularly installed on the edges in order
to improve the solubility.

In order to perform optical measurements, GNRs were dispersed in water with 2%wt
of sodium dodecyl sulfate (SDS) by tip sonication (> 2 h, 100% amplitude) with a
concentration of 0.1 mg/mL and followed by centrifugation (3 min at 14.4 krpm). The
supernatant was then taken to perform the optical measurements. The experimental
set-up used here is described in Chap. II Sec.II.
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Figure 1.3: Chemical structure of 4-CNR (a) and p-ANR (b). “R” stands for a -CjoHa;
(dodecyl) chain.
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Figure 1.4: Optical absorption spectra, photoluminescence and photoluminescence exci-
tation spectra (triangles) of 4-CNR (a) and p-ANR (b) in SDS suspensions. The PLE
spectra are recorded at the maximum of each PL line.

The blue curve in Fig. 1.4 - (a) shows the absorption spectrum of the 4-CNR suspen-
sion in SDS micelles.?? An absorption band centered at 560 nm (~2.21 eV) with a small
shoulder at 505 nm (~2.45 eV) is observed, in good agreement with previous reported
results in organic solvents [65, 105]. In Ref. [105], an ab initio calculation using GW
approximation® plus Bethe-Salpeter equation (GW + BSE) approach were performed
to calculate the optical response of free-standing 4-CNRs.?* Such method could include
both electron-electron and electron-hole interactions, which are known to dominate the
electronic and optical properties in one-dimension systems [110]. From Fig. 1.5 - (a),
we can see that the simulated optical response using GW-BSE approach (blue arrows)
well reflects the measured absorption spectrum. As indicated in the band structure in
Fig. 1.5 - (b), the first optical transition arises from the excitonic transition between

22We have also dispersed 4-CNR in sodium cholate (SC) micelle, N-Methyl-2-pyrrolidone (NMP)
and 1,2,4-triclorobenzene (TCB). The optical spectra are generally the same form with slight peak
position variance due to the solvatochromisme effect and also peak width variance, which is presumably
attributed to different levels of GNRs aggregation.

2«@” and “W” stand for “Green’s function” and “screened interaction”, respectively.

24This theoretical study is conducted by Prof. Deborah Prezzi and Prof. Elisa Molinari’s group at
University of Modena and Reggio Emilia, Italy.



70 OPTICAL STUDY OF SOLUTION-MEDIATED SYNTHESIZED GNRS

the last valence and second conduction band (Ej3) and the second optical transition is
between the next to last valence and first conduction bands (Es;). By comparing the
oscillator strength of these two transitions, we can clearly see that the lowest optical
transition of 4-CNRs is dominated by the FEs; transition. Moreover, according to the
calculations, the excitons in 4-CNR are tightly bound with a binding energy of ~1.5 eV.

Besides the value of transition energies and the oscillator strength, another important
optical property is the selection rules of 4-CNR to the polarization of light. The optical
response simulated here is for the light polarized along the GNR length direction, while
the light polarized perpendicular to the ribbons would not be efficiently absorbed.?
This is due to the fact that for nearly-1D materials strong depolarization effects along
the perpendicular direction could suppress the absorption [117,1418].
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Figure 1.5: (a) - Calculated optical response of H-passivated 4-CNR using GW +
BSE approach. The blue arrows indicate the calculated energy position and oscillator
strength. The experimented absorption spectrum is shown in black line. Inset: chem-
ical structure of 4-CNR. (b) - GW quasi-particle band structure of 4-CNR. Adapted
from [105].

We now look at the emission properties of 4-CNR. The green curve in Fig. 1.4 -
(a) shows the photoluminescence (PL) spectrum of 4-CNR suspension. We can see that
its PL line is broad, structureless, and centered at 695 nm (~1.78 eV). The difference
between the maximum of the absorption and PL bands represents an apparent Stokes
shift of ~135 nm (~470 meV). The full width at half maximum (FWHM) is ~105 nm
(~330 meV). The values of the Stokes shift and of the FWHM will be discussed later
in Sec. 1.3. Moreover, we also performed the photoluminescence excitation (PLE) mea-
surement on 4-CNR. The PL spectrum does not change its form when varying the
excitation wavelength (Fig. 1.6 - (a)). The green triangles in Fig. 1.4 - (a) display the
PLE spectrum detected at the maximum of the emission. We can see that the PLE is in
good agreement with the absorption band, confirming that the observed Stokes shifted
luminescence arises from 4-CNRs.

Likewise, we also performed the measurements on p-ANR suspensions, which has a
larger width and strongly curved edges compared to 4-CNR (see Fig. 1.3 - (b)). The

25This information on the selection rules of 4CNR was obtained via a private communication with
Prof. Prezzi.
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Figure 1.6: (a) - Normalized PL spectra of our 4-CNR suspension excited with different
wavelengths. The peak at 620 nm originates from the excitation laser. (b) - PL spectra of
a suspension of carbon dots with different excitation wavelengths. Adapted from [119].
(c) - PL spectra of a suspension of top-down fabricated graphene quantum dots (GQDs)
with different excitation wavelengths. Adapted from [150]. We can clearly see a redshift
when increasing excitation wavelength for carbon dots and top-down GQDs, while the
PL spectrum of 4-CNRs remains unchanged, implying the intrinsic nature of the emission
from 4-CNRs.

purple curve in Fig. 1.4 - (b) displays the optical absorption spectrum of the p-ANR
suspension. The absorption band is red-shifted in comparison with the one of 4-CNR,
with a maximum at ~610 nm. This redshift is in agreement with the fact that p-ANR is
larger than 4-CNR, which leads to the more delocalized 7 electrons. As for 4-CNR, the
PL of p-ANR is broad (FWHM 170 nm (~360 meV)) with a large Stokes Shift of 145 nm
(~400 meV). Likewise, the PLE spectrum shows that the maximum of PL efficiency is
obtained for an excitation in resonance with the maximum of the absorption band.

Finally, time-resolved photoluminescence (TR-PL) measurements were performed on
these two GNR structures. Results are displayed on Fig. 1.7 together with the impulse
response function (IRF). For 4-CNR (Fig. 1.7 - (a)), the PL decay is slightly longer than
the IRF of the setup (~70 ps). The signal is fitted by the convolution of the measured
IRF and a bi-exponential decay with a fast time component of the order of few ps and
a long time component of ~5 ns (blue curve). Similarly, for p-ANR (Fig. 1.7 - (b)), the
TR-PL shows also a multi-exponential decay behavior with a more pronounced signal
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at long time than on 4-CNR. The bi-exponential decay fit gives a short time of few ps
and a long time of ~5 ns (purple curve).

—~
Q0
-
—
O
-

l: ——4-CNR at 695 nm 1t —— p-ANR at 750 nm
——Fit ——Fit
§ 01 IRF ’8\ oil IRF
o N
E oot £ oo
g g
T 1E3 & 1E-3L
1E—4E mn 1E-4f
0 1 2 3 4 5 6 7 8 91011 12 0 1 2 3 456 7 8 9 1011 12
Time (ns) Time (ns)

Figure 1.7: Time-resolved PL measurements on 4-CNR (a) and p-ANR (b) recorded at
the maximum of each PL line. Both curves are fitted by the convolution between the
corresponding IRF and a bi-exponential decay.

In order to get insight into the origin of theses multi-exponential decay, we performed
the time-resoled PL measurements as a function of the excitation power. Indeed, it
is known that some multi-exciton effects could occur when increasing the pumping
intensity and these non-linear effects will alter the observed decay kinetics. For instance,
a two-exciton interaction process named as exciton-exciton annihilation, in which one
exciton recombines to the ground state and the other either dissociates into a free e-h
pair or is promoted into a higher energy level, has been observed in some other confined
systems such as 1D semiconducting SWNTs [151], conjugated polymers [152] and also 2D
monolayer MoS, [153]. Indeed, Soavi et al. [L05] have investigated this effect in 4-CNRs
by means of femtosecond transient absorption spectroscopy. In this paper, the authors
report that exciton-exciton annihilation occurs at fluences of the order of few hundreds
of wJ.ecm™2 and this process is ultrafast, dominating the time-resolved response in the
first picoseconds. However, for our time-resolved PL setup, such short time scale is not
accessible and the maximum pumping fluence is evaluated to be ~1 uJ.cm™? per pulse
(in our case, the supercontinnum laser has 60 MHz repetition rate with a power of 3 mW
and a large focused spot of ~2.5 mm?). This value is about two order of magnitudes
lower than in the measurements by Soavi et al.. Thus, as shown in Fig. 1.8, we do
not observe any variation of the photoluminescence decay on 4-CNR when varying the
excitation power.28 These results confirm that multi-excitonic processes do not influence
the dynamics in our experimental conditions. Thus, we can say that the observed multi-
exponential decay behavior does not originate from the multi-excitonic processes in
4-CNRS and one reasonable explanation is the contribution of different objects with
different dynamics.

26Since the signal of the long decay component is very weak, the background could deform a lot
the decay curve at long time scale. Thus, all the decay curves displayed here are subtracted from
the background contribution (acquisition under the same experimental conditions but blocking the
excitation laser or just taking off the sample).
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Figure 1.8: Time-resolved photoluminescence decay on a 4-CNR suspension with differ-
ent excitation powers.

1.3 Discussion on the origin of emission

We now discuss the nature of the emission of these two GNR structures. First, the PL of
4-CNR and p-ANR share the similar behaviors: broad emission, large Stokes shift and
multi-exponential decays. These observations differ significantly from what have been
observed on other 1D carbon nanostructures. For instance, individual SWNT's emission
shows almost no Stokes shift and the linewidth of a single chirality is of the order of
25 nm (~25 meV) at room-temperature [113,154,155] (see Fig. 1.9 - (a)). Likewise, the
“single chain” emission of conjugated polymers shows a small Stokes shift and a mono-
exponential decay [156] (see Fig. 1.9 - (b) and (c)). It is unlikely that the observed
luminescence also came from the intrinsic emission of individual GNRs, since we need
to invoke (1) complicated vibronic structures to explain such broad and Stokes-shifted
emission and (2) complex internal relaxation pathways for the multi-exponential decay.

One natural explanation would be then to attribute the emission to defect states in
the GNRs structure. These defect states could arise from the presence of defects at the
edges, from open-bonds or from the installed lateral alkyl chains (-C12Hss, see figure 1.3).
However, the precise control of the GNR structure by organic chemistry prevents the
appearance of such major defects and moreover the structural integrity has also been
confirmed by several spectroscopy measurements (FTIR, Raman and NMR). Besides,
if we compare the emission behavior of our GNRs with another carbon structures like
carbon dots and top-down fabricated graphene quantum dots (GQDs), whose emission
originates from the sp® defects, for carbon dots and top-down GQDs we can clearly see
a red-shift when increasing excitation wavelength (Fig. 1.6- (b) and (c)), while the form
of the PL spectrum for GNRs remains unchanged (Fig. 1.6- (a)). Since the uncontrolled
defects usually have a continuum of states as an inhomogeneous broadening, the excita-
tion at lower energy selectively excite the defect states located at lower energy and the
emission is then red-shifted. In contrast, as the emission of GNRs is independent to the
excitation wavelength, it is unlikely that the emission arises from the defect states. It
also implies that the transition of GNRs is based on a defined electronic structure.
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Figure 1.9: (a) - Absorption (blue) and emission (red) spectrum of SWNTSs in SDS mi-
celles, taken from [113]. (b) - PLE (curve 1) and PL (curve 2) spectrum of w-conjugated
polybenzobisthiazole solution. (c¢) - Time resolved PL of m-conjugated polybenzobisthi-
azole solution, indicating a single exponential decay. (b) and (c) are taken from [156].

It is also very interesting to look at the effects of lateral alkyl chains on the electron-
ical and optical properties of GNRs. Indeed, the theoretical and experimental studies
on the Raman spectra of different bottom-up synthesized GNR structures, including 4-
CNR, revealed significant effects of the alkyl chains on their vibrational properties [25].
For instance, the alkyl chains modify the radial-breathing-like mode (RBLM) frequency.
Hence, it is rational to question on the influence of these chains on the electronic struc-
ture and it is possible that the replacement of hydrogen atoms of the edge by the alkyl
chains could, for instance, create new states in the energy gap of GNRs. However, a
recent theoretical work by C.E.P. Villegas et al. shows that side chains should have
no influence on the optical properties of 4-CNR, [157].27 So, the presence of these alkyl
chains cannot explain our observations.

On the other hand, despite the presence of the alkyl chains, the molecular solubiliza-
tion of GNRs is still very challenging [69]. Here we used SDS micellar suspension since
this it has been successful for the individualization of SWNTs and it allows us to use tip
sonication [ 13]. Nevertheless, it is likely that aggregates are present in the GNR suspen-
sions used in these experiments. Indeed, m-conjugated object are known to self-aggregate
through 7 — 7 interaction, even at moderate concentrations [155]. Moreover, in some
cases the aggregation leads to a vibronic coupling between monomers (single isolated
molecule) that results in strong modifications of their spectroscopic features. For in-
stance, excimer emission has been reported on aggregates of small conjugated molecules
such as pyrene, in conjugated polymers or in hexabenzocoronene [132, 158-160]. An
excimer corresponds to the coupling between a monomer M, in its ground state and
a monomer M., in its excited states that form an excited dimer D.,. The system re-
turns back to equilibrium when D,, dissociate in the ground state leading to a broad,

27In this paper, authors performed the calculations using GW + BSE approach.
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structureless PL at much lower energy (hvp) than the monomer absorption:
My + My = Dey — Mg+ My, + hvp (1.2)

Since the formation of excimers takes place after the molecule goes into excited state and
changes only the relaxation process, the electronic structure of the molecule at ground
state is not affected. Hence, the absorption spectrum usually remains unchanged when
excimer emission occurs [1G1].
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Figure 1.10: Photoluminescence spectra of pyrene (a), PBZTs conjugated polymer (b)
and hexabenzocoronene (c¢) with different concentrations. For both three systems, a
board and structureless (excimer) emission occurs when increasing the concentration.

Adapted from [161], [156] and [132], respectively.
_ Monomer Excimer
g 10t A g 104
§ 3 § 103:
£ ] —> £
¢ g
E = 101
%‘ % 10
[

E oy e E

Time (ns) Time (ns)

Figure 1.11: Time-resolved PL on PBZTs conjugated polymer. The emission from
monomers shows mono-exponential decay (left), while the emission from excimer is
multi-exponential (Right). Adapted from [156].

Studies of excimer in some molecular systems have shown that the basic supramolec-
ular structures are cofacial sandwich-type configurations [156]. The most known system
showing excimer emission is the pyrene molecule that emits excimer luminescence near
~485 nm when the concentration is increased [161]. Its excimer emission is broad, struc-
tureless and red-shifted of ~80 nm (~490 meV) in comparison with that of the monomer
(Fig. 1.10 - (a)). Similarly, excimer emission has been observed on stacks of 7-conjugated
polymers leading to a multi-exponential decay, with apparent Stokes-shift of ~100 nm
(~500 meV) [150] (Fig. 1.10 - (b) and Fig. 1.11). Likewise, hexabenzocoronene (HBC)
and its derivatives, which are studied as model systems for graphene, tend to form
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aggregates in suspension though face to face m — 7 interaction. Here again, this cou-
pling results in a broad emission that is red-shifted in comparison with the one of the
monomers, and that has been therefore attributed to an excimer-like emission [132, 160]
(Fig. 1.10 - (c)). Given their structure, GNRs are also likely to stack in the cofacial
sandwich-type configuration. Since the PL of both GNR structures reported here share
very similar characteristics with the one reported for those m-conjugated objects, it
sounds reasonable to attribute it, at least partially, to the formation of excimers.

Nevertheless, despite their global similarities, some features of p-ANR’s optical re-
sponse differ from that of 4-CNR. First, an additional absorption band is observed on
the red side of the main transition around 790 nm. This shoulder could be related to
an intrinsic transition. Indeed, it has been predicted theoretically that p-ANR should
exhibit a much complex peak structure than 4-CNR [01].2% In that case, the PL line
observed on p-ANR could be closed to that of single isolated GNR. This could also be
in good agreement with the longer average lifetime of p-ANR in comparison with that
of 4-CNR. On the contrary, the shoulder in the absorption spectrum of p-ANR could
also be related to a much more pronounced aggregation than for 4-CNR.% Indeed, it
has been demonstrated on hexabenzocoronene, that a high degree of aggregation could
lead to such feature in absorption spectroscopy [132].
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Figure 1.12: Optical absorption spectra of HBC in CHP solution with different concen-
trations. A broad peak at 425 nm appears when the concentration increases. Adapted
from [132].

1.4 Single-particle measurements on p-ANRs

Since measurements on ensemble of objects are subject to averaging effects, experiments
at the single-particle level have been performed in order to investigate close-to intrinsic
properties of the GNRs. The SDS suspension of p-ANRs was drop-cast on the surface
of a plasma-cleaned glass coverslip and rinsed several times to get rid of the excess

28In this paper, the authors used TD-DFT/HSE calculations (“TD-DFT” corresponds to time-
dependent density functional theory and “HSE” corresponds to Heyd-Scuseria-Ernzerhof) to simulate
the optical spectrum of finite oligomer (tetramer) rather than infinite GNR, because the periodic bound-
ary condition cannot be applied in such quantum chemical calculation. In consequence, this method is
not optimal for GNRs, compared with GW + BSE approach. The calculation is performed by Prof.
David Beljonne’s group at the University of Mons, Belgium

29The p-ANR suspension has broader optical density and lower PL intensity compared with the
4-CNR, which could be a indication of stronger aggregation effect in the p-ANR suspension.
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of surfactant. The sample was then analyzed on a confocal microscopy setup that is
coupled to an atomic force microscope (AFM) (see Chap. II Sec. 2.4 for more details).
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Figure 1.13: AFM image (a) and corresponding microphotoluminescence image (b) of
p-ANR deposited on a glass coverslip. White dashed circles highlight three luminescent
GNRs small aggregates, with heights of 2.5, 13 and 17 nm.
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Figure 1.14: Height histogram of the luminescent GNR aggregates on the sample.

Fig. 1.13 - (a) shows a typical 1 x 1 pm? AFM image. Three small aggregates (white
dashed circles) are present in this area with heights ranging from ~17 nm to ~2.5 nm.
The very same location of the sample has been scanned by the microphotoluminescence
setup using 594 nm laser. Fig. 1.13 - (b) displays this photoluminescence map demon-
strating that the three small GNR aggregates emit light. This observation demonstrates
the ability of GNRs to emit light in the solid state. Several scans were performed on the
sample and the density of the GNR aggregates was found to be about 5 particles per 20
x 20 um?. A statistics on the GNR aggregate’s height measured by AFM is displayed
on Fig. 1.14. It shows that the height of most of the objects deposited from the SDS
suspension is in the range of 10 to 20 nm. Here this observation implies that small GNR
aggregates are present in the suspension or the aggregation takes place when the GNRs
are deposited on the substrate.

Finally, Fig. 1.15 represents typical PL spectra recorded on these small aggregates.
Notably, for all the spectra three sharp lines at the same position are observed (pointed
by the stars (x)). Converting this lines into Raman shift from the excitation laser, we
found that they correspond to the characteristic Raman modes of sp? carbon nanostruc-
tures at 2619 £20 cm ™! (2D mode), 2934 £20 cm™! (D + G mode) and 3195420 cm ™!
(2G mode), respectively [66,85]. This observation strongly confirms that the emission
spots observed by photoluminescence spectroscopy do correspond to the emission of
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GNRs. Moreover, the spectra of those four aggregates show similar Stokes shift to the
one observed in suspensions. Hence, this red-shifted emission from aggregates is consis-
tent with the excimer emission. Furthermore, the shape of the PL line is varying from
one spot to another. Sometimes a contribution centered at ~795 nm dominates the
spectrum (Fig. 1.15 - (a) and (b)). For another aggregates, the main line is centered at
~725 nm (Fig. 1.15 - (¢)), closer to the absorption edge. Finally, intermediate cases are
also observed (Fig. 1.15 - (d)). This variety observed in the PL spectra of individual ag-
gregates implies that the PL spectrum recorded in SDS suspension is inhomogeneously
broadened. Finally, based on a statistic of about twenty aggregates, we did not find any
correlation between the height of the particle and the shape of the spectrum, nor its
intensity (see Fig. 1.16).
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Figure 1.15: Typical PL spectra observed on four p-ANR aggregates with height of (a):
45 nm, (b): 20 nm, (c): 15 nm and (d): 25 nm. The excitation power is 5 pW at 594 nm.
The acquisition time is 60 s. The stars (x) refer to the second-order Raman lines of

GNRs.
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Figure 1.16: (a) - Wavelength of the emission maximum (y axis) and the correspond-
ing height (x axis) of each p-ANR aggregate. (b) - Peak intensity (y axis) and the
corresponding height (x axis) of each p-ANR aggregate.
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1.5 Summary on the results of solution-mediated synthesized
GNRs

Here we investigated the optical properties of two GNR structures: 4-CNR and p-ANR
synthesized by in-solution bottom-up chemistry. They both display broad and highly
Stokes shifted emission with multiexponential decay. After Comparing with other similar
m-conjugated systems, we infer that this emission originates from excimer states in stacks
of individual GNRs. Moreover, the broad emission of very small GNR aggregates at the
solid state has been observed by means of AFM and microphotoluminescence. Raman
lines are superimposed on the emission signal confirming the emission indeed from GNRs.
We thus conclude that the suspension is mainly composed of small aggregates that blur
the intrinsic properties of GNR. For further work, one major issue is how to individualize
of GNRs. To reach this goal, several strategies are under development:

— Finding “good” solvents or surfactants and proper solubilization conditions for
GNRs, which is the most straightforward strategy. For example, reports on indi-
vidualization of hexabenzocoronenes in orgainc solvents [132] and micellar suspen-
sions [160] could be a good guidance for this purpose.

— Edge functionalization to enhance the solubility of GNRs. As a first attempt, a
high concentration GNR solution (up to 1 mg/L) has been obtained by grafting
poly(ethylene oxide) (PEO) chains onto the GNR backbones [69].

— Since GNRs can be easily fold and/or bend, functionalization of the substrate
surface may also be needed when performing the deposition. Several attempts
have been also realized in order to obtain single “straight” GNRs at the solid
state [33, 8]

On the other hand, as we have discussed in the introduction part, GNRs can also
be synthesized via surface-assisted method. Unlike the solution-mediated method, single
GNRs are grown directly on gold surface. Thus, we would not be limited by the low
solubility of GNRs. In the Sec. 3.1, we will perform the optical characterizations on the
on-surface synthesized GNRs, which have been transferred onto insulating substrates.

2 Bandgap engineering of GNRs by controlled
structure distortion

2.1 Structural distortion induced by side chain installment

Strain-induced structural distortions of low dimensional materials have attracted in-
creasing attention since it could act as an additional parameter to modulate physical
and optical properties [162,163]. As a example, by putting monolayer of WSe, onto an
array of nanopillars, the induced localized strain leads to the trapping of excitons and
thus creates single photon emitters [164, 165].

Some theoretical calculations have already been performed on GNRs to study the
effects of non-planarity on their electronic properties. It is predicted that a bandgap
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modulation of up to 1 eV could be reached, depending on the nature of structural
distortions (e.g. bending [166], uniaxial strain (traction) [167], shear strain [168] and edge
passivation induced strain [169]). Moreover, owing to the powerful bottom-up synthesis
method, it could be possible to induce structural distortions on GNRs in a controlled
manner and to systematically perform the experimental studies.

6CNR-edge

6CNR-cove

Figure 2.1: Chemical structure of 6CNR-edge (a) and 6CNR-cove (b) and corresponding
starting monomers of chemical synthesis. “R” stands for a -Ci5Hys (dodecyl) chain.

(@) 6CNR-edge (b) 6CNR-cove

Figure 2.2: Simulated structures of 6CNR-edge (a) and 6CNR-cove (b) after the geomet-
rical optimization. The dodecyl chains were replaced with butyl groups for the reason
of reducing the calculation cost. Insets: Zoom of the side views of 6CNR-edge and -cove
in the edge region reveal distinct geometrical structures. Adapted from [170].

For this motivation, our collaborators from MPIP in Mainz synthesized two GNR
structures, having the identical 6-CNR aromatic core, but with alkyl side chains at
different peripheral positions. As in Fig. 2.1, one has dodecyl chains (-CioHas) regularly
installed at the outermost positions (named as 6CNR-edge), while the other one with
-C19Hos chains installed at the innermost positions (named as 6CNR-cove). The two
different GNR structures were obtained by changing the -Ci5Ho5 chains position on the
starting monomers of the chemical synthesis as shown in Fig. 2.2. Due to the steric
repulsion between the side chains and the aromatic protons, the planarity of the benzo-
rings of 6CNR-cove is expected to be distorted, compared to the planar 6CNR~edge.
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Figure 2.3: Simulated GW quasi-particle band structure of 6CNR-edge and -cove, as
modelled by using alkyl chains of different length (i.e. -CoHs and -C4Hy), indicating that
the chain length does not influence the electronic properties in the region of interest.
The impact of the structural distortion is also evaluated by comparing the systems with
H passivation only (black plus). Adapted from [170].

Theoretical calculations on these two GNR structures were also conducted by
Prof. Deborah Prezzi and Prof. Elisa Molinari’s group in Modena. The geometrical
optimization by density functional theory (DFT) calculations reveals that the periph-
eral benzo-rings of 6CNR-cove are distorted by approximately 24° from the planarity,
while 6CNR-edge is completely flat (see Fig. 2.2) [170]. They then performed the cal-
culations of the quasi-particle band structure on these two 6-CNRs using the ab initio
G'W method. In order to reduce the calculation cost, after fixing the geometrical struc-
ture of backbones, the -Ci5Hys was replaced by shorter alkyl chains with two different
length (-CyHs and -C4Hyg) and also -H. From Fig. 2.3, we can see that for each 6-CNR
structure, the obtained band structure are almost unchanged for these three edge sub-
stituents, which is in agreement with the result of similar calculations on 4-CNR [157].
This indicates that the band structure is determined by the backbone structure while the
chain length does not influence the results of the calculations. Comparing between the
two 6CNR structures, the lowest conduction band of 6CNR-cove is lowered by 0.27 eV
than the corresponding band of 6CNR-edge while the highest valence bands are not
significantly modulated, thus resulting in the overall decrease of the bandgap of 0.19 eV
(bandgap for 6CNR-edge is 2.68 eV, while for 6CNR-cove is 2.49 eV).
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2.2 Optical spectroscopy on distorted and non-distorted
6CNRs
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Figure 2.4: Upper panel: Experimental UV-vis-NIR absorption (solid lines) and photo-
luminescence excitation (solid lines with hollow circles) spectra of 6CNR-edge and -cove
(recorded with suspensions in 1,2,4-trichlorobenzene). Lower panel: Simulated optical
response of 6CNR~edge and -cove using GW + BSE approach. Arrows indicate the first
optical transitions.

Inspired by the theoretical results, the Mainz group asked us for the optical spec-
troscopy experiments on the two 6-CNR structures. We dispersed the powders of these
two structures in 1,2 4-triclorobenzene (TCB) by mild sonication for 30 min and followed
by filtration with a membrane filter (pore size 5 um) to remove larger aggregates and
undispersed particles. We found that 6CNR-cove was more soluble than 6CNR-edge. It
is presumably due to less efficient 7-7 interaction of the non-planar structure.

We then performed optical absorption and photoluminescence excitation (PLE) mea-
surements on these two GNR suspensions. As we can see in the upper panel of Fig. 2.4,
6CNR-edge shows a broad absorption band with a maximum at 624 nm (1.98 eV) (blue
solid line). In comparison, 6CNR-cove exhibited a red-shifted and broader absorption
pattern with a long-wavelength absorption maximum at 649 nm (1.91 eV) (green solid
line). This trend is consistent with the results of GW + BSE simulations that 6CNR-
cove has a lower bandgap than 6CNR~edge due to the structural distortion (Fig. 2.3).

On the other hand, the photoluminescence spectra of 6CNR~edge and -cove are both
broad and structure-less with a maximum at 800 nm (1.55 eV) and 925 nm (1.34 eV),
respectively (Fig. 2.5 - (a)). Moreover, the PL decay of two GNR structures both show
a bi-exponential behavior (Fig. 2.5 - (b)). These results are very similar to what we
observed in 4-CNR and p-ANR (see Sec. 1.2), implying here again that the emission
should arise from excimers.
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Figure 2.5: (a) - PL spectra of 6CNR-edge (blue) and 6CNR-cove (green) solutions.
A long-pass filter cutting at 715 nm and 845 nm are put on the detection path for
6CNR-edge and -cove, respectively. (b) - Time-resolved PL measurements on 6CNR-
edge and -cove solutions detected on the low energy tail of the PL signal, both showing
a bi-exponential behavior.

The PLE spectra of 6CNR~edge and -cove are displayed by solid lines with hollow cir-
cles in the upper panel of Fig. 2.4.3° We can see that they are both roughly in agreement
with the corresponding optical absorption spectrum. Notably, for the PLE spectrum of
6CNR-cove, an additional peak at 850 nm (1.46 eV) is observed (indicated by the black
arrow) and the optical absorption spectrum of 6CNR-cove also shows a should peak at
approximately 850 nm. In contrast, for 6CNR-edge, both optical absorption and PLE
spectrum show only one broad band centered at ~630 nm. At 850 nm the intensity has
already decreased a lot and become very weak. This implies again that 6CNR-cove has
a lower (optical) band gap than 6CNR-edge. Moreover, simulated optical spectra based
on the GW + BSE approach indicates only one optical transitions for 6CNR-edge while
two separate optical transitions with lower energy for 6CNR-cove (see lower panel in
Fig. 2.4), which is in agreement with the general trend of the PLE measurements.

The above agreement between the theoretical calculation and the optical measure-
ment suggests that the observed difference when changing the side chain position, is
intrinsic to GNRs. Thus, as a first attempt, the possibility of tailoring the optical and
electronic properties of GNRs via a controlled structural distortion has been demon-
strated. For further more systematical studies on this effect, one major issue is still how
to enhance processability of GNRs or in another word, how to individualize GNRs.

The results of this collaborative work with the Mainz group is a part of the publica-
tion Hu et al., JACS 140, 7803 (2018).

30For excitation in the range 450-750 nm, the supercontinnum was coupled with monochromators,
while for excitaiton from 700-950 nm, it was coupled with the AOTF. The data recorded with the
two excitation sources have been glued at 750 nm. Since some GNR oligomers were present in the
suspension, which has strong emission in the visible (see Chap. II. Sec. 3.1), to avoid this, the PL signal
was monitored on the low energy tail of the PL spectrum.
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Figure 3.2: Representative room-temperature STM image of 9-ANRs on the Au/mica
growth substrate.
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Figure 3.3: Transfer process of 9-AGNRs from the growth Au/Mica substrates onto the
target glass substrates.

3.2 Structural quality analysis by Raman spectroscopy

The structural integrity of as-grown GNRs thin film after transfer was analyzed by
Raman spectroscopy. This work was carried out at Pierre Aigrain Laboratory in collab-
oration with Christophe Raynaud, the PhD student in the group of Prof. Christophe
Voisin. The measurements were performed using a Renishaw InVia Reflex Confocal Ra-
man Microscope equipped with two different laser lines (532 nm, 633 nm). A 100x
objective was used (leads to a spot size of ~ 1 um) and the power on the sample was
kept below 0.5 mW to avoid damage.

Fig. 3.4 shows typical optical images of the transferred samples (white-light images
from the Renishaw system). In the transferred area, it is easy to find uniform GNRs
films with a extended size from tens of um to one hundred pm. The optical contrast of
these GNRs films is comparable to what is observed on a single layer graphene sample
[172,173], suggesting the preservation of the sub-monolayer coverage after transfer..
Moreover, at the edge of the films some wrinkles can be occasionally observed, which
we assign to the folding of the GNR layer (white parts in Fig. 3.4 - (b)).
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Figure 3.4: Optical microscope images of the 9-AGNR film transferred onto a glass
substrate. Generally the film shows high uniformity with faint optical contrast (a).
Sometimes a folding area could be found at the edge of the film (b).
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Figure 3.5: Raman spectra of the transferred 9-AGNR film in the low (a) and high-energy
(b and c¢) spectral region, measured at 633 nm.

We then performed confocal Raman spectroscopy on these films to ensure the struc-
tural integrity of the transferred GNRs. Fig. 3.5 shows the typical Raman spectra with
the 633 nm laser line. First, in the low-energy region (Fig. 3.5 - (a)), the spectrum shows
the radial-breathing-like mode (RBLM) of 9-ANR at ~310 cm™. Moreover, in the high-
energy region (Fig. 3.5 - (b)), the G mode at ~1600 cm™, the D mode at ~1340 cm™
and C-H bending mode at ~1240 cm™ are also observed with frequencies comparable to
the ones measured on the gold substrate [28]. The presence of all characteristic Raman
peaks, and in particular of the highly width sensitive RBLM, confirms that the structure
of GNRs is preserved after the transfer procedures, in agreement with previous results
on the ez situ measurements of the on-surface synthesized GNRs [174,175]. In addition,
as we can see in Fig. 3.5 - (¢), we also observed second-order 2D, G+D, 2G modes at
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~2680, 2930, 3200 cm™, respectively. This observation is in contrast with the carbon
nanotubes and defective graphene, where G+D mode are not observed in carbon nan-
otube [176] and G4+D and 2G modes are not observed in defective graphene [177]. We
will discuss this different Raman behavior of GNRs in Sec. 3.4.

Furthermore, we also performed Raman intensity mapping in order to obtain spa-
tially resolved information on the transferred GNRs sample. Fig. 3.6 shows the peak in-
tensity maps of RBLM (at 310 ecm™), D mode (at 1340 cm™) and G mode (at 1600 cm™)
superimposed onto the optical microscope image. The intensity of both all the three Ra-
man modes on the faint part of the film is homogeneous, suggesting that the sample
morphology in this area did not altered during the transfer. We also observed that the
wrinkles at the edge of GNR films show stronger intensity, which can be attributed to
the increasing amount of GNRs under the laser spot due to multi-layer folding.

Figure 3.6: Raman maps superimposed onto a optical microscope image of 9-AGNR film.
(a) - Raman peak intensity maps of RBLM (at 310 cm™), (b) - Raman peak intensity
maps of D mode (at 1340 cm™). (¢) - Raman peak intensity maps of G mode (at 1600
em™t)
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3.3 microphotoluminescence investigation
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Figure 3.7: Upper panel: Calculated optical absorption spectra of hydrogen-passivated
armchair GNRs in three different families (N = 8, 9 and 10). The solid line represents
the spectrum with electron-hole interaction, while the spectrum in the single-particle
picture is in gray. Lower panel: Corresponding quasi-particle band structures. Adapted
from [93].

Having demonstrated the successful transfer of 9-AGNRs onto glass substrates, we
then studied their PL properties.

Theoretical calculations indicate that graphene nanoribbons with armchair shaped
edge (AGNRs) can be classified into three distinct families: N = 3p,3p + 1 and 3p + 2,
with p an integer, where N indicates the number of carbon atoms across the width of rib-
bon. Depending on the family, AGNRs show different electronic behaviors [31, 178, 179].
Generally in each family the bandgap descreases when the ribbon width increases®2.
Moreover, Yang et al. [92] and Prezzi et al. [93] have performed the theoretical calcu-
lations using GW + BSE approach to investigate the optical properties of armchair
graphene nanoribbons in all three families. As shown in lower panel of Fig. 3.7, the
lowest-energy absorption peak of AGNRs arises from transitions between the last va-
lence and first conduction bands (E;;). Similar to the cove edge shaped GNRs (Sec. 1.2),
this transition has an excitonic nature with a large binding energy ~1 eV. Notably, the
authors pointed out that the excitonic structure also depends strongly on the family
type. We can see from upper panel of Fig. 3.7, for the armchair GNRs belonging to the
3p + 1 family (N = 10 in the figure), a dark excitonic state (marked as D) is located
almost at the same position of the lowest excitonic state.®® Since the dark state provides

32Within each family, the bandgap E, is inversely proportional to its width w (E, ~ 1/w), as the
bandgap originates from quantum confinement [31].

33The presence of low-energy dark excitons in GNRs is strongly dependent on the family, contrary
to the case of SWNTSs, where this is a common feature due to the mixing of K-K’ transitions [180].
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a competing path for nonradiative decay of optical excitations, the luminescence yield
of the 3p + 1 ANRs would be reduced a lot. The 7-ANR, which is in the 3p + 1 fam-
ily, have recently been experimentally explored by Senkovskiy et al. [109]. The authors
interpret the weakness of the luminescence as the consequence of the existence of this
dark exciton. On the contrary, AGNRs in the 3p family are not supposed to show such
dark state. In this context, we expect to observe the intrinsic emission from 9-ANRs.
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Figure 3.8: Correlation between AFM image and PL maps on a 9-AGNR film. (a) - AFM
height image and corresponding cross sections profile taken along the dashed lines. (b
and c) - Integrated PL intensity maps of the same sample area for laser excitation at 405
nm (b) and 594 nm (c) and corresponding cross section profile taken along the dashed
white lines on the maps. The dash grey lines on the right are drawn to guide the eyes
on the correlation between the AFM and PL maps.

Our transferred 9-ANRs sample was analyzed by confocal microscopy and atomic
force microscope (AFM). Fig. 3.8 - (a) displays a typical 20 x 20 um? AFM height
image of the sample. It shows that the 9-ANRs film possesses large uniform areas. The
cross-section profile reveals that the thickness of this uniform part is ~1-2 nm. This value
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is close to the one observed on monolayer graphene [19]. Therefore, this observation is
compatible with the presence of a quasi-monolayer of GNRs on this sample, which proves
the efficiency of the transfer. Meanwhile, at the edge of the film, rough wrinkles with a
height ~30-40 nm are also observed. This folding of multiple GNR layers is supposed
to be introduced during the transfer process.

After the topography mapping by AFM, the same area of the 9-ANRs film was
scanned by confocal PL microscopy. The value of the optical band gap (or the energy
position of the first excitonic transition) of 9-ANR has not been known yet. However, it
is recently reported that this value for 7-ANR is 2.1 eV (590 nm) by using reflectance
difference spectroscopy [106]. This gives us a good reference for the optical band of 9-
ANR. As 9-ANR is just two carbon atom wider than 7-ANR, it is reasonable that the
value of optical band gap for 9-ANR would not decrease so much compared to 7-ANR,
which could be around 700 nm (1.77 e€V). For this reason, we decided to first perform
the measurements using the confocal microscopy setup working in the visible.

Fig. 3.8 - (b) shows the corresponding integrated PL intensity map on this 9-ANR
film using excitation laser at 405 nm. We observe that the whole film shows PL signal
and that the thicker regions appear brighter. The correlation between thickness of the
film and the PL intensity is further put in evidence by taking the same cross section
profiles on the AFM height image and the PL maps (see the right part of Fig.3.8). This
observation suggests that for the GNR film, the region with more quantity of GNRs
shows more intense PL signal.

Fig. 3.9 - (a) displays a typical PL spectrum with excitation at 405 nm. The lumi-
nescence is very broad and extends from ~450 nm up to 900 nm. Moreover, a series of
relatively narrow peaks are superimposed on the luminescence spectrum. By converting
the wavelengths of these lines into Raman shifts, we assigned them to high-order multi-
phonon Raman modes of AGNRs (we will go into details on these Raman lines in the
next section).
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Figure 3.9: (a) - Representative PL spectrum on the 9-ANR film for excitation at 405
nm. (b) - PL spectra taken on the different positions of the film showing similar form.
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Figure 3.10: Defect emission from graphene (a) and 7-ANR (b). Adapted from [I18]]
and [109], respectively.
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Figure 3.11: In situ observation of the phenyl ring missing defects in 9-ANRs. (a) - High-
resolution nc-AFM frequency shift image (upper) and STM image (middle) showing
two defects position of a 9-ANR (indicated by the red arrows). Scale bar: 0.5 nm. A
structural model with two missing phenyl rings is proposed in the lower panel. The
molecular building blocks are highlighted in gray/yellow. Adapted from the supporting
information of [28]. (b) - A large zone STM image showing the relatively high density
of the phenyl ring missing defect in 9-ANRs. Adapted from [171]. These measurements
were performed at low temperature.

We now discuss the origin of the spectrally broad PL. As we mentioned before, 9-ANR
should has a lower optical band gap than 7-ANR (for 7-ANR, it is 2.1 eV). Therefore, it
is unlikely that the observed broad PL line, at short wavelength between 450 and 900 nm
(1.38 - 2.76 ¢V), when excitation at 405 nm, comes from intrinsic excitonic emission. In
contrast, all the features of this PL are quite close to the fluorescence led by defect sites in
graphene [181] and also in the recently reported 7-ANRs [109] (see Fig. 3.10). Moreover,
the in situ low-temperature STM and nc-AFM measurements [28, 171] have revealed
that some phenyl rings is missing at the edge of produced 9-AGNRs (Fig. 3.11). As seen
Fig. 3.11 - (b), the amount of this defects is non-negligible (about one out of ten edge
phenyl rings are missing). Since no defects of the polymerized precursor are observed
in STM, it suggests that C-C bond scission occurs during the cyclodehydrogenation
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step, resulting the missing of phenyl rings. In consequence, these edge defects could be
at the origin of the observed broad emission of 9-ANRs. We also acquired PL spectra
on different positions of the film (both flat and rough parts). All the spectra look very
similar (see Fig. 3.9 - (b)). This further indicates the homogeneity of the film. Moreover,
when the film is continuously illuminated by the 405 nm laser, this broad PL signal
becomes more and more intense (see Fig. 3.12). It is known that the high energy blue
laser illumination can create defects in graphene structures [109]. Thus, we can say that
the intensity increasing of the broad PL is due to more defects present in the 9-ANR
film and this observation in turn suggests the defect nature of the broad PL.
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Figure 3.12: PL spectra of the 9-ANR film before (bleu) and after 5 min continuous

illumination by 405 nm laser with a power of 100 uW (red). Both spectra are acquired
with excitation wavelength of 405 nm for 10 s.
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Figure 3.13: (a) - Representative PL spectrum of the 9-ANRs film with 594 nm excita-
tion. (b) - PL spectra of the 9-ANRs film excited using different lasers with the same
excitation power (150 pW) and acquisition time (10 s).

In order to work around these high energy defect states, we also performed exper-
iments with excitation at lower energies. With a low energy excitation, only a subset
of defect states could be excited. Since the contribution from defect states is reduced,
one may expect the appearance of the intrinsic emission. Fig 3.8 - (c¢) displays the PL
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map of the same area excited at 594 nm. The PL map looks quite similar with the one
excited in the blue demonstrating one more time the homogeneity of the film. Fig. 3.13
- (a) shows the typical PL spectrum when excitation at 594 nm. The signal is clearly
dominated by the G and D Raman lines. The fluorescence background is still broad and
structure-less without any other features. Furthermore, we also tried to excite the film
using 532 nm and 635 nm lasers. The form of the spectra is very similar. As in Fig. 3.13
- (b), when excitation with the same power and acquisition time, the intensity of this
PL background does not change a lot for these four different excitation wavelengths. It
turns out that the expected intrinsic emission still does not appear.

To conclude on this section, further studies are needed to explore the link between
the observed broad PL at high energy and the nature and density of defects in the
9-AGNRs. Besides, several explanations could also explain the absence of the intrinsic
excitonic emission. Firstly, the photoluminescence is usually very sensible. Many factors
could open the non-radiative channel and result in the quenching of PL. For exemple, the
PL could be quenched due to: interaction with the substrate; chemical doping during the
transfer process; or non-radiative defects. In this perspective, performing dry transfer
method and using h-BN substrate should be tested. Secondly, the exact energy position
of the first excitonic transition of 9-AGNRs is not known to date. We have already seen in
Fig. 3.7 that the theoretical calculations [93] predict that the lowest bright excition of 9-
ANR is located in the infrared, about 1200 nm (1 eV). For this reason, we also performed
infrared PL spectroscopy on the 9-ANR film3*. However, the intrinsic emission is not
observed either. To answer the questions that whether the 9-ANR sample has the defined
optical transitions and where is the energy position of the optical transitions, we will
perform micro absorption measurements because the absorption process directly reflects
the optical transition.

3.4 Raman features in AGNRs

Although we did not observed the intrinsic emission from the 9-ANR sample, we found
some distinct Raman features: the width dependent radial breathing like mode (RBLM),
first order D mode and well-resolved high order Raman modes, which can be compared

with graphene and carbon nanotube. We now try to get insight into these Raman features
of 9-ANR.

Radial breathing like Mode (RBLM)

In the low energy region, specific vibrational modes have been observed for a variety
of carbon allotropes. Most notably, carbon nanotubes (CNTSs) display a characteristic
peak associated to the radial breathing mode (RBM) of all the atoms of the structure.
This RBM mode has been widely exploited to determine the tube diameter [182,183]. In
analogy, GNRs also display a prominent peak in this region (see 3.5 - (a)) that is induced
by the relative movements between the left and right parts of the GNRs. Fig. 3.14 - (a)
illustrates the displacement pattern of this mode. In a unit cell of 9-ANR, the left eight
atoms move to left, while the right eight atoms move to right. Since this mode is very
similar to the RBM in CNTs, it is called RBLM, where “L” means “like”.

34The measurement is carried out at Pierre Aigrain Laboratory.
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Figure 3.14: (a) - Illustration of the displacement pattern of the atoms in the nanoribbon
unit cell due to the RBLM. The two halves of the unit cell oscillate in opposite phase.
(b) - Wavenumber of the RBLM for 7-AGNRs (396 cm™ [15]) and 9-AGNRs (310 cm™,
shown in inset), together with the empirical model between the frequency of RBLM and
ribbon width. Adapted from [25].

In fact, for the RBLM, the ribbon can be considered as a 1D oscillator (spring) along
its width direction. As a consequence, the frequency of RBLM wgrpry can be written
as [181]

WrBLM = N\ k/M (3.1)
where k is the effective stiffness coefficient of the 1D oscillator and M is the mass of
1 unit cell of GNR. Based on the fact that the ribbon has a periodic structure and
consists only of the carbon atoms, we can consider that M is proportional to its width
w. Moreover, k is almost unchanged with w because of the same C-C bonds. Therefore,
we expect to obtain a wrpry o 4/1/w relation.

Vandescuren et al. [185] performed the DFT calculations on the RBLM frequency of
a series of GNR with different width. They did the fit on the obtained values using

WRBLM — v/ 1/w—|—b (32)

where a and b are two constants. The fit gives the value of the two parameters: a =
1667.9 cm™ A2 and b = -210.2 cm™. This empirical formula thus allows us to predict
the frequencies of the RBLM. Indeed, as in Fig. 3.14 - (b), the experiment results of the
7-ANRs and our 9-ANRs are in good agreement with this model. Moreover, this also
implies that the radial-breathing-like mode is indeed a sensitive probe of GNR width
(one more carbon atom will results in 50 cm™ difference of RBLM when the ribbon
width is around 1 nm.)

D mode

As we have seen in Fig. 3.5 - (b), the 9-ANRs show a prominent first order D peak at
about 1330 cm™ with an intensity comparable to that of the G peak. This behavior is
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in stark contrast to what is observed in graphene and CNTs. In general, the D mode
comes from the in-plane breathing-like mode of the carbon rings (iTO phonon). It is
activated by an intervalley double resonance process in the presence of defects [180] (see
Fig. 3.15 - (a)). Thus, in pristine graphene and CNTSs, the first order D peak is very
weak while the 2D mode is relatively intense. The intensity ratio between D and G peak
I(D)/I(G) is used to evaluate the amount of defects. In contrast, as we can see from
Fig. 3.15 - (b), the Brillouin zone (BZ) of armchair GNR covers only one half of the
BZ of graphene. As a result, there is a single Dirac point (i.e. K and K’ point fold onto
I') in the BZ of the armchair GNR [187]. Due to this BZ folding, we do not need a
double-resonance process to activate the D mode but just a first-order process. For this
reason, we are able to observe the first order D mode and also G+D mode (see Fig. 3.5
- (¢)) in armchair GNRs without involving a defect.

(a) D mode (b)
Double resonance Armchair GNR

~
______

Identical

Figure 3.15: (a) - Upper panel: Schematic illustration of the double resonance process
D mode in graphene. First, as indicated by the green arrow, an electron near the K
point is excited into a real state by an incident photon with frequency w;, creating
an electron-hole pair (the first resonance). Then the excited electron is inelastically
scattered by a phonon of wavevector q with frequency Qp (D mode phonon, black
arrow) to a second real state, near the K’ (the second resonance). Due to momentum
conservation, the electron is elastically back-scattered into a virtual state near the K
point by a defect (blue dashed arrow). Finally, the electron-hole pair in the K valley
recombines with the emission of the scattered photon with frequency w, = w; — Qp for
the energy conservation (indicated by the red arrow). Lower panel: the double resonance
mechanism of D mode in graphene shown in top view. Adapted from [188]. (b) - The first
order process D mode in armchair GNR shown in top view. Grey rectangle: Brillouin
zone of armchair GNR. Hexagon: Brillouin zone of graphene. Black arrow denotes the
phonon wavevector q contributing to the D mode in armchair GNR. In armchair GNR,
because K and K’ point fold onto I', we do not need to involve an additional phonon to
conserve the momentum. The D mode is thus a first order process. Adapted from [187].

In graphene, the phonon frequency varies abruptly near the K points (Kohn
Anomaly), which leads to the result that the D peak in graphene is strongly disper-
sive with excitation energy (typically ~50 cm™ /eV) [189]. In contrast, due to the semi-
conducting nature of armchair GNRs, armchair GNRs no longer have linear electronic
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dispersion and the formation of Kohn Anomaly is also prevented [190]. One would ex-
pect a nondispersive behavior for the D peak. Indeed, a smaller dispersion of the D peak
in cove edge GNRs (10-30 cm™ /eV for different widths) has been already observed by
Verzhbitskiy et al. [35]. Similarly, we also plot the D mode position of the 9-ANR film
as a function of the excitation energy® (see Fig. 3.16). A very small dispersion of the
D peak is found (~15 cm™ /eV). This non-zero dispersion could be related to the some
disorder-induced scattering (e.g. defects in the 9-ANR, see Fig. 3.11)
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Figure 3.16: D mode dispersion of the 9-ANR film.

High order Raman mode

As we have already seen in the previous section, when the 9-ANRs film is excited at
405 nm, its emission spectrum shows a series of relatively narrow peaks. Interestingly,
after converting the wavelengths of these lines onto Raman shifts, we can assigned
them to high-order multi-phonon Raman modes from D (1335 cm™) and G (1600 cm™)
overtones and combinations (see Fig. 3.17 and Tab. 2). We can clearly see that up to the
4" order, the Raman modes are still narrow and clearly resolved. The further successive
two broad peaks at 550-600 nm and 600-650 nm could be also tentatively attributed to
the 5 and 6 order Raman modes, respectively.

The observation of well-resolved high-order Raman modes are in strong contrast
to the fact that the Raman signal decreases dramatically with increasing the phonon
order, as we can see in the case of graphene [191]. Moreover, since the multi-phonon
Raman scattering can involve the phonons of different wavevectors as long as their total
momentum is near to zero, the high-order Raman modes should become broad and
cannot be resolved even after the second order [192].

35The values for the excitation energy equals 1.96 eV (633 nm) and 2.33 eV (532 nm) are taken using
the micoRaman setup at LPA with high spectral resolution (~5 cm™), while for the excitation energy
equals 2.09 eV (594 nm) and 3.06 eV (405 nm) are taken using the confocal microscope setup in our
lab with relatively low spectral resolution (~15 cm™)
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Figure 3.17: Raman spectrum of the 9-ANRs film. The high-order Raman modes are
labeled in accordance with Tab. 2.

Number  Measured shift (cm™) Assigned mode Expected shift (cm™)
1 2629 2D 2670
2 2876 D+ G 2935
3 3119 2G 3200
4 3983 3D 4015
) 4217 2D + G 4270
6 4478 D + 2G 4535
7 4732 3G 4800
8 5324 4D 5340
9 5556 3D + G 5605
10 5811 2D + 2G 5870
11 6059 D + 3G 6135

Table 2: Assignment of the Raman modes of Fig. 3.17 using combinations of G- and of
D- phonon modes. The expected Raman shifts for these modes were calculated assuming
frequencies of 1600 and 1335 cm™ for G and D modes, respectively.
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We now explain this distinct Raman feature of GNRs. We first draw a scheme to
illustrate the process of n-th order Raman scattering. As shown in Fig. 3.18, an electron
in the ground state |0) first absorbs a photon with energy hw; and excited to the state
|i0). The electron is then scattered by the first phonon with energy hw,, and go to
the state |i1). Similarly, the electron is successively scattered by the second, third, ...,
(n — 1)th and nth phonon and in the [i,,) state. From this state, the electron go back to
the ground state |ig) by emission a stokes-shifted photon with energy hws.

i) Outgoing resonance:
LA 'I ''''' lin) areal electronic state
> hws an optical transition

Figure 3.18: (a) - Schematic illustration of the n-th order Raman scattering process.

From the scheme described above, we can write the Fermi’s golden rule of n-th order
Raman scattering that directly reflects the intensity of the process [193]:

2

2m (0[Her(Ws)[in) {io| Her(wi)|0) (| Heion|ij—1)
Pon(ws) =—
oh (W) A iozi ( hw; — E;, ; 11_[ hw; — 35 hwy, — Ej
X 0 (hw; — Z hiw,, — hws) (3.3)

where H.p is the electron-radiation coupling and H._;,, is the electron-phonon coupling.

w; is the incident photon frequency, ws is the stokes-shifted photon frequency and i;

describes a state with j phonons and Ej, is its corresponding energy. The ¢ function
d(hw; — >, hw,, — hws) describes the energy conservation.

Here two important components are involved in this formula: the electronic resonance
factors (corresponds to the energy denominators hiw; — > jliwy; — E;;) and the phonon
density of states (DOS) (correspond to the Dirac function 6(hw; — ) hw,, —hws)). For
3D materials, the DOS close to the phonon band extrema typically vanishes [192]. In con-
trast, for one dimensional materials the DOS at such points remains finite, which makes
it possible to observe the resonantly enhanced strong multi-phonon Raman modes. In-
deed, the similar results have been reported on suspended individual single-wall nan-
otubes (SWNTs) by Wang et al. [194].36 Moreover, after comparing the relative multi-
phonon modes intensities between SWNTs and graphite, the authors also indicated

36 As we have seen, D mode is a double resonance process in SWNTs. Thus for SWNTS only com-
binations including even number of the D mode phonons are allowed, whereas for our 9-ANRs we can
observe both odd and even number D mode combinations due to the Brillouin zone folding.
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that SWNTs exhibit appreciably stronger exciton-phonon coupling, which could also
enhances the strength of the high-order Raman modes. Having observed this same fea-
ture as in SWNTs suggests the 1D nature of electronic structure of 9-ANRs.

1 2 ex: 473 nm

Raman (Arb. Unit)

Rayleigh

Wavelength (nm)

Figure 3.19: Mllustration of the effect of resonant enhancement in the multi-phonon Ra-
man process in SWNTs. By comparing of the Raman spectra (upper panel: excitation
473 nm and middle panel: excitation 532 nm) with the Rayleigh excitation spectrum
(lower panel) for the same individual SWNT, the Raman modes with outgoing wave-
lengths close to the excitonic transitions (dashed red lines) exhibit a pronounced resonant
enhancement. Adapted from [194].

Notably, the authors in this paper also observed that whereas the general decrease of
the higher-order Raman intensity with increasing mode order, in specific cases higher-
order modes in a SWNT can actually be stronger than the lower-order ones. As in
Fig. 3.19, for two different excitation energies, strong enhancement was observed for
Raman modes 7 and 11 in upper panel and modes 3 and 7 in middle panel (dashed
red lines). Interestingly, the energy of these Stokes-shifted photons correspond to the
excitonic transition of this SWNT, which was determined by Rayleigh scattering spec-
troscopy (lower panel). This behavior can be explained as a result of the electronic
resonances in multiphonon Raman scattering related to the strongly peaked excitonic
transitions in SWNTs. From Eq. 3.3, we can see that the multiphonon Raman process is
resonantly enhanced whenever any intermediate step is close to an electronic resonance
(that is a intermediate state i; is a real electronic state and thus the energy denomina-
tors fiw; — 3 hw,;, — Ey; vanishes.). Especially, there will be an outgoing (or the last
step) resonance if i, is a real electronic state. Due to the energy conservation condition
hws = hw; — ) hw,, , the outgoing resonance indeed corresponds to the emission of the
Stokes-shifted photon (hws) in resonance with an excitonic transition (see Fig. 3.18).
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Similarly, for the 9-ANR film, we also observed that the 3rd and 4th order Raman
modes are strongly enhanced with 405 nm excitation compared with other excitation
lasers (532, 594 and 635 nm) (Fig. 3.20 - (a)). Morever, as shown in Fig. 3.20 - (b), this
is further put into evidence by plotting the Raman intensities of different high-order
Raman modes (normalized by the respective 2D mode intensity) for the 9-ANR film
with different wavelengths and also for graphite and individual SWNT (data adapted
from [195] and [194], respectively). We can see that similar to SWNT, the Raman signal
intensity of the 9-ANR generally decreases with increasing phonon order more slowly
than in graphite. Notably, compared to the other three excitation wavelengths, the
intensity of the 3rd and 4th order Raman modes of 9-ANR is enhanced by a factor
of 10 when excitation at 405 nm. This implies that the outgoing photon wavelength
of these enhanced Raman modes (around 470-530 nm) could be in resonance with the
excitonic transition of 9-ANR. Indeed, both the recently reported absorption spectrum
of in-solution synthesized 9-ANRs [196] and the theoretical calculations on 9-ANRs [93,

| indicated that an excitonic transition is located around this energy (see Fig. 3.21,
indicated by the black solid arrow). Moreover, from the reported absorption spectrum,
we can also find that these high order Raman modes are not in resonance when excitation
with the other three wavelengths (indicated by the black dashed arrow).
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Figure 3.20: (a) - Raman spectra of the 9-ANRs film excited with different lasers. Using
the 405 nm excitation, the 3rd and 4th order Raman mode are clearly enhanced, which
correspond to the outgoing photons at ~ 470-530 nm. All the spectra are normalized
by the intensity of the 2nd order peak. (b) - Comparison of relative intensities of high
order Raman modes in 9-ANR with different excitation wavelengths (405, 532, 594 and
635 nm) and also in graphite and individual SWNT (adapted from [195] and [194],
respectively). All the mode intensities are normalized by the relative intensity of the 2D
mode.
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Figure 3.21: Upper panel: Raman spectrum of the 9-ANR film excited with 405 nm laser
(blue line) and 532 nm laser (green line). Lower panel: Optical absorption spectrum of
the solution of 9-ANRs which are synthesized by the solution-mediated method. Data
adapted from [196]. When excitation at 405 nm, the outgoing photon wavelength of the
3th and 4th order Raman modes are in resonance with the excitonic transition shown
in the absorption spectrum (indicated by the black solid arrow). In contrast, when
excitation at 532 nm, the outgoing photon of these Raman modes are not in resonance
(indicated by the dashed arrow).

Conclusion

This chapter has studied optical properties of GNRs of two different synthesis approach
(solution-mediated and surface-catalyzed).

In the first section, we studied the emission properties of two GNR structures synthe-
sized by solution-mediated approach. The samples were dispersed with SDS surfactants
and the optical absorption and photoluminescence spectra as well as the life-time of the
excited states have been shown. The possibility of the formation of excimer states in
stacks of individual GNRs has been discussed in order to interpret the broad and highly
red-shifted emission band observed on both structures. Besides, we have also shown the
results of single-particle spectroscopic measurements using simultaneously confocal flu-
orescence microscopy and atomic force microscopy. The observation of emission of small
aggregates confirms the ability of GNRs to emit light in the solid state. These results
implies that in order to probe the intrinsic emission from single GNRs of this synthesis
approach, one major issue is to individualize GNRs in dispersion. To realize this, we are
trying to find a “good” solvent and perform the edge-functionalization.

In the second section, we have studied the effect of structural distortion on the optical
properties of GNRs. Owing to the precise bottom-up chemical reactions, the Mainz
group synthesized two GNR structures with the same aromatic core but one has planar
geometry and the other is non-planar, which is bent by the steric repulsion with the
side chains. We have performed the optical absorption and photoluminescence excitation
(PLE) spectroscopy on the dispersions of these two GNRs. The results implies that
the non-planar GNRs have a lower optical bandgap in agreement with the theoretical
calculations, demonstrating the possibility of engineering GNR properties via controlled
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structural distortion.

In the last section, we have shown our optical characterizations of the GNRs syn-
thesized on gold surface. The sample has been transferred onto insulating substrates in
order to perform the PL measurements. The microRaman results confirmed that the
GNRs indeed have been transferred onto the target substrates. Spectrally broad high
energy PL throughout the whole transferred GNR film has been observed, instead of
bright bandgap emission. We have attributed this PL to the emission from the defects,
which are created during the synthesis and could also be induced by the wet chemistry
transfer method. So in the next step, the synthesis should be improved and we will also
try to perform dry transfer method. At the end of this part, we have also discussed
the origin of the distinct Raman features observed on this GNR sample: width specific
RBLM mode, intrinsic D mode and well-resolved high order modes.

The results in this chapter shows the optical properties of bottom-up synthesized
GNRs and these properties have not been observed in top-down fabricated GNRs due
to the lack of structural control. Although the intrinsic emission from single GNRs has
not been probed yet, our results provide a clear direction to realize it.
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Introduction

Graphene quantum dots (GQDs), i.e. zero-dimensional graphene nanostructures, are at-
tractive for potential applications such as opto-electronic devices and bioimaging mark-
ers. As seen in Chap. I, the electronic, optical and spin properties of GQDs can be in
principle controlled by designing their size, shape and edges [36,59,61,198]. Similar to the
situation of graphene nanoribbons, the bottom-up synthesis method makes it possible
to precisely control its structure [57] and several sizes and shapes of GQDs have already
been synthesized [199]. Also, due to the strong 7-7 stacking (aggregation effect), very
few experimental studies are reported on the intrinsic optical properties of GQDs, es-
pecially in the solid state or at the single-emitter level. However, compared to graphene
nanoribbons, the GQDs have a smaller aromatic core size (one to several nm, while
GNRs have a length extending to tens or hundreds nm.). Thus, GQDs are expected
to be more easily individualized. In this context, we performed optical spectroscopy
on bottom-up synthesized GQDs to see whether we have individualized GQDs and to
study their intrinsic properties. The GQDs studied in this chapter were synthesized by
the group of Dr. Stéphane Campidelli at CEA Saclay.

In the first section of this chapter, I will show the steady-state and time-resolved
photoluminescence spectroscopy studies on ensemble of GQDs. The results imply that
the individual GQDs are indeed present in the solution. In the second section, I will go
down to the single-particle level by performing microphotoluminescence spectroscopy.
The nature of the observed emission from GQDs will be discussed, implying that the
emission originates from their intrinsic quantum states. Then a detailed study of pho-
tophysical properties including second order photon correlation ¢® measurements of
GQDs will be presented. Finally, edge-chlorinated GQDs will be investigated as a first
example of controlled modification of the emission properties.

1 General sample information

Our GQD samples studied here were synthesized by Julien Lavie, PhD student in the
group of Dr. Stéphane Campidelli at CEA Saclay. The GQDs were synthesized by the
solution-mediated approach and generally consists in two steps: Diels-Alder reaction of
the starting monomer precursors give the polyphenylene compounds and then the ox-
idative of cyclodehydrogenation polyphenylenes produces the corresponding GQDs (as
we have seen in Chap. I Sec. 3.2). Moreover, the edge of GQDs can be precisely function-
alized with the chlorine atoms by treatment with ICl. The intermediate polyphenylene
compounds are fully characterized by 'H NMR spectroscopy and the GQDs are char-
acterized by MALDI-TOF mass spectroscopy to confirm the complete dehydrogenation
and chlorination. Thus, the produced GQDs have a defined molecular structure, in con-
trast to the GQDs synthesized via top-down method [13,11].
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2 Optical spectroscopy on CgysC;o dispersions

We now go into details of the optical properties of CgsC1o GQD. As seen in Fig. 2.1 -
(a), CgsC1o consists of 96 sp? carbon atoms arranged in a triangular shape, which leads
to a lateral size of ~2 nm. Six alkyl chains (CyoHas) are installed at the edge of the GQD
to enhance its solubility. Its triangular shape makes it have a C'3 rotational symmetry.
Moreover, according to Clar’s aromatic m-sextet rule [200], Cog is fully benzenoid, i.e.,
the structure has 6n m-electrons, where n is an integer and thus, all the m-electrons
are grouped into sextets.?” As a consequence, the fully benzenoid structure usually has
a high chemical stability. In view of the optical measurements, GQD powders were
dispersed in 1,24-trichlorobenzene (TCB) with a concentration of ~0.1 mg/mL (see
Chap. IT Sec. 3.1 for the sample preparation details). A further dilution of x10 and
x 100 was also prepared. The experimental set-up used here is described in Chap. II
Sec.II.
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Figure 2.1: (a) - Chemical structure of CgsC12 GQD. “R” stands for alkyl chain C;5Hos.
(b) - Optical absorption spectrum (blue line) and photoluminescence spectrum (red line)
of CgsCy dispersion in 1,2 4-trichlorobenzene (TCB).

2.1 Absorption, PL and time-resolved PL measurements

The blue curve in Fig. 2.1 - (b) shows the absorption spectrum of the CosC1o dispersion.
An absorption line centered at 470 nm with a small shoulder at 450 nm is observed.
Moreover, if we look at the low energy region, two weak lines at ~575 nm and ~630 nm
can also be found. The red curve in Fig. 2.1 - (b) shows the corresponding PL spectrum
of the CygCyo dispersion. In contrast to the PL spectra of GNR suspensions, which is
structureless and very broad, the PL spectrum of CggC12 dispersion shows distinct lines.
The main PL line is centered at 650 nm with a red-side shoulder at ~705 nm. In the
blue-side of the main line, there are also two weak PL lines centered at 520 nm and
575 nm.

We then performed time-resolved photoluminescence (TR-PL) measurements on the
observed four PL lines. Results are displayed on Fig. 2.2 together with the impulse

37For our Cog GQD, there are 96 m-electrons so n = 16 sextets.
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response function (IRF). The decay curves of the two low energy lines at 650 nm and
705 nm are mono-exponential with a time constant of ~5 ns. The mono-exponential
behavior reveals that the emission arises from species with the same relaxation decay. It
is thus a strong indication that these two low energy PL lines originate from the emission
of monomers (single GQDs). In contrast, the decay curves of the two high energy lines at
520 nm and 575 nm are multi-exponential. The multi-exponential behavior implies that
the emission originates from the species with different decay dynamics. As between one
aggregate and another the decay dynamics are usually not the same, multi-exponential
decay is the characteristic of the emission of aggregates [116]. We thus suppose that
there could be still some GQD aggregates present in the dispersion which emit between
500 nm and 600 nm.
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Figure 2.2: Time-resolved PL measurements on CggC12 dispersion recorded at the differ-
ent PL lines (colored curves). The measured instrument response function (IRF) is also
shown (black curve). We observe mono-exponential decay (= 5 ns) for the low energy
lines (at 650 nm and 705 nm), while multi-exponential decay for the high energy lines
(at 520 nm and 575 nm).

We have performed the measurements on GQD dispersions with different concentra-
tions. The results are very similar (see Fig. 2.3)%. This implies that when preparing the
GQD dispersion, the ultrasonication (first step) plays the major role in dissolving the
GQD powders and breaking apart the aggregates, while the further dilutions have no
obvious effect on the degree of aggregation. Moreover, we also observed that over the
time the relative intensity of the two high energy lines increases compared to the two
low energy lines (see Fig. 2.4 - (a)). 3 months after the preparation of the dispersion, the
two low energy lines are totally immersed in the two high lines and become no longer
resolved. It is reasonable that the emission at 650 nm now is dominated by the tail of the
high energy line, which have a multi-exponential decay, in instead of the corresponding
PL line with mono-exponential decay. Indeed, when we performed the time-resolved PL
measurements detecting at 650 nm, the curve turns to be multi-exponential (see Fig. 2.4
- (b)). This evolution of PL and TR-PL spectra as a function of time suggests that the
monomers of GQDs may gradually re-aggregate after the preparation of dispersion.

38The measurements are not performed on the same day: first the stock solution, then the solution
of dilution x 10 and finally the solution of dilution x 100. The slight differences (i.e. the solution with
lower concentration has broader absorption, more intense emission at high energy region and more
obvious multi-decay behavior for the TR-PL) are thus presumably due to the re-aggregation effect. See
the following discussion.
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Figure 2.3: Optical absorption (a), PL (b) and TR-PL (c and d) spectra of the CgsCj2
dispersion of different concentrations (stock solution in red, solution of dilution x10 in
green and solution of dilution x100 in blue). For the TR-PL spectra (a and b) the signal
is detected at 575 nm and 650 nm, respectively.
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2.2 Photoluminescence excitation measurements

To get insight into the absorption behavior corresponding to each PL line, we performed
photoluminescence excitation (PLE) measurements on CgsCyy dispersion.

Before looking at the PLE spectra, we first plot the PL spectrum of CysC15 dispersion
at different excitation wavelength (Fig. 2.5). We can see that the general shape of the
PL spectra does not change with the excitation wavelength . This observation is in stark
contrast with the top-down fabricated GQDs [150] or carbon dots [119], in which the
emission wavelength red-shifts when increasing excitation wavelength (characteristic of
the emission of defects). One should note that depending on the excitation wavelength
there are some slight variations in the PL spectrum of Cg4Co dispersions: when the
excitation wavelength is between 500 and 600 nm, the whole PL spectrum becomes very
broad (purple curve on Fig. 2.5). In contrast, when the excitation wavelength is longer
than 600 nm, the two low energy PL lines become well-resolved (green curve). One pos-
sible explanation is that when the excitation wavelength is between 500 and 600 nm, the
aggregates are more efficiently excited, while for longer excitation wavelengths, mostly
monomers can be excited.
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Figure 2.5: Normalized PL spectra of CgsC15 dispersion excited at different wavelengths.

Fig. 2.6 - (a) displays the PLE spectra detected at the two low energy PL lines
(650 nm and 705 nm) (green and purple respectively). We can see that the two PLE
spectra show the very same behavior and they follow very well the trends of the absorp-
tion spectrum (blue). Moreover, these two PLE spectra are much more structured than
the absorption spectrum. Even the very weak bands in absorption spectrum (bumps at
575 nm and 630 nm) are well-resolved in these PLE spectra. Meanwhile, Fig. 2.7 displays
the PLE spectra detected at the two high energy PL lines (520 nm and 575 nm) (brown
and orange respectively). We can see that these two PLE spectra are structure-less, in
contrast to the PLE spectra detected at 650 nm and 705 nm. Moreover, these two PLE
spectra are both blue-shifted compared to the absorption spectrum (blue) and the PLE
spectrum detected at 520 nm is more blue-shifted than the one detected at 575 nm. In
the next section, we will discuss these PLE results and the possible origin of the PL
lines.
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Figure 2.6: (a) - PLE spectra of CgsCio dispersion detected at the two low energy PL
lines (green and purple), together with the optical absorption spectrum (blue). (b) -
PLE spectra detected at the two low energy PL lines (green and purple), together with
the PL spectrum (red).
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Figure 2.7: PLE spectra of CysCo dispersion detected at the two high energy PL lines
(brown and orange), together with the optical absorption spectrum (blue).

2.3 Discussion on the results of CyC;2 dispersion

We now discuss the origin of the PL lines of CgsC1o dispersion and the possible species
present in CggCqo dispersion.

First, for the two PL lines at low energy region (650 nm and 705 nm), the corre-
sponding PLE spectra shows the very same behavior and are in good agreement with
the absorption spectrum, which implies that these two lines originate from the same
species and these species are majority in the dispersion. Moreover, several resonances
are clearly resolved in the PLE spectra and these two PL lines has mono-exponential
decay dynamics with the same characteristic time (/5 ns). All these results suggest that
these two PL lines originate from the intrinsic emission of CggCio monomers. We also
compared these two PLE spectra with the PL spectrum (see Fig. 2.6 - (b)). We note
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that the position of the first band in the PLE spectra is roughly the same as the main
PL line (centered at 650 nm), which implies that the emission corresponds to the same
electronic transition as this lowest absorption band. We will go into detail on the origin
this transition and the electronic structure of CysCio GQD in Sec. 3.1.

For the two high energy PL lines (520 nm and 575 nm), the PLE spectra have the
different behavior with the absorption spectrum, which implies that the corresponding
species of these two lines are minority in the dispersion. Moreover, the shape of the
PLE spectra are relatively structure-less and these two PL lines show multi-exponential
decay dynamics. One possible origin of these two high energy PL lines is the aggregates
of CggC12 GQDs in the dispersion.

One possible reason for these two high energy PL lines is the presence of structurally
imperfect GQDs. Since the MALDI-TOF mass spectroscopy does not have an enough
resolution to exam the species with a very small quantity. We may have a question
whether it is possible that the sample contains a minority of GQDs that are partially
dehydrogenated in the last step of the synthesis. If this occurs, the partially dehydro-
genated GQDs has the open-bond sp? defects and smaller m-conjugated size, which could
lead to a blue-shifted transition. However, as we have seen, the intensity of two PL lines
is very weak when just after the preparation and over the time their intensity increases.
This behavior is more likely to be related to the aggregation effect rather than the
partially dehydrogenated GQDs.
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Figure 2.8: Schematic illustration of the energy diagram of J-aggregate that the tran-
sition dipoles are in-line (left) and H-aggregate that the transition dipoles are parallel
(right). Adapted from [201]

It is interesting to discuss that which type of aggregates could lead to such blue
shifted emission. Recalling the theory of coherent molecular aggregates, which was de-
veloped by Kasha in 1965 [201], the variation of the absorption transition when forming
aggregates results from the coupling of the electromagnetic quantum dipole of each
molecule. This dipole-dipole coupling give rise to a splitting of the initial energy level
of the molecule monomers. As we can see in Fig. 2.8 left, when the molecules assem-
ble in a top-bottom configuration (called J-aggregate), the dipoles are in-line. In this
configuration, the low energy transition is allowed, while the high energy transition is
forbidden, which results in the red-shift of the absorption and emission spectra. When
the molecules assemble in a cofacial configuration (called H-aggregate, shown in the
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right), the dipoles are parallel. In this configuration, the low energy transition is forbid-
den, while the high energy transition is allowed, which results in the blue-shift of the
absorption and emission spectra. Considering the planar m-conjugated structure, CogCio
GQD favorably stack together forming H-aggregate. Therefore, the two high energy PL
lines together with also blue-shifted PLE spectra are consistent with the behavior of H-
aggregate. Thus, it is likely that these two PL lines originate from the densely stacked
H-aggregates, which have efficient parallel dipole-dipole coupling. Moreover, the the-
ory indicates that for H-aggregates the more molecules are coupled, the more blue-shift
is [202]. So the PL line at 520 nm may originate from the larger aggregates than the
line at 575 nm (e.g. the line at 575 nm may correspond to the emission of dimers, while
the line at 520 nm corresponds to the emission of trimers or tetramers).

We also note that the absorption spectrum is broader and less resolved compared
to the PLE spectra of the two low energy PL lines. Depending on the excitation wave-
length, sometimes the PL spectrum is also relative broad. This implies that in the GQD
dispersion there are some species that do not efficiently emit neither at the two low
energy lines nor the two high energy lines but still contribute to the absorption. These
species may be aggregates with a configuration where the orientation off dipoles are
random and their electronic coupling is relatively weak, but such aggregates may have
some mechanical coupling, which results in the broadening of the spectra.

Despite of the discussion above, it is very necessary to know the structure of the
aggregates in the CgsCio GQD dispersion and build the theoretical model. These pro-
cedures are not only for explaining the optical results obtained here but also for under-
standing the mechanism of the interaction between such large nanographenes, which is
an essential step for realizing their applications.

In this perspective, we have sent the CosC1o GQD dispersion to Dr. Hanako Okuno
at CEA LETI, Grenoble, to perform high-resolution TEM experiments. The preliminary
results are shown in Fig. 2.9. We found some well-organized “graphene-like” structures
(highlighted by yellow circles), probably corresponding to the CogCi2 monomers or the
small H-aggregates (dimers or trimers). We also found some long columns with a rel-
atively loose structure (highlighted by the red circle). These columns are presumably
formed by an array of vertically standing GQDs and they could account for the broad-
ening of the absorption spectrum. Indeed, the formation of such column packing has
already been observed in a small triangle-shaped nanographene [203].

Figure 2.9: High-resolution TEM images of the sample prepared from the CgsCyo dis-
persion with a x100 dilution. Substrate: graphene.
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3 Optical study of single CgC12 GQDs

Having the strong indication that Cos GQDs are individualized in solution, we performed
single-particle measurements, which allow us to overcome averaging effect inherent to the
measurements on ensemble and to address the intrinsic properties of single GQDs. Here
we performed a microphotoluminescence study using a home-built confocal microscopy
under ambient conditions (for more details, see in Chap. I Sec. 2.1). The samples for
this study were prepared following the procedures described in Chap.Il Sec. 3.2. In
general, we first mixed the Co9g GQD solution with a solution of polystyrene (PS). The
blend of GQD/PS was subsequently spin-coated onto a coverslip, leading to a thin film
of polystyrene (thickness ~25-50 nm) with Cog embedded in it. It is well-known that the
surface charges of substrate could result in the degradation of the emission efficiency of
quantum emitters [134,204]. Thus, embedding GQDs in a polystyrene matrix is expected
to reduce these perturbations and also to isolate the GQDs from oxygen.

3.1 Microphotoluminescence spectroscopy of single Cgy5Cio

GQDs

PL maps
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Figure 3.1: PL raster scan images of CgsC1o GQDs embedded in a polystyrene matrix
spin-coated from CgCy solutions with different concentrations: (a): 10->mol.L~!; (b):
10~ %mol.LL7%; (c): 10~ mol.L = and (d): raw polystyrene film without GQDs. Size of all
PL images: 20 x 20 um?. Excitation wavelength: 594 nm. Excitation power: 200 nW.

We first performed PL raster scan on the CgsCio samples. Since the solution PL
results indicate that the sample may still have some aggregates emitting in the high
energy region between 500 and 600 nm (see Fig. 2.1), we first used a continuous-wave
laser diode at 594 nm as the excitation source in order to excite preferentially the
monomers. The excitation power was set to 200 nW (~ 120 W/cm?). A long-pass
filter with cut-off wavelength at 600 nm was put on the detection path to suppress
the excitation laser signal (the transmission curves of the dichroic mirror and the long-
pass filter for this excitation laser are shown in Chap. II Fig. 2.3) and the emission signal
from the sample was detected by the APDs.



3.1 - Microphotoluminescence spectroscopy of single CosCra GQDs 113

Fig. 3.1 shows typical PL intensity maps of the samples spin-coated from the so-
lutions with different concentrations of CggCio GQDs. We can see that when a highly
concentrated solution (107°mol.L. ™) is used to make the sample, the whole PL image
shows very strong luminescence signal (see Fig. 3.1 - (a)). When the concentration de-
creases, the spatial distribution of PL signal becomes more and more localized (Fig. 3.1
- (b)) and finally we observed mostly point-like spots (Fig. 3.1 - (c)). This correlation
between the GQD concentration and the intensity of PL image ensures that the signal
do arise from GQDs. For the highest dilution sample (Fig. 3.1 - (¢)), we can easily find
localized bright spots with intensity ~30 kcounts/s (indicated by the white square). The
density of such spots is about 2-5 per 100 um?. Moreover, we also performed PL scan
on raw polystyrene films without GQDs as control experiment. Indeed, it is reported
that organic solvents, polymer matrix and glass coverslips may contain quantum emit-
ters [205-207]. This optical contamination could lead to the misinterpretation of the
single-emitter spectroscopy results. As shown in Fig. 3.1 - (d), at the same experimental
conditions, the polystyrene films shows very weak PL signal in contrast to the GQD
samples. Although we can observe some PL spots with intensity less than 10 kcounts/s,
they bleach quasi instantaneously in strong contrast with the bright GQD spots that are
stable for hours. This result confirms again that the bright spots originate from GQDs.

Fig. 3.2 shows a magnified image around a typical localized and bright spot (each
pixel corresponds to 20 nm). This image is fitted by a two-dimensional Gaussian function.
The fit gives a 1/e? spot diameter of ~600 nm in good agreement with the diffraction
limit of our set-up (see Chap. II Sect. 2.1). This implies that the emission arises from
a point-like emitter, which could be a single Cog GQD. In the following parts, we will
perform the optical characterization of these diffraction-limited bright spots.
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Figure 3.2: (a) - Magnified PL raster scan image around a typical localized and bright
spot. (b) - Two-dimensional Gaussian fit of this image shown with a 3D representation.
The fit gives a 1/e? spot diameter of ~600 nm, which is in good agreement with the
diffraction limit of our set-up (see Chap. II Sect. 2.1 for more information).
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PL spectra

A typical PL spectrum acquired on such a spot is displayed on Fig. 3.3 - (a). For this
particular CgsCio GQD, the spectrum is composed of three lines, noted 1, 2 and 3,
centered at 653 nm (1.90 eV), 719 nm (1.73 eV) and 797 nm (1.56 eV), respectively.
The full width at half maximum of the main line is of the order of 27 nm (80 meV).
Note that this line shape is very similar to the low energy part of the PL spectrum of
Co6C12 solution (Fig. 2.1). We have acquired the PL spectrum on more than 25 GQDs.
The shape of PL spectra are generally very same with slight variations of the relative
intensity between three PL lines. We thus tentatively fitted all the spectra by using three
Lorentzian peaks (Fig. 3.4 - (a)). We observe that the highest energy line (line 1) always
has an asymmetric profile. Nevertheless, the fitting procedures well give the position of
each line. Fig. 3.3 - (b) shows line 1 wavelength distribution. We can see that for this
set of 25 GQDs, line 1 is mostly located between 615 nm and 660 nm and no GQDs
with line 1 longer than 670 nm are observed.?® Such variation of emission wavelength
might result from the differences in the local environments of GQDs.

Moreover, from the fits we also find an average energy splitting of 17045 meV be-
tween lines 1 and 2 (AF)_») and 165£10 meV between line 2 and 3 (AFE,_3) (Fig. 3.4 -
(b) and (c), respectively). Moreover, for each spectrum the value of AE; 5 and AE;
are almost the same (the difference usually less than 5 meV)(Fig. 3.4 - (d)).
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Figure 3.3: (a) - Typical Room-temperature PL spectrum of single CgsC12 GQD. Ar-
row indicates the excitation laser wavelength (594 nm). (b) - Histogram of the line 1
wavelength position for a set of 25 single CgsC12 GQD.

39Note that the wavelength of line 1 can tentatively be categorized into two families: one is around
620 nm (2.00 eV) and the other is around 655 nm (1.89 eV). It is known that some single defects in
wide-band-gap materials could have different charges states that have very different optical properties
like the emission wavelength, e.g. nitrogen-vacancy (NV) in diamond could have NV-, NVY and optical
inactive NV states [208-210]. Thus, for the works in the future, it is worth to acquire more PL spectra
to confirm whether GQD could have different emission families and to further investigate the origin of
such differences.
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Figure 3.4: (a) - PL spectrum of a GQD displayed in photon energy. Blue line is the fit
using Lorenzian functions. AF;_5 and AFE5_3 denote the energy splitting between line
1 and 2 and line 2 and 3, respectively. (b) and (c) - Histograms of the values of AE;
and AFE,_3, respectively. (d) - Histogram of the difference between AFE;_5 and AFE,_3.

To confirm that the two high energy lines (between 500 - 600 nm) observed in solution
originate from aggregates rather than single GQDs (monomers). We have also performed
PL spectroscopy on CgsCio GQD spots using a green laser at 532 nm (2.33 eV) with
the corresponding dichroic mirror and long-pass filter cutting off at 550 nm (see in
Chap. II Fig. 2.3 for the transmission curves). In such way, if this two high energy PL
lines observed in solution were intrinsic to CggCio GQDs, we would expect to observe
them when we excited at 532 nm. Fig. 3.5 - (a) shows the PL spectra acquired on the
same CggC1g spot with the two different excitation wavelength (532 nm and 594 nm)*°.
We can see that the obtained spectrum is almost the same*' and nothing appears at
the high energy part when the excitation is at 532 nm. This confirms again that the
two high energy lines observed in solution stems from the aggregates. We should note
that here we excited the spots with only two different excitation wavelengths. In the
future, a detailed photoluminescence excitation (PLE) measurements, e.g. using the
supercontinuum coupled to the AOTF filter as a variable source, should be performed
in order to investigate the electronic structure of CygCio GQDs at single-object level.

Moreover, in the domain of semiconductor optics, it is well know that in high excita-
tion regime, two or more excitons can be present and their interaction can lead to some
new features appearing in the PL spectrum. For example, people have detected biexciton
emission in CdSe/ZnSe quantum dots [211] and charged exciton (trion) emission peaks

40To do this, we first acquired the PL spectrum using 594 nm laser. We then switched to 532 nm
laser together with the corresponding dichroic mirror and long-pass filter. We performed the PL scan
to find the spot and acquired the PL spectrum on it.

4“1 The slight difference is presumably due to the change of the grating angle of spectrometer.



116 OPTICAL STUDY OF SINGLE Cg6C19 GQDs

T 10l b) =

ﬁ 1.0 Exc@ 594 nm .GN) 1.0 ——0.5uW

g Exc@ 532 nm g —30 W

2 2

> 0.51 L; 0.51

£ c

T 0.0 . | . T 0.0 . | .
500 600 700 800 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 3.5: (a) - PL spectra of a single GQD at different excitation wavelength. Orange
line: 594 nm. Green line: 532 nm. (b) - PL spectra of a single GQD at different excitation
powers using 594 nm laser. Purple line: 0.5 uW. Dark red line: 30 uW.

have also been observed in single-walled carbon nanotubes (SWNTs) when excitation
higher than 1 kW /cm? [212]. Moreover, people have recently reported observation of a
biexciton state in GQDs with a similar structure to our Cgg by pump-probe measure-
ments [100]. In this context, we performed PL spectroscopy at high excitation power in
order to search such multi-exciton process in our CosCio GQDs. Fig. 3.5 - (b) shows the
PL spectrum with a high excitation power of 30 uW(~18 kW /cm?). We can see that the
spectrum does not change compared to that with low excitation power (0.5 uW). For
future investigations, it is worth to perform the measurements under pulsed regime with
a high peak power. Moreover, since the PL spectrum is relatively broad at room tem-
perature, performing the PLL measurements at low temperature would be very valuable
and will be an axis of research in our group.
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Discussion on the nature of photoluminescence

Having detected the photoluminescence from single CosC1o GQDs, we now discuss the
nature of the quantum states at the origin of the observed three PL lines. From a struc-
tural point of view, our GQDs can be considered as polycyclic aromatic hydrocarbons
(PAHs) with large aromatic core size. As the “unit cell” of PAHs, the electronic structure
of benzene is well understood (see Fig. 3.6 - (a) left). One would expect four possible
HOMO-LUMO ftransitions, i.e. from the 73 into 7} 5. By including configuration inter-
actions (CI)*2 the degenerate configuration states are split. Finally, as shown in Fig. 3.6
- (a) right, benzene is found to have two dark transitions which arises from the ground
state 1Aj, to two symmetry-forbidden "By, and 'Bs, states and a bright transition to
higher energy 'E;, state, characterized by a twofold degeneracy and a large oscilla-
tor strength. From the nomenclatures derived from group theory, these two low energy
symmetry-forbidden transitions are called a and p bands and the high energy bright
transition is called § band [213]. By analogy with benzene, the absorption spectra of
PAHs also display similar dark low energy «, p and bright high energy 8 bands (Fig. 3.6
- (b)). Moreover, the lowering of symmetry in PAHs will make the degeneracy of 3 band
lifted, leading to the appearance of a 5’ band. Besides, due to the coupling with the
vibrations of the lattice or symmetry breaking®?, the two dark transitions a and p band
can be brightened by borrowing oscillator strength from the £ band [2141].
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Figure 3.6: (a) - Energy levels and configurations of benzene (left) and the electronic
transitions obtained from configuration interaction (CI) correction (right). Adapted
from [215]. (b) - Calculated optical absorption spectra of a series of hexagonal PAHs
(Dgn point group symmetry) of different sizes. Similar to benzene, they have two low
energy dipole-forbidden transitions (o and p bands, indicated in the spectra by solid
and dashed arrows, respectively) and a high energy intense absorption peak (8 band),
which is given by a doubly degenerate transition. For the lower symmetry PAHs, the
degeneracy will be lifted, leading to the appearance of a 3’ band. Adapted from [90].

With this picture in mind, looking back on the optical absorption and PLE spectra
of CosCra GQD solution, the two intense lines at 445 nm and 470 nm together with

42This approach accounts for the electron correlation effects, i.e. the motion of one electron can
influences other electrons. In contrast, the basic HartreeFock method considers that the the electrons
move in the average potential field of all the other electrons.

43The symmetry breaking can be due to, e.g., structural distortion and charge fluctuations induced
by the local environment.
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Figure 3.7: Left: optical absorption spectrum of CgsC1o GQD in solution (blue solid line)
and PLE spectra (green and red dash-dot lines). The observed peaks can be assigned to
a, p, 5 and 8’ bands, according to Clar’s notations [215]. One should note that there are
two possibilities for the assignment of the p band. One is the peak at 580 nm. Another
is the bump at ~530 nm. In this case, the peak at 580 nm would be the 1-0 vibronic
transition of a band, since the splitting between the peak at 580 nm and 630 nm is also
170 meV. Right: schematic illustration of the proposed nature of the photoluminescence
of CogCra GQD by a simplified Jablonski diagram. The two solid lines represent the
electronic states and the dashed lines represent vibrational states. The observed PL
corresponds to the lowest transition (o band) and the its three lines correspond to
the 0-0, 0-1 and 0-2 vibronic (i.e. vibrational-electronic) transitions, respectively, with
energy splitting A2 = 170 meV.

the two relatively weak lines at 580 nm and 630 nm are in very good agreement with
the four characteristic transitions a, p, 8 and 3’ (see Fig. 3.7 left). Thus, the main PL
line at ~650 nm, which is very closed to the lowest line of PLE spectrum (630 nm),
could correspond to the emission line of o band. Moreover, as we have seen in Fig. 3.4,
the energy splitting between the successive PL lines is almost equal with a value of
~170 meV. Since this value is very close to the C=C stretching vibration mode, we
tentatively attribute the first PL line to the 0-0 transition of a band followed up with
two vibronic replicas, with a quantum of vibration A2 = 170 meV (as illustrated by a
simplified Jablonski diagram in Fig. 3.7 right).

One should note that the energy splitting of between the two PLE lines at 580 nm
and 630 nm is also 170 meV. It is possible that the line at 580 nm is the 1-0 vibronic
transition of a band rather than the higher electronic transition p band. It can be seen
here that further studies, including calculations and the PLE measurements on single
CosC12 spots, are necessary for a full understanding of the electronic structure.

Polarization response

Finally, to investigate the polarization response of CgsCio GQD, we performed the
polarization-resolved PL measurements on single GQD spots. For these measurements,
we acquired the PL spectrum as a function of the excitation (detection) polarization
angle. Fig. 3.8 - (a) shows the results of excitation angle dependence of a typical single
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GQD spot. From the 2D PL intensity map (upper panel), we plot the intensities of
the three PL lines as a function of the excitation polarization angle (lower panel). For
all the three PL lines, the polarization response are fitted with a cos?(6) function. The
fits gives that the three PL lines have the same response to the excitation polarization.
The polarization direction is at 105°(indicated by the black dashed line). Moreover, the
polarization visibility (Znae — Imin)/(ZImaz + Imin) are more than 95% (line 1: 97%, line
2: 98% and line 3: 98%). These results show undoubtedly that the GQD has a defined
single linearly polarized absorption transition dipole. Similarly, as shown in Fig. 3.8
- (b), we performed the emission polarization measurements by varying the detection
polarization angle. We can see that the main PL line (line 1) is polarized in the same
direction as the excitation one at 15°(indicated by the black dashed line) with a po-
larization visibility of 75%. Meanwhile, for the line 2 and line 3, which we tentatively
attribute to the vibronic replicas, the detection polarization angle is slightly shifted by
5° (both at 100°) with a polarization visibility of 78% and 86%.
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Figure 3.8: (a)- Polarization measurements of a single GQD in excitation. Upper panel
in (a): PL intensity plot as a function of the polarization excitation angle. Lower panel
in (a): The corresponding excitation polarization diagram of the three PL lines. (b)-
Polarization measurements of the same GQD in detection. Upper panel in (b): PL
intensity plot as a function of the polarization detection angle. Lower panel in (b):
The corresponding detection polarization diagram of the three PL lines. Solid lines
in polarization diagrams are the fits using a cos?() function. The black dashed lines
indicates the polarization direction. Excitation wavelength: 594 nm.

We have performed such polarization measurements on 10 single GQDs. The exci-
tation diagram of the three PL lines and the emission diagram of the main PL line are
always polarized in the same direction with a high polarization visibility. In contrast, for
line 2 and 3, their emission polarization diagrams always show more or less difference
with the main line and between these two lines the diagram can also be very different.
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Fig. 3.9 shows the emission polarization measurements on an another GQD, in which the
emission diagram of the three lines are clearly very different. The emission polarization
of the main line is still parallel to the excitation polarization at an angle of 165° (polar-
ization visibility 62%). Line 2 is polarized at 209° with a polarization visibility of 31%.
Line 3 is polarized at 226° with a polarization visibility of 65%. From the results shown
above, we can conclude that for CggCio GQD, the main emission transition dipole is
parallel to the absorption transition dipole in a defined direction**, while the emission
dipoles of the two satellite PL lines show different behaviors.
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Figure 3.9: Emission polarization measurement results for a single GQD showing differ-
ent behavior. The response of the main PL line is still parallel to the direction of the
absorption dipole (indicated by the dashed line). In contrast, the two satellite lines are
polarized differently.

We now discuss these results of polarization measurements on CogCi2 GQD. In [89],
the authors performed theoretical calculations on Cig3 GQD that has the same C ro-
tational symmetry as CogCro GQD (see Fig. 3.10 - (b)). Their results may help us to
understand the polarization behavior of CggCio GQD. They first calculated the eigen-
states and eigenvalues of Cygg using a tight-binding approach and fill them with spin-up
and spin-down 168 m-electrons. Due to the 3-fold symmetry, the eigenstates can be
characterized according to their angular momenta projections, m, with m = {0,1,2}.
The highest valence band (VB) state and the lowest conduction band (CB) state are
both double-degenerate with m = 1 and 2 (see Fig. 3.10 - (a) left). Therefore, there
are four degenerate lowest singlet transitions (singlet means no flip of spin): two crossed
transitions that Am = 41 and -1 (Fig. 3.10 - (a) middle); two vertical transitions that
Am = 0 (Fig. 3.10 - (a) right). The selection rules indicates that the vertical transi-
tions (Am = 0) are dark, while the crossed transitions (Am = £1) are optically active.
The transitions with Am = =41 correspond to circularly polarized light with ¢* and
o~ polarization?® in analogy to semiconductor quantum dots [217]. Furthermore, by
including electron-electron screened Coulomb direct, exchange, and scattering interac-
tions, the degeneracy of the four transitions are finally moved and the authors found
the very same results as we discussed in the previous section: The two bright transitions

440ne should note that when changing the excitation angle, the obtained emission diagram do not
change.

45The authors also indicated that the degeneracy in the 3-fold rotational GQDs is somewhat similar
to the valley degeneracy of graphene or TMDs [216]. It is due to the fact that the first Brillouin zone
of a hexagonal lattice is also hexagonal and has a 3-fold rotational symmetry. This symmetry links K
points with a phase of 27/3, as well as the K’ points with a phase of 27 /3, which generates two distinct
but degenerate subspaces, just like the m = +1 and -1 subspaces in GQD a with C3 symmetry.
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with m = £1 have higher energies (indicated in red in Fig. 3.10 - (¢)), which thus corre-
spond to the 5 and 3’ bands. The two dark transitions with m = 0 have lower energies
(indicated in red in Fig. 3.10 - (c)), which correspond to the p and « bands. Applying
this picture on our CesC1o GQD, the excitation (at 594 nm) and emission thus both
corresponds to the lowest “dark” transition (o band) with total angular momentum Am
= 0. The authors in this paper did not discuss the exact polarization of the Am = 0
transitions, as they considered that they were dark. However, it is known that in a dis-
ordered matrix, such as a polymer (in our case the polystyrene), the molecules undergo
local strains. It is thus possible that the strains could lower the symmetry and brighten
the dark transition, and this transition could have a linearly polarized dipole depending
on the orientation of the strain. For further investigations, it is very valuable to do the
experiments with higher excitation energy, i.e. around 475 nm, which corresponds to the
“bright” transition, to see whether we can find a polarization response on the circularly
polarized light as predicted by this theory.
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Figure 3.10: (a) - Left panel: ground state at band edge of the Cigs GQD. Middle and
right panel: Four lowest singlet transitions: two with total angular momentum Am = £1
(middle) and two with Am = 0 (right). (b) - Structure of the Cip5 GQD showing Cs
rotational symmetry. (c¢) - Evolution of energy of the lowest transitions with the inclusion
of different interactions. Adapted from [89].

We now look at the possible reason for the mismatch between the emission dipoles of
the two satellite PL lines and the main PL line. It is most possible that the three emission
dipoles are all in the plan of GQD. Moreover, considering the C3 symmetry, it is possible
that the emission dipole turns 60° from one line to another. However, since the GQDs
orientate randomly in matrix, we observe the angle between each PL line is random. But
if this assumption is true, when the plan of GQD is more parallel to the sample plan we
should observe higher emission intensity and more clear difference between the emission
dipole angles. In contrast, when the plan of GQD is more perpendicular to the sample
plan we should observe lower emission intensity and the emission dipole angles should
be more parallel. To verify this, we are accumulating more data to see whether there is a
correlation between the emission intensity and the angle between each emission dipole.



122 OPTICAL STUDY OF SINGLE Cg6C19 GQDs

Besides, theoretical modeling is very required to explain this experimental observation.

3.2 Photophysical properties of single CggC12 GQDs
Second order photon correlation measurements

In order to identify the number of emitters associated with such diffraction limited
spot and spectrum, we measured the second order correlation function (¢® (7)) at room
temperature on photons from the entire spectrum. To do this, a standard Hanbury-
Brown and Twiss (HBT) setup in a “start-stop” mode is used (for the principle of this
measurement, see Chap. II Sec. 2.2).
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Figure 3.11: Typical g (7) trace on a single CosC1o GQD. Excitation power: 200 nW.
The red line is the fit to a double-side exponential with a characteristic time of ~4.1 ns.

Fig. 3.11 shows a typical ¢ (7) curve on a spot of CgsC1o GQD under a moderate
excitation power of 200 nW. Strong anti-bunching at zero delay is clearly observed. We
fit this curve using a double-side exponential?:

1—(1—Db)ell/m (3.1)

with 77 the anti-bunching characteristic time and b the bunching residual at zero de-
lay. The fit gives 71 = 4.1 ns and ¢ (0) = 0.04. This very small ¢®(0) value un-
doubtedly proves that a single emitter is detected (criteria for a single photon emitter:
g®(0) < 0.5). This is in strong contrast with the results of such experiments performed
on “top-down” GQDs where no anti-bunching is observed [218]. The authors in this
paper interpret the absence of anti-bunching as a consequence of the extrinsic nature
(i.e. the defects) of the emission from “top-down” GQDs. Moreover, we have performed
measurements on more than 40 GQDs, all of them leading to g (0) < 0.1 (see Fig. 3.12
and 3.13). As these ¢ measurements were performed by integrating all the wavelengths
on the detector, it implies that the spectrum described in the previous section indeed
arises from a single GQDs and not from several objects. Considering the good agree-
ment between PL/PLE measurements and the theoretical predictions (discussed in the

46Under such low excitation power, the g(®>) measurements are not affected by the time jitter of
detectors and eventual inter-system crossing. Thus the obtained ¢(2) curves can be accurately fitted by
this sample formula. We will see in Sec. 3.3 how the ¢(?) evolves as a function of the excitation power.
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precedent section), we can further confirm that the emission indeed arises from intrinsic
quantum states of CosC1o GQD. Moreover, the more the ¢(®(0) value tends to zero, the
better purity of single photons emission is and the purity of single photon emission is
crucial for quantum information processing [219]. The weak value of ¢?(0) observed for
GQDs enforces it as an interesting alternative to other single sources in 2D materials,

such as defects in WSeq [220-221] or in h-BN [128,225 220].
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Figure 3.12: Examples of ¢'®(7) traces on different GQDs recorded at a moderate exci-
tation power (=200 nW) without any background correction. The red lines represent a
fit to a double-sided exponential function 1 — (1 —b)e~7/7. The obtained ¢ (0) values
from the fits are shown in the graphs.
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Figure 3.13: Histogram of the ¢/®(0) values from 40 single CgsC1o GQDs.
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Lifetime measurements

Having confirmed that the sample contains single GQDs, we performed time-resolved
photoluminescence (TRPL) experiments to measure their excited lifetime. Here the su-
percontinuum laser tuned at 580 nm is used as the pulsed excitation source. Before
the lifetime measurements, we performed the ¢(® measurements on the GQD spots to
ensure that a single GQD is studied. Fig. 3.14 - (a) shows a typical coincidence his-
togram of a GQD spot under the pulsed excitation. The total absence of the central
peak demonstrates single photon emission, thus ensuring that the spot corresponds to a
single GQD. The PL decay curve of this single GQD (recorded over the entire emission
spectrum) is shown in Fig. 3.14 - (b). The data is well fitted by a mono-exponential
with a decay time constant of ~5.4 ns. We have performed lifetime measurements on 7
single GQDs. The obtained time-resolved PL curves are always mono-exponential with
decay time constants ranging from 3.1 to 5.5 ns in agreement with the result of GQD
solution (5 ns).

As indicated by the dashed circle in Fig. 3.15 - (a), sometimes a spot with size larger
than the diffraction limit can also be found in the PL scan image. Such a spot shows a
broad and structure less PL spectrum (Fig. 3.15 - (b)) and is not as stable as the single
GQD spot (intensity fluctuations and decreasing). Moreover, the ¢g(®) measurements of
these delocalized spots do not show anti-bunching (Fig. 3.15 - (c¢)), which implies that the
spot contains more than one emitters. We thus attribute such spots to GQD aggregates.
Fig. 3.15 - (d) display the time-resolved PL on such GQD aggregate, which clearly shows
a multi-exponential decay behavior. These aggregates could already exist in the GQD
solution as we discussed in the previous section. They could also be formed during the
spin-coating process.
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Figure 3.14: (a) - Typical coincidence histogram of a GQD spot under a pulsed exci-
tation (supercontinuum). A series of peaks separated by the repetition period of the
supercontinuum laser (16.7 ns) are observed. The absence of the central peak indicates
single photon emission (thus, single GQD). (b) - Corresponding time-resolved PL of the
same GQD spot (recorded over the entire emission spectrum). The red line is the fit
using a single exponential, which gives a decay time of 5.4 ns.
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Figure 3.15: (a) - PL raster scan image showing large spot with a size ~1.5 pm (indicated
by the dashed circle). (b-d) Corresponding PL spectrum (b), coincidence histogram (c)
and time-resolved PL (d) of this GQD spot.

Saturation curve

Having revealed the single photon emission from CgsCio GQDs, we are now going to
characterize some emission properties of CggC1o which are very important for a single
photon emitter. One figure of merit of a single quantum emitter is its brightness. To
characterize the brightness, we measured the emission intensity of a single GQD as a

function of the excitation power density to obtain a saturation curve (see Fig. 3.16 -
(a)).r" Tt is fitted by

R=Roo/(1 + Lunt/Iuxc) (3.2)

with R, the count rate at saturation, Iy, the excitation power density at saturation
and I the excitation power density. From this fit, we obtain R, ~ 9.7 Mcounts/s,
and Iy, ~ 28 kW /cm?.

We now try to compare this value of count rate at saturation with other quantum
emitters. To date, one of the brightest single photon emitters at room-temperature
is defects in h-BN [128, 225, 220]. In Ref. [128], the authors performed the saturation
measurements on a single defect in h-BN crystal, which gave a sautration rate R, =~
3.9 Mcounts/s (see inset of Fig. 3.16). Moreover, they performed the same measurements
on a NV center in 100-diamond using the same experimental set-up and they found

4TFor each excitation power, we performed a PL scan around the spot. The obtained PL intensity im-
age was then fitted by a 2D Gaussian function, which allows exactly determining the emission intensity
without the contribution from background.
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Figure 3.16: (a) - Saturation curve of a single GQD (blue dots) as a function of the
excitation power density. The red line is the fit according to Eq. 3.2 giving a saturation
rate R, ~ 9.7 Mcounts/s. Black dots show the contribution of background emission,
which is more than 100 times lower than the emission of GQD. Inset: Saturation curve of
a single defect in h-BN crystal, adapted from [128]. The authors also used Eq. 3.2 to fit
the curve, which gives a R, ~ 3.9 Mcounts/s for the single defect in h-BN crystal. (b)
- Saturation curves of a GQD (blue dots) and a single NV center in bulk (111) diamond
(green dots). We recorded these two curves using the same set-up. The solid lines are
the fit according to Eq. 3.2.

the saturation count rate of the defect in h-BN is about 20 times higher than the
NV center. As we know, NV centers in bulk diamond are one widely used quantum
emitter. Its brightness is well-documented and almost unchanged between one sample
to another [227]. This makes NV centers as a connection for the comparison of brightness
between different quantum emitters. Similarly, we performed the experiments on a single
NV center in a 111-diamond*® on the same experimental setup as the one used for GQDs.
A saturation count rate of 0.3 Mcounts/s was measured (see Fig. 3.16 - (b)) in good
agreement with literature [227]. The count rate at saturation of GQDs is thus about 30
times higher than NV centers. Since we found very similar ratio of count rate between
our GQD and NV center as the authors found between defect in h-BN and NV center
in [128], and these two experimental set-ups are also very similar (confocal microscopy
with the objective of similar numerical aperture and similar model of APDs as detector),
it turns that the GQDs are, at least, as bright as defects in h-BN. Thus, it puts GQDs
in the highest values of brightness among other quantum emitters.

Photostability

Now we address the question of the photostability of GQDs. In this perspective, GQDs
have also good properties. We can easily find single GQDs with stable emission up to
hours under a moderate excitation power, as shown in Fig. 3.17 - (a) (the small intensity
fluctuations indicated by the stars are due to the instability of set-up.). This observation
is in strong contrast to the case of fluorescent molecules. Although many efforts have been
made to improve the photostability of fluorescent molecules [228,229], under ambient

480ne should note that since the emission dipole is parallel to the surface plan for NV centers in
111-diamond, they generally have ~20% more count than NV centers in 100-dimond.



3.2 - Photophysical properties of single C9sC10 GQDs 127

condition a single molecule can only emit up to 107 photon before photobleaching,
i.e. the irreversibly transform the molecule into a non-fluorescent specie. Here, from
Fig. 3.17 - (a) we can see that a single GQD can emit more than 10° photons®® without
photobleaching. This encouraging result could even be improved by engineering the
surrounding matrix. Moreover, Fig. 3.17 - (b) shows that no blinking is observed on the
PL time trace with a short time bin of 10 ms. The corresponding histogram of counts
per bin is well fitted to a Poissonian distribution (see Fig. 3.17 - (c)), which further
suggests that there is no intensity fluctuation of the GQD. This observation is in strong
contrast with numerous single emitters that undergo quantum jumps between bright
and dark states (e.g. CdSe nanocrystals [230], as shown in Fig. 3.18). We will perform
a more detailed analysis on the photo-dynamics of single GQDs in Sec. 3.3 and 3.4.
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Figure 3.17: (a) - PL time trace of a stable GQD over 100 minutes. Bin width: 200 ms.
Intensity fluctuations around 1800 s, 2600 s, 3600 s and 5400 s (indicated by the stars)
are due to the instability of set-up. (b) - Zoom of the PL time trace on a timescale of
60 s. Bin width: 10 ms. (c¢) - Corresponding count per bin histogram of the PL time trace
in (b). The histogram was fitted using a Poissonian distribution (blue line), implying

the absence of intensity fluctuations. Excitation power for the measurements: 200 nW.
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Figure 3.18: PL time trace of a single CdSe-ZnS nanocrystal over different timescales:
5 min (a), 5 s (b) and 0.5 s (c), showing sever intensity fluctuations. (d) - Normalized
count per bin distribution, indicating that the dark state is visited more than half of
the time. Adapted from [230].

49This value is obtained by taking into account of the general detection efficiency of ~15%.
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Despite of the high stability, the emission of GQDs ends up disappearing. The emis-
sion intensity always drops discretely, which is also the characteristic of single emitters.
Fig. 3.19 - (a) shows two different PL time traces around the time of disappearance of
the emission. We can see that in the first one the emission intensity drops down to zero
sharply. On the contrary, the second one goes through an intermediate “grey” state be-
fore ending up to zero. These two behaviors are representative of what we observed on all
the GQDs. Moreover, it is known that for some quantum emitters they could re-emit af-
ter a long dark period. For example, people have observed that when a CdSe nanocrystal
is under excitation, charges could be occasionally trapped on its surface, which bleaches
the emission of nanocrystal. This trapping of the charge could last for several minutes.
However, once the charge moves away, the nanocrystal lights up again [231]. It is thus
necessary to see whether the emission of GQD is irreversibly quenched or if they are
able to re-emit light after a certain time. We have checked c.a. 10 single GQDs. In most
of the cases, the emission of GQDs is not recovered. We found one situation where the
GQD re-emit light after ~1 minute of dark period. We note that after the recovery of
emission, its PL spectrum is blue-shifted of ~20 nm with a slight increase of the count
rate Fig. 3.19 - (b).”® Nevertheless, a detailed work is needed in order to understand
the mechanisms behind such behaviors. First of all, more data should be acquired in
order to perform a statistical study on the proportion of the GQDs with each bleaching
behavior and also the proportion of the GQDs which can re-emit light. Besides, it is
also valuable to see whether there is a correlation between the emission wavelength and
emission intensity states.
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Figure 3.19: (a) - Two different behaviors of PL time trace of single GQDs around
the time when disappearing of emission occurs. Top panel: Intensity drops down to zero
sharply. Bottom panel: intensity goes through an intermediate “grey” state before ending
up to zero. Bin width: 10 ms. (b) - PL spectra of a single GQD before photobleaching
(red line) and after recovery from photobleaching (blue line). The sharp shape at 600 nm
is due to the cut-off edge of the long-pass filter.

50Many possible processes could result in such modification of the emission spectrum: the conforma-
tional rearrangement as in molecules [232], the quantum confinement Stark effect as in SWNTs [233]
and semiconductor quantum dots [234], or the chemical structure change.
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3.3 Analysis of photo-dynamics on a single CggC12 GQD

In this section, we will perform a detailed analysis of photo-dynamics of CgsC12 GQD to
get insights into its quantum states. We will first propose a three-level model to explain
the behavior of CosC1o GQD. A study on the evolution of ¢®(7) function as a function
of the excitation power will help us to understand the population dynamics of CggCio
GQD. The results shown in this section are obtained from a stable single GQD.

Three-level system

As we can see in Fig. 3.20, for a large majority of fluorescent molecules, the ground state
is a singlet state as its electrons are paired off in bonds with their spins anti-parallel
(total electronic spin S is equal to 0). This ground state is called Sg. After absorption
of a photon the first excited state is also a singlet state called S;. The reason for this
is that a photon cannot flip the spin of the electron because the magnetic field of a
light wave is too weak. However, due to non-negligible spin-orbit effect, there is finite
torque acting on the spin of the electron in the excited state. This results in a small
probability that the spin of the excited electron is reversed. This process is known as
inter-system crossing (ISC) and usually its rate is much smaller than the excited state
decay rate. If a spin flip happens, the total electronic spin of the molecule S changes
from 0 to 1. As we know, the multiplicity of the spin state is equal to (2S5 + 1), because
there are (25 + 1) degenerate M, sublevels. Thus the S = 1 state is called triplet state,
in contrast to a singlet state for S = 0. This triplet state lies at a lower energy than the
singlet S; state, because the exchange interaction between the electrons in parallel spin
increases their average distance in accordance with Hund’s rule. The increased average
distance thus leads to the reduction of Coulomb repulsion between the electrons. Once
a molecule undergoes an inter-system crossing into the triplet state it could decay into
the singlet ground state. However, since this is a spin-forbidden transition that needs
re-flip of the spin, the triplet state has an extremely long lifetime (often microseconds
to seconds).

4 A

SO 81 T1
Ground state First singlet First singlet
excited state excited state

Figure 3.20: Spin picture of a typical fluorescent molecule.

By examining the structure using Clar’s sextet rule [200], the CgsC1o GQD is fully
benzeniod which means that all the m-electrons of are grouped into sextets without
unpaired electron left (the structure can be regarded as a set of benzene rings connected
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by six single bonds to neighboring rings or hydrogen atoms.) Moreover, the theoretical
calculations indicate that for the family of fully benzeniod GQDs, there is at least one
triplet state lying tens to few hundreds of meV below the first excited singlet state [89,
91,235]. Hence it is reasonable to apply the same spin picture on the CogCio GQD.

In analogy to the experiments performed on single molecules [126,236], we performed
long time scale ¢® measurements on a single GQD with high excitation powers. As
shown in Fig. 3.21, we observed the bunching phenomena (¢® > 1) which is a signature
of the existence of a metastable state where the system is trapped with no photon
emission. It is possible that this metastable state corresponds to the low lying triplet

state of GQD.

6 5.0 1(lJO 150 2(l30 250
Time delay (us)
Figure 3.21: Second order correlation function of a CggCio GQD recorded over a long

time scale (250 ps) with high excitation power (30 uW). The bunching phenomena
(9®® > 1) is clearly observed.
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Figure 3.22: Schematic illustration of the proposed three-level model to interpret the
photo-dynamics of CggC1o GQD.

We model the CgsCio GQD as a three-level system®® (see Fig. 3.22) to study the
photo-dynamics. The state (1) and (2) correspond respectively to the ground state and
excited state of the radiative transition. The state (3) is the metastable state (triplet
state), which is populated by the inter-system crossing. The state (3) is considered
as a dark state with long lifetime. Using the transition rates that interconnect these
states, the evolution of the population of each state is governed by a coupled system of
differential equations:

d b1 —ki2 ko k31 P1
w )= kg —(kar + k) O P2 (3.3)
Ps3 0 Fas —k31 p3

51We neglect the very fast relaxation within the vibrational manifold.
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where p; is the population of the state (i) and k;; is the transition rate from the state (7)
to the state (j). As the GQD should be in one of the three states at any time, we have

p1+pr+ps=1 (3.4)

One should note that by writing these rate equations we assume that the coherence
is lost as our experiment is performed at room-temperature and the laser is non-resonant
with the emission. For further investigations at cryogenic temperatures, it is very in-
teresting to perform the experiments with resonant excitation to see whether our GQD
shows Fourier-limited photons. If it is the case, we should apply the full quantum Master
equation to include the stimulated emission by laser and some coherent effects such as
Rabi oscillation could appear [237,238].

We now express the time evolution of the second order photon correlation function
g (1) using the transition rates of the three-level system. In the quantum picture of
light, g (7) can be written as [127]

P(t,t+7)

997 = P2(t)

where P(t) is the probability to detect at any time ¢ and P(t,¢+7) is the joint probability
to detect a photon at time t and a photon at time ¢ + 7. As the normalized jointed
probability is the conditional probability, we obtain

with P(t + 7|t) the conditional probability to detect a photon at time t + 7 knowing
that a photon have been detected at t.

(3.5)

(3.6)

For a single emitter, the detection of a photon at time ¢ prepares the system in
the ground state. Thus, P(t + 7|t) can be rewritten as P(7|p2(0) = 0). Moreover, the
probability of detection a photon is proportional to the population of the excited state
pa. P(7|p2(0) = 0) is then expressed by the evolution of the population of the excited
state pa(7) on starting from the conditions that p;(0) = 1, p2(0) = 0 and p3(0) = 0:

P(t+7[t) = P(7|p2(0) = 0) = Naer 1q k21 pa(7) (3.7)

with g and 7g the overall detection efficiency and quantum yield of the emitter,
respectively. In the same manner, the simple probability P(t) that is the probability of
detection a photon at any time, can be written as

P(t) = Naet g k2 p2(00) (3.8)

with pa(00) the stationary population of the excited state (2). Therefore, the g (1) is
expressed as

(2) (r) = pa(7)

= (0] (3.9)

So now, it just need to resolve the coupled differential equations Eq. 3.3 to express
p2(7) and pa(00) using the transition rates. First, the analytical solution form of Eq. 3.3

D1 a;p iz a3 exp(—Ait)
P2 | = | a1 a2 a exp(—Aat) (3.10)
D3 as; azy as3 exp(—Ast)
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with A; the eigenvalues of the matrix in Eq. 3.3 and a;; the multiples of eigenvectors,
which depends on the initial conditions. We then express the coefficients a;; and A; using
the transition rates.

By diagonalizing the matrix in Eq. 3.3, we obtain

1
A= B [k‘u + ko1 + kog + k31 + \/(k‘u + kg1 + ka3 — k31)? — 4k521k23]
1
A= 5 |:k12 + kg1 + koz + k31 — \/(kw + kg1 + ka3 — k31)? — 4k21k23}
As = 0 (3.11)

As we discussed above, the inter-system crossing is spin-forbidden. We assume that
the transition rates to and from the triplet state are very small compared to the decay
rate from the excited state to the ground state: (ks3, k31) << k21. Thus, the following
approximate expression of \; and \g is derived:

A = kg + ko
Ay = ka1 + kaskia/ (k12 + k1) (3.12)

We now turn to express the coefficients a;;. When ¢t — 0o, we deduce the stationary
population of each state from Eq. 3.10:

p1(00) = a3, p2(00) = ags and p3(oc0) = ass. (3.13)

and thus:
a3+ ag +az; =1 (3.14)

We assume the fact that dp;/dt = 0 at ¢ — oo, Eq. 3.3 can be written as

0 —k12 ko1 k31 a13
0 = klg —(/{321 + ]{723) 0 923 (315)
0 0 k?23 _k31 a33

Together with Eq. 3.14 and making use of the approximation (ks3, k31 < k1), we obtain

a3 = karks1/(ka1ksi + kioks1 + kiakas)
ags = kioks1 /(ko1ks1 + kioks1 + kiokas)
ass = kiokas/(ka1ksi + ki2ks1 + kiakas) (3.16)

At t = 0, we assume that the population is all in the ground state and so we have
the initial conditions p; = 1, p; = 0 and p3 = 0. Together with the expression of ps and
dpe/dt (Eq. 3.3 and 3.10, respectively), we obtain the following set of relations:

21 + Q99 + Q93 = 0

)\1@21 + )\2@22 = —k'lg (317)
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Then we obtain the expression of as; and ags:
a1 = —kia/ (k12 + k21)
Qg2 = k%zk%/[(km + ko1)(ka1ks1 + kioks1 + ki2kas)] (3.18)

Finally, by replacing the coefficients in Eq. 3.10 with the transition rates, we obtain

(2) (r) = pa(7)

a(o0) 1— (1+a) exp(—MT) + a exp(—Ao7) (3.19)

with the parameters A\, A\ and a given by

At = kg + ko (3.20)
Ay = ka1 + kaskia/ (k12 + ka1) (3.21)
a = kazkia/[ks1 (kg + ka1 )] (3.22)

We now look at the shape of this deduced second correlation function ¢® (7). As ks
and ks; < ka1, we have A" < Ay~ '. Thus, at short delay time the ¢ (7) function
exhibits anti-bunching effect (¢(*(0) = 0) with characteristic time A;~'. Anti-bunching
is a clear indication for non-classical light. Its physical reason is that the quantum
system modeled above cannot emit more than one photon at the same time. At longer
time scale the anti-bunching disappears and the ¢® (1) function is characterized by
photon bunching (¢®(7) > 1). This bunching originates from transitions to the triplet
state which stops the system from emission and results in the fluctuation of intensity.
Moreover, for time delay 7 — oo, bunching effect also disappears and we reach the
classical limit of a Poissonian source for which ¢ (7) — 1.

Transition rates

The population rate kjo of excited state (2) is given by

)\ex
k‘lg = U(/\em) X R X Iez (323)

where o(\.;) is the absorption cross-section at excitation wavelength A, I, is the
excitation power density®?, h is the Planck constant and c is the speed of light in vacuum.

From this relation we can see that ki is directly determined by the excitation power.
Thus, ¢ (7) function varies also with the excitation power. In the following part, we
will study the variation of ¢ (7) as a function of the excitation power to deduce the
values of the transition rates.

A series of g (1) functions with different excitation powers were recorded on a stable
CosC12 GQD. As the bunching characteristic time Ay is very long (typically ~us), we
used a wide-range time digitizer (P7887, FastComtec) to perform the full time range
acquisition. The technical details have been discussed in Chap. II Sec. 2.2.

2 As the laser spot has a 2D Gaussian profile, the area S is calculated for its 1/e? diameter which is
about 1 um?. I, is thus the excitation power density at the center of the Gaussian spot, which is given
by 2P.,/S with P., the excitation power. For our set-up, an excitation power of 1 puWcorresponds to
a power density of about 0.6 kW /cm?.
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Figure 3.23: ¢® (7) functions recorded on a stable CgsC1o GQD with different excitation
powers. (a) - Zoom on short time delay of the full time scale g(®(7) functions which
are displayed in (b). Time bin width is 0.25 ns. At short time delay, we can observe
shortening of the anti-bunching characteristic time when the excitation power increases.
(c) - Long time scale part of of the g (7) functions in (b). For clarity, the data are binned
over 250 ns. We can observe the bunching phenomena (¢(® > 1) with a characteristic
time ~10 ps and the bunching phenomena becomes stronger when the excitation power
increases. The red lines are the fits using Eq. 3.19 convoluted by the instrument response
function (IRF).

The obtained ¢®(7) functions are shown in Fig. 3.23 - (b). They are fitted using
Eq. 3.19 convoluted with the instrument response function (IRF). The IRF was indepen-
dently measured as a 1.5 ns FWHM Gaussian function (see Sec. 2.2). From these fits, we
obtain the values of parameter A\;, A\ and a for different excitation power densities I.,.

First, we plot A\; as a function of I, (Fig. 3.24 - (a)). Combining Eq. 3.20 and
Eq. 3.23, we obtain

A
)\1 = U()\ex) X he;t X Ie:p + ]{321 (324)
C
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By fitting the plot of A\; with this linear equation, for excitation wavelength \., =
594 nm, we obtain the absorption cross-section and the relaxation rate of the excited
state (2):

o~1.0x 107" cm? (3.25)
ko1 = 0.28 £0.02 ns™! (3.26)

Thus, the lifetime of excited state ko; ! is calculated to be 3.55 4+ 0.24 ns. This value
is compatible with the time-resolved PL measurements leading to lifetime ranging from
3.1 to 5.5 ns depending on the single GQDs (see the previous section).
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Figure 3.24: (a-c) - Excitation power dependence of the parameters A; (a), Ay (b) and a
(c) in g® function. Red lines are fits according to Eq. 3.20 - 3.22. (d) - Excitation power
dependence of the relaxation rate k3; of metastable state. The value of k3; is unchanged
within the excitation power range from 0 to 20 W (constant, indicated by the red line).

Then the values of Ay and a as a function of I, are plotted on Fig. 3.24 - (b) and
(c), respectively. Using Eq. 3.21 and 3.22, the values of relaxation rate k3; of metastable

state is given by

A
kg = ——

(3.27)

From Fig. 3.24 - (d), we can see that k3; is unchanged within the excitation power range
from 0 to 20 pWand the fit (red line) gives k3; = 0.053 4 0.001 ps™, which corresponds
to a triplet state lifetime k3;' of 18 ps.?

®3The previous photophysics studies on individual emitters like single molecules [126] and point
defects [128,239] reveal that the deshelving rate (k3,') often has a linear power dependence. In our
case, the value of kg_ll of this GQD is roughly unchanged till 20 yW and when we tried to excite with
a higher power, the GQD is photobleached.
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Finally, using Eq. 3.21, 3.22 and 3.23 we fit the evolution of \; and a as a function
excitation power. Since the value of ¢ and ky; have been already deduced previously,
here the only fit parameter is inter-system crossing rate ko3. Treating ko3 as a constant,
we obtain

kas = 0.025 & 0.005 ps™* (3.28)

Estimation of quantum efficiency
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Figure 3.25: Saturation curve recorded on the same single CgsCi2 GQD as previous ¢
measurements. The red line is the fit according to Eq. 3.30.

We now estimate the quantum efficiency this single CyggCio GQD. The detected
photoluminescence intensity R is linked to the stationary population of the excited
state (2) pa(00) with the following expression:

R = Nget N ka1 pQ(OO) (329)

where 74¢; and 7 is the overall detection efficiency and the fluorescence quantum effi-
ciency, respectively. By replacing py(0o) with the already deduced expression Eq. 3.13

and 3.16, we obtain
ka1

R =14 3.30
Hdet'1Q (ka1 /K12 + ko /ks1 + 1)) ( )
Assuming that
k31kor
Ry = ngetno———— 3.31
Hdet'1Q ka3 + k31 ( )
k31kor
I = 3.32
(O’/\ex/hC)(/{Qg -+ ]{731) ( )
we end up with the following relation:
I

where [ is excitation power density, entering via the relation in Eq. 3.23. We can see that
for a three-level system modeled above, the detection rate R as a function of excitation
power density I also represents a saturation behavior, which is similar to the case of
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two-level system. This saturation behavior is characterized by the two parameters R
and I,. Ry describes the detection rate at infinitely strong excitation power and I, is
the power density at which the detection rate is equal to R../2.

Therefore, we plot the detection rate of the GQD as a function of the excitation
power (Fig. 3.25). By fitting this curve using Eq. 3.33, we obtain 74 X 1ng = 0.054. The
overall detection efficiency of our setup is expected to be lower than 15% (see Chap. II
Sec. 2.1). We thus obtain a lower bound of the photoluminescence quantum efficiency:

no ~ 35% (3.34)

Discussion on the deduced photophysical parameters

We now make some comments on the deduced values of the photophysical parameters
of CgsC12 GQD. The model of three-level system indicates that the metastable (triplet)
state play a central role in the photodynamics of the emitter. Since the triplet state
is considered as a dark state, the emission intensity trace presents dark periods lasting
for the triplet lifetime on average. As a result, the dye molecules often exhibit obvious
blinking due to the long triplet state lifetime (~millisecond) [210]. In contrast, for CgsCj2
GQD, the triplet state lifetime 1/ks; is very short (~18 ps). Moreover, the ratio ko1 /ko3
is also very low (~ 107*). This means that for each 10* excitation-emission cycle there
is only one time the system goes into the triplet state. So we can conclude that the
effect of triplet state on the emission efficiency of CosC1o GQD is very limited. This also
explains the absence of observable blinking in the emission intensity trace.

Besides, the photostability of fluorescent molecule can be also correlated to its triplet
state. It is well-known that under ambient conditions the presence of oxygen can make
the molecule photobleach [211]. Oy has a triplet ground state and it is relatively inert.
However, electron or energy transfer can occur between oxygen and the fluorescent
molecule in triplet state, yielding excited singlet oxygen. The singlet oxygen is very
reactive and can react with the fluorescent molecule and leads to its chemical degradation
to non-fluorescent products (photobleaching). If we look at CesC12 GQD, its low inter-
system crossing yield and short triplet lifetime make it less possible to interact with
oxygen. Thus, it could be a reason for its high photostability.

As we can see from Eq. 3.30, the excited state decay rate ko; is one of the major
factors that determine the emission rate (or brightness) of a quantum emitter. The
shorter excited lifetim k;,' is, the higer emission rate we may have. Here, in a bare
photonic configuration, we found a lifetime ky;' of CgsC1o GQD ~5 ns. For comparison,
the two common quantum emitters: NV centers in nanodiamond and CdSe nanocrystals
usually have a excited life time more than 10 ns [242,243]. The relative short value of ky;'
together with the low inter-system crossing yield thus gives rise to the high brightness
of CgsC12 GQD. Moreover, the brightness can be further increased by coupling GQDs
to a optical cavity.

We compare the obtained absorption cross-section value of CosCi2 GQD with other
conjugated carbon structures. Considering that our GQD consists of 96 conjugated
carbon atoms, its absorption cross-section per carbon atom is ~ 1.0 x 1076 cm?. A
single terrylene diimide (TDI, one typical dye molecule) is reporteed to have a absorption
cross-section of 1.8 x 107'* ¢cm? [244], which corresponds to 0.6 x 1076 cm? /C atom. For
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single wall carbon nanotubes (SWCNTs) with chirality of (6,5), the absorption cross-
section for the Sy transition is reported to be 0.4 x 107! cm?/C atom [245]. Thus the
absorption cross-section per carbon atom for our GQD is in the same order as other
conjugated carbon structures.

One should note that these values of the photophysical parameters are obtained from
one specific GQD. Depending on the local environments, the values could be different
from one GQD to another. It is thus very necessary to perform such photo-dynamic
measurements on more GQDs to see how the values of the parameters will change [216].
We may eventually perform a statistical analysis in order to have a general image on
the photophysical properties of CosCi2 GQD.
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3.4 Analysis photon statistics by waiting time distribution

In addition to the measurement of second order correlation function ¢® with a HBT
configuration, photon statistics could be studied in other ways. Here we record individual
photon detection events of the two APDs* with their arrival time in respect with the
start of the experiment (see Fig. 3.26).

From the data, we can build a histogram of the inter-photon waiting time. Although
the waiting time distribution cannot give access to the anti-bunching phenomena due to
the finite instrument dead time, it gives us a clear image on the blinking with a time scale
down to us. For a Poissonian source, waiting time distribution is a single exponential
with decay time 7 equal to the inverse of the count rate. If the source exhibits blinking
with off-time on a time scale 7, > 7, the distribution should have an additional
component with characteristic decay time determined by 7. This method have been
applied to characterize the emission statistic of single photon emitters, e.g. single defects

in WSe, [222] and dibenzoterrylene (DBT) molecules [217].
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Figure 3.26: Schematic illustration of the waiting time distribution measurement.
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Figure 3.27: Inter-photon waiting time histograms of a single CgsCio GQD for two
excitation powers. (a) - At low excitation power (200 nW), the histogram displays a
mono-exponential decay. (b) - At high excitation power (30 uW), the histogram displays
a bi-exponential decay.

Fig. 3.27 shows the inter-photon waiting time histograms of a single CggCio GQD
for two excitation powers. At low excitation power, the waiting time can be fitted with
a single exponential with decay time 7 of 25 us, in good agreement with the detection

54In contrast to the ¢(2) measurement by “start-stop” method, here the two APDs operate identically.
They are connected to the PicoHarp aquisition card in time-tagged time-resolved (TTTR) mode.
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count rate of 40 kcounts/s. It implies that there is no blinking on a time scale longer
than 25 us. Note that this observation is in strong contrast with what is observed on
several nanoobjects where long off-times are measured (up to tens of seconds for some
semiconductor nanocrystals [245]). At higher excitation power, the histogram exhibits a
fast decay 7 = 0.5 ps, directly linked to the detection count rate (2 Mcounts/s), and a
slow decay 75 = 10 pus that we attribute to the dark time due to inter-system crossing.
This slow decay time is indeed in good agreement with the triplet lifetime k3 ~18 ps.
Likewise, the weight ratio between the slow and fast component is about 10~* again in
good agreement with the inter-system crossing yield ko3/ko; ~ 107%. The two waiting
time histograms confirm that the intensity fluctuations only originate from the passage
to the triplet state and that its effect on the emission efficiency of GQD is very limited.

Moreover, the acquired photon arrival time can also be used to calculate the g(?
function by using the classical definition of intensity auto-correlation function: g (7) =
(I()I(t+ 7)) /{I(t))*. Fig. 3.28 shows the long timescale ¢ function obtained from this
method and the photon arrival time data used here was the same as the waiting time
distribution shown in Fig. 3.27 - (b). The fit (red line) gives a bunching characteristic
time of 11 us and an bunching amplitude of 0.1 with excitation power of 30 uW. These
values are consistent with the results in Fig. 3.24.
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Figure 3.28: ¢® function obtained from the photon arrival time data (same as the
Fig. 3.27 - (b)). The red curve is the fit using a mono-exponential decay function.
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4 Optical study on CysCl GQD

Having the very encouraging results of CgsCi2, we now perform the measurements on
Co6Cl that has the same aromatic core as CggC1o but with the chlorinated edges (Fig. 4.1
- (a)), to see how the structure would influence the properties of GQD.

4.1 Optical spectroscopy on CgysCl dispersions

First, we performed the optical spectroscopy of CggCl dispersions. The CgygCl were also
dispersed in TCB. Theoretical calculations indicate that due to the strong steric hin-
drance induced by the chlorine atoms CggCl has a non-planar geometry compared to
CgsCi2 [00]. Thus, CosCl is expected to have an enhanced solubility (less aggregation)
since the 77 stacking is reduced.

The blue curve in Fig. 4.1 - (b) shows the optical absorption spectrum of CgsCl. The
spectrum is more structured, suggesting less aggregation. The main absorption line is
centered at 505 nm with a blue side shoulder at 476 nm and two red-side shoulders at
530 nm and 545 nm. Compared to CygCyo, we can see that the absorption spectrum is
generally red-shifted. One should note that besides these sharp lines around 500-550 nm,
the spectrum does not show the weak lower energy lines, in contrast to what we have
observed in CggCiq. The pink curve in Fig. 4.1 - (b) shows the PL spectrum. The shape
of the spectrum is very similar to CogCj2, it consists of two low energy lines (main line at
780 nm and a shoulder at ~875 nm) and some high energy lines between 600-700 nm. So
we can see that the PL spectrum is also red-shifted compared to CgsCi2 (the main line
is re-shifted by ~130 nm). Theoretical calculations indicate that since chlorine atom has
strong electronegativity, the edge chlorination could lead to a asymmetric stabilization
of the frontier molecular orbital of GQD [60]. As a result, it is expected to have a lower
optical band gap for the edge chlorinated GQDs than the unsubstituted ones. The fact
that the emission of CggCl is red-shifted by 130 nm compared to CgsCys is in agreement
with the theoretical predictions.

® 40

1

Absorption PL

-— —_—

0.5

Normalized intensity (a.u.)

400 600 800
Wavelength (nm)

Figure 4.1: (a) - Chemical structure of CogCl GQD. (b) - Optical absorption spectrum
(blue line) and photoluminescence spectrum (pink line) of CgsCl dispersion in 1,2,4-
trichlorobenzene (TCB). To acquire photoluminescence spectrum, we used the super-
continuum laser tuned at 450 nm.
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We then performed time-resolved PL on these lines (see Fig. 4.2). Similar to the
results of CygCo, the two low energy lines at 780 nm and 875 nm roughly have a mono-
exponential decay with a time constant of ~ 5 ns®®, while the high energy lines between
600-700 nm decay multi-exponentially. We thus attribute the two low energy lines to
the emission of CggCl monomers and the high energy lines to the emission from the
aggregates.
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Figure 4.2: Time-resolved PL measurements on C96CI dispersion recorded at the differ-
ent PL lines.
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Figure 4.3: PLE spectra of C96CI dispersion detected at the different PL lines.

Finally, we performed PLE measurements (see Fig. 4.3)%¢. The orange line displays
the PLE curve when recorded on the main PL line at 780 nm. We can see that it is
in good agreement with the absoption spectrum (blue line): the absorption peaks at
476 nm, 530 nm and 545 nm can be found in this PLE curve. We also note that the
main absorption peak at 505 nm is missing in the PLE curve. The green curve displays
the PLE curve when recorded on the high energy PL line at 700 nm. It is broad and
centered at ~505 nm same as the absorption spectrum.

In analogy to the results on CosC1o GQD, the PLE curve detected at 780 nm should
reflects the intrinsic absorption behavior of CggCl monomers. Assuming that the edge
chlorination just reduce the energy of quantum states in CggCl compared to CgsCisa,
we can tentatively attribute the line at 530 nm and 545 nm to the § and 8’ band as
we discussed in Sec. 3.1. However, the lower energy lines which correspond to « and
p bands are not well-resolved (which could correspond to the bump at 680 nm and

55We observed that the curves have a small contribution from a very fast decay component with a
time constant of 800 ps.

%6The PLE measurements are performed at PPSM laboratory, ENS Cachan using a fluorometer.
Above 730 nm, its detection efficiency becomes very low.



4.2 - Microphotoluminescence spectroscopy of Cog Cl 143

750 nm in the PLE curve, but the signal is too weak.). This observation is in contrast
to the results of CggCio, which suggests that the two lowest transitions in CggCl have
a lower oscillator strength than in CggCqo. This implies that CggCl may have a more
symmetric conformation than CggC15. Moreover, the intense peak at 505 nm observed in
absorption spectrum is missing in this PLE curve. One possible explanation is that the
peak originates from the aggregates. Theoretical calculations indicates that the major
intermolecular interactions between CygCl GQDs is CI-Cl and Cl-7 short contacts rather
than 7-7 interactions [60]. These two interactions may result in a new stacking structure
and lead to such absorption peak. Nevertheless, further investigations, for example, TEM
measurements and theoretical modeling, are very necessary to explain theses distinct

features of CysCl GQD.

4.2 Microphotoluminescence spectroscopy of Cy;Cl

We also performed the microphotoluminescence spectroscopy on the samples contain-
ing CgsCl, which are prepared by the same procedures as CggCyo. Similarly, we found
diffraction-limited spots when we performed PL scan on the sample with the highest
dilution (1077 mol/L). We note that the emission intensity of CosCl spots in the PL scan
images is usually 5 times weaker than the spots of CgsC12.57 This could be due to the
fact that the lowest transition in CggCl is relatively “dark” (as we have seen in the ab-
sorption and PLE spectra of CggCl solution, the line that corresponds to this transition
is almost non-resolved (Fig. 4.3)). Moreover, as we mentioned, CgsCl has a non-planar
geometry. This non-planar geometry could lead to more vibrational dissipation and thus
a lower quantum yield.
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Figure 4.4: Left panel: Typical room temperature PL spectra of a single CosC1o GQD
(solid orange line) and a single CgsCl GQD (dashed purple line). The main line of
CoCl is rigidly red-shifted by 100 nm (~ 250 meV) compared to CgsCio. Excitation
wavelength: 594 nm. Right panel: chemical structures of CysCqo and CgygCl.

Although the emission is not as strong as CggCio, it is enough to perform PL spec-
troscopy. A typical PL spectrum of such a spot of CgsCl is displayed by the pink dotted
line in Fig. 4.4. We can see that the emission wavelength is rigidly red-shifted by 100 nm

5TTo obtain a count rate of ~30 kcounts/s, we should increase the excitation power to 1 uW, while
for CggC12 we need only 200 nW.
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Figure 4.5: Additional three PL spectra of singe CygCl GQDs. The position of line 1 is
located at 710 nm, 732 nm and 778 nm, respectively.
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Figure 4.6: g® curve of a single CgsCl GQD (black line) with a double exponential fit
(red line). Excitation wavelength: 594 nm. Excitation power: 1 uW. Here the non-zero
value of g(®(0) is presumably due to the background emission, as the count rate of CggCl
is relatively low.

(~ 250 meV) while the shape of the PL of CgsCl is very similar to CggCio. The main
PL line of CgsCl is at 750 nm (1.65 eV). Note that this PL spectrum is also in good
agreement with the results in CoCl solution (Fig. 4.1). We have performed PL spec-
troscopy on four single CysCl GQDs and the position of line 1 are all longer than 700 nm
(Fig. 4.4 and 4.5). By comparing with the wavelength distribution of line 1 of CggCjs
GQD (Fig. 3.3), these statistical results further confirm the emission wavelength of CggCl
GQD is red-shifted.

Moreover, we also performed the second order photon correlation ¢‘?(7) measure-
ments on such spots of single CosCl GQD. A typical ¢g® curve is shown in Fig. 4.6.
The strong anti-bunching demonstrates that the edge chlorinated GQDs maintain sin-
gle photon emission at room temperature.

As we have mentioned in the introduction, one of the great potential of GQDs lies
in the precise engineering of their electronic properties through the control of their
structure. Indeed, this result shows a example that the intrinsic properties, here is the
emission wavelength, of GQDs can be controlled by the bottom-up synthesis.
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Conclusion

In this chapter, I showed a detailed study on the optical properties of bottom-up syn-
thesized graphene quantum dots (GQDs). I first performed the steady-state and time-
resolved photoluminescence spectroscopy measurements on the solution of GQDs. The
results imply that the GQDs are indeed individualized. I then performed a microphoto-
luminescence to directly address the intrinsic properties of single GQDs. The intrinsic
emission of GQDs at the single object level was observed. Second-order photon correla-
tion measurements revealed that GQDs exhibit single-photon emission at room temper-
ature with a high purity, high brightness and good stability. Moreover, a photo-dynamic
analysis on a single GQD was performed to understand its population dynamics. This
measurement also provided a strong indication of the existence low lying triplet state
in GQD. Finally, I showed that by precise edge-chlorination, the emission wavelength
of a single GQD can be red-shifted by 100 nm. It is the first example of the optical
tunability of GQDs through the control of their structure. The results shown in this
chapter demonstrate that the high potential of GQDs revealed by theory is now acces-
sible experimentally.






Conclusion and perspectives

This manuscript has been dedicated to the optical study, especially the photolumines-
cence studies of bottom-up synthesized GNRs and GQDs. This work has demonstrated
the remarkable properties of such GNRs and GQDs.

In the first section, we studied the GNRs synthesized by two different bottom-up
approaches: solution-mediated and surface-assisted. For the solution-mediated approach,
it is necessary to disperse the produced GNR powders into suspension. Our optical
spectroscopy results of such GNR suspensions displayed broad and highly Stokes shifted
emission with multiexponential decay, which is possible to be related to the formation of
excimer states due to the -7 stacking of GNRs. Besides, we have also shown the results
of single-particle spectroscopic measurements using simultaneously confocal fluorescence
microscopy and atomic force microscopy. The observation of emission of small aggregates
confirms the ability of GNRs to emit light in the solid state. These results imply that
the suspension are mainly composed of small aggregates that blur the intrinsic optical
properties of GNR. For further work, one major issue is how to individualize such in-
solution synthesized GNRs. To this end, several strategies are under development:

— Find efficient solvents or surfactants and proper solubilization conditions.
— Edge functionalization to enhance the solubility and reduce the aggregation effect.

— Since GNRs can be easily fold and/or bend, functionalization of the substrate
surface may also be needed when performing the deposition.

For the on-surface approach, individualized GNRs are grown on the gold surface.
Due to the coupling between gold substrate and GNRs, the sample has been transferred
onto insulating substrates. The microRaman results confirmed that the GNRs indeed
have been transferred onto the target substrates. Moreover, some remarkable Raman
features have been observed, implying the distinct vibrational properties of GNRs com-
pared to graphene and carbon nanotubes. We observed spectrally broad high energy PL
throughout the whole transferred GNR film, instead of bright bandgap emission. This
emission has been attributed to the emission of defects, which could be created during
the synthesis and also be induced by the wet chemistry transfer method. So in the next
step, the synthesis should be improved and we will try to perform a dry transfer method.
In addition, the microabsorption measurement are planned in order to know the exact
optical transition positions of the on-surface synthesized GNRs.

This section show the optical properties of bottom-up synthesized GNRs and these
properties have not been observed in top-down fabricated GNRs due to the lack of struc-
tural control. Although the intrinsic emission from single GNRs has not been probed
yet, our results provide a clear direction to realize it.

In the second section, we studied optical properties of bottom-up synthesized GQDs.
The steady-state and time-resolved photoluminescence spectroscopy results indicated
that the GQDs are indeed individualized in their dispersion. A microphotoluminescence
study was then performed to directly address the intrinsic properties of single GQDs.
The intrinsic emission of GQDs at the single object level was observed. Second-order
photon correlation measurements revealed that GQDs exhibit single-photon emission at



room temperature with a high purity, high brightness and good stability. Moreover, a
photo-dynamic analysis on a single GQD was performed to understand its population
dynamics. These measurements provided a strong indication of the existence of a low ly-
ing triplet state in GQD. Finally, by precise edge-chlorination, the emission wavelength
of a single GQD can be red-shifted by 100 nm. It is first example of the optical tunabil-
ity of GQDs through the control of their structure. The results shown in this chapter
demonstrate that the high potential of GQDs revealed by theory is now accessible ex-
perimentally. For further investigations, the microphotoluminescence measurements at
low temperature are very necessary. Such measurements could allow us to go deeper into
the electronic structure of GQDs and to reveal the potential rich physics of GQDs (e.g.,
charge state emission, multi-exciton formation, fine structure splitting, etc.). Moreover,
since our results implies the existence of low lying triplet state in GQDs, to highlight
the potential of GQDs for spin physics, it is interesting to perform optically detected
magnetic resonance (ODMR) measurements as people have been done on N-V centers
in diamond [249,250]. In addition, as GQDs with different size and shape can be synthe-
sized by bottom-up chemistry, a systematical study on the link between the properties
and the structure of GQDs should be performed.
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Résume de la these

Des nanorubans de graphéne (acronyme anglais : GNRs) et des boites quantiques de graphéne (acronyme
anglais : GQDs), qui présentent d’une bande interdite finie en raison de la réduction de la dimensionnalité du
graphéne, sont intéressants a la fois pour les études fondamentales et les applications pratiques en
optoélectronique. Les calculs théoriques indiquent que leurs propriétés électroniques, optiques et de spin
peuvent en principe €tre controlées par leur taille, leur forme et leurs bords. Au cours des deux derniéres
décennies, la synthése chimique dite ‘bottom-up’ a été développée, ouvrant la voie a un contrdle précis de la
structure des GNRs et des GQDs. Cependant, a ce jour, tres peu d'études expérimentales ont été rapportées
sur leurs propriétés optiques intrinseques. En particulier, les propriétés de photoluminescence (PL) restent
largement sous-explorées. Dans ce contexte, ce manuscrit présente une étude de spectroscopie optique sur les
GNRs et GQDs synthétisés par la méthode chimique de ‘bottom-up’.

Dans la premiére partie, les GNRs synthétisés par deux approches différentes (en solution et catalysée en
surface) ont été étudiés. Pour les GNRs synthétisés en solution, les échantillons ont été dispersés avec des
surfactants SDS. Les spectres d'absorption et de photoluminescence ainsi que la durée de vie des états excités
sont présentés. La possibilit¢ de former des états excimeéres en raison de ’agrégation des GNRs a été
discutée afin d'interpréter 1’émission qui a une bande spectrale large et fortement décalée vers le rouge. Par
ailleurs, nous avons également montré les résultats de mesures spectroscopiques sur des objets uniques en
utilisant simultanément la microscopie confocale et la microscopie a force atomique. L'observation de
I'émission de petits agrégats confirme la capacité des GNRs a émettre de la lumiére a 1'état solide. Ces
résultats impliquent que, pour sonder 1’émission intrinséque des GNRs uniques, un probléme majeur consiste
a individualiser les GNRs en suspension. Pour les GNRs synthétisés sur une surface d’or, 1'échantillon a été
transféré sur des substrats isolants afin d'effectuer les mesures PL. Les résultats de microRaman ont confirmé
que les GNRs ont bien été transférés sur les substrats cibles. On observe la PL a haute énergie sur tout le film
de GNR transféré, au lieu d'une €émission correspondant a la bande interdite. Nous attribuons cette PL a
I'émission des défauts, qui pourraient étre créés lors de la synthése et le transfert. Donc, dans la prochaine
étape, la synthése et le transfert devraient étre améliorés. A la fin de cette partie, nous avons également
discuté de l'origine des raies Raman distinctes observées sur GNRs : le mode RBLM (acronyme anglais of
radical-breathing-like mode) qui est spécifique a la largeur de GNRs, le mode D intrinséque et les modes D
et G de I’ordre ¢levé qui sont intenses et résolus de manicre inattendue. Les résultats présentés dans cette
partiec montrent les propriétés optiques des GNRs synthétisés par I’approche ascendante et ces propriétés
n'ont pas été observées dans les GNRs fabriqués par I’approche descendante en raison de l'absence de
contrdle structurel. Bien que 1I’émission intrinséque des GNRs uniques n’ait pas encore été observée, nos
résultats fournissent une orientation claire pour y parvenir.

Dans la deuxi¢me partie, les propriétés optiques des GQDs synthétisées par en solution ont été étudiées. Les
résultats de la spectroscopie de photoluminescence stationnaire et résolue en temps indiquent que les GQDs
sont effectivement individualisées dans la dispersion. Une étude de la microphotoluminescence a été réalisée
pour explorer directement les propriétés intrinséques des GQDs uniques. L'émission intrinséque de GQDs au
niveau de 'objet unique est observée. Des mesures de corrélation de photons de second ordre ont révélé que
les GQDs présentent une émission de photons uniques a température ambiante avec une grande pureté, une
brillance élevée et une bonne photo-stabilité. De plus, une analyse photo-dynamique sur une GQD unique a
¢été réalisée pour comprendre la dynamique des états excités. Ces mesures ont fourni une forte indication de
l'existence d'un état de triplet avec un court temps de vie et un faible rapport de branchement qui expliquent
que la brillance du GQD est peu affectée. Enfin, par une chloration précise des bords, nous avons observé
que la longueur d'onde d'émission des GQDs chlorés uniques était décalée de 100 nm. C'est le premier
exemple de l'accordabilité optique des GQDs grace au contrdle de leur structure. Les résultats présentés dans
cette partie démontrent que le potentiel des GQDs révélés par la théorie est maintenant accessible
expérimentalement.
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Résumé :

Ce manuscrit présente une étude expérimentale sur les propriétés optiques des nanorubans de
graphéne (acronyme anglais : GNRs) et des boites quantiques de graphéne (acronyme anglais :
GQDs) synthétisés par la chimie ascendante.

Pour la partie sur les GNRs, les spectres d'absorption et de photoluminescence ainsi que les
mesures de la durée de vie sur la dispersion impliquent la formation d'états excimeres résultant de
l'agrégation des GNRs. Au moyen de la microscopie confocale et de la microscopie a force
atomique, nous observons I'émission de petits agrégats de GNRs confirmant leur capacité a émettre
de la lumiére a I'état solide. D'autre part, les caractérisations optiques des GNRs synthétisés sur une
surface d’or présentent des caractéristiques de Raman remarquables, impliquant les propriétés
vibrationnelles spécifiques des GNRs par rapport au graphéne et aux nanotubes de carbone. La PL
observée est spectralement large avec une énergie plus élevée que celle de la bande interdite des
GNRs. Cela pourrait étre li¢ aux défauts créés lors de la préparation de I'échantillon.

Pour la partie sur les GQDs, les résultats de spectroscopie optique indiquent que les GQDs sont
individualisées en dispersion plutdt que sous la forme d’agrégats. Ensuite, grace a la
microphotoluminescence, nous abordons directement les propriétés intrinséques des GQDs
uniques. Des mesures de corrélation de photons de second ordre révélent que les GQDs présentent
une émission de photons uniques avec une grande pureté. De plus, 1'émission de GQD présente une
bonne photo-stabilité avec une brillance élevée. Comme premier exemple de I'accordabilité optique
des GQDs via le contrdle de la structure, nous observons que 1'émission de GQDs fonctionalisés
avec des atomes de chlore est décalée de prés de 100 nm tout en maintenant une €émission de
photons uniques.

Title: Optical properties of graphene nanoribbons and quantum dots
Keywords: photoluminescence, graphene, semiconductors

Abstract:

This manuscript presents an experimental study on the optical properties of graphene nanoribbons
(GNRs) and graphene quantum dots (GQDs) synthesized by bottom-up chemistry.

For the part on GNRs, the optical absorption and photoluminescence spectra as well as the life-time
measurements on the dispersion of solution-mediated synthesized GNRs implies the formation of
excimer states as a result of aggregation of GNRs. By means of confocal fluorescence microscopy
and atomic force microscopy, we observe the emission of small GNR aggregates confirming the
ability of GNRs to emit light in the solid state. On the other hand, the optical characterizations of
on-surface synthesized GNRs shows remarkable Raman features, implying the distinct vibrational
properties of GNRs compared to graphene and carbon nanotubes. The observed PL is spectrally
broad with higher energy instead of a bright bandgap emission, which might be related to the
defects created during the sample preparation.

For the part on GQDs, the optical spectroscopy results indicate that GQDs are individualized in
dispersions rather than in the form of aggregates. Then by means of microphotoluminescence, we
directly address the intrinsic properties of single GQDs. Second-order photon correlation
measurements reveal that GQDs exhibit single-photon emission with a high purity. Notably, the
emission of GQDs has good photo-stability with high brightness. As a first example of the optical
tunability of GQDs through the control of their structure, we observe that the emission of single
edge-chlorinated GQDs is redshifted by almost 100 nm while maintaining the single-photon
emission.
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